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Fig. 15-12 ■ Palatal expansion in adolescents requires a rigid framework because of the heavy 
forces (2 to 4 pounds with slow expansion, 10 to 20 pounds with rapid expansion) that will be 
encountered. A, Haas-type expander with metal framework and plastic shelves contacting the pal­
atal mucosa; B, Hyrax expander with metal framework only; C, Minn-expander, which incorpo­
rates a spring to smooth the force application but still produces heavy force if activated rapidly; 
although the various expansion appliances look quite different, results with all are very similar. 
Although the various expansion appliances look quite different, results with all are similar. A 
bonded expander, retained by bonding to the enamel rather than using bands also can be used (see 
Fig. 15-13). With this method, the enamel is prepared for bonding only on the facial and lingual, 
but not the occlusal, surfaces; otherwise removing the appliance is too difficult. 

Fig. 15-13 ■ A and B, Palatal expander with bite blocks. With this design, intrusive pressure 
against the posterior teeth, created by the elastic rebound of the patient's stretched soft tissues, 
controls the tendency for bite opening and downward-backward rotation of the mandible that oc­
curs with other designs of palatal expanders. C, Cephalometric superimposition before and after 
expansion, showing the very small mandibular rotation when expansion was done with a device of 
this type. 
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Fig. 15-14 ■ Rapid maxillary expansion with a jackscrew appliance to open the midpalatal su­

ture. A, Maxillary constriction and crowding before treatment; B, jackscrew appliance in place, 

soldered to bands on the maxillary first molars and first premolars, with an arm contacting the 

second premolars. At this point, the appliance has been opened approximately 3 mm. Note the 

separation between the maxillary central incisors. C, Occlusal view after 10 days ofseparation. 

Note the wide central diastema. D, Labial view after 10 days of separation. A tendency toward 

anterior open bite is created by contact of the maxillary lingual and mandibular buccal molar 

cusps. E, Occlusal view 3 months after separation was begun and 10 weeks after the screw was 

stabilized by tying it with brass wire. Note the spontaneous closure of the diastema, which occurs 

because of a combination of elastic rebound of the gingival fibers that moves the teeth together, 

and skeletal relapse. F, Labial view at 3 months. Overcorrection of the posterior crossbite is being 

r- maintained by the stabilized appliance. 
~ 

months of retention. With slow expansion, approximately 
2½ months are needed to obtain the expansion, and the ap­
pliance can be removed in another 2 months. 

Some degree of relapse can be expected after palatal ex­
pansion because of the elasticity of the palatal soft tissue. 
Therefore it is wise to overcorrect the crossbite initially 
(see Fig. 15-14). Even if 3 to 4 months of stabilization 
with the palate-separating device have been provided, ad­
ditional retention of the crossbite correction is needed 
when the fixed appliance is removed. A palate-covering 

removable retainer is satisfactory but may be somewhat 
awkward in combination with fixed appliances to align the 
teeth as the first stage of treatment proceeds. An alterna­
tive is a heavy labial archwire placed in the headgear 
tubes, which will maintain the lateral expansion while 
light resilient archwires are being used to align the teeth 
(Fig. 15-15), or a lingual arch. 

Correction of Dental Crossbites. Three approaches to 
correction of less severe dental crossbites are feasible: a 
heavy labial expansion arch, as shown in Fig. 15-15, an 
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expansion lingual arch, or cross-elastics. Removable appli­
ances, although theoretically possible, are not compatible 
with comprehensive treatment and should be reserved for 
the mixed dentition or adjunctive treatment. 

Fig. 15-15 ■ A heavy labial archwire (usually 36 or 40 mil steel) placed in the headgear tubes on first molars can be used to maintain arch width after palatal suture opening while the teeth are being aligned. This is more compatible with fixed-appliance treatment than a removable retainer and does not depend on pa­
tient cooperation. 

The inner bow of a facebow is also, of course, a heavy 
labial arch, and expansion of this inner bow is a conve­
nient way to expand the upper molars. This expansion is 
nearly always needed for patients with a Class II molar re­
lationship, whose upper arch is too narrow to accommo­
date the mandibular arch when it comes forward into the 
correct relationship. The inner bow is simply adjusted at 
each appointment to be sure that it is slightly wider than 
the headgear tubes and must be compressed by the patient 
when inserting the facebow. If the distal force of a head­
gear is not desired, a heavy labial auxiliary can provide the 
expansion effect alone. 

A transpalatal lingual arch for expansion must have 
some springiness and range of action. As a general princi-

A 

Fig. 15-16 ■ A, An expansion lingual arch of this type, using 36 mil steel wire doubled over into a horizontal lingual sheath, is often used for small amounts of expansion in the first stage of comprehensive treatment rather than the more flexible expansion arches shown in Chapter 14, be­cause it also will contribute to stabilization of the posterior segments later, augmenting the poste­rior anchorage. B, A more efficient alternative, especially if more than a small amount of expan­sion is needed, is to use the new 32 X 32 lingual arch brackets. Then a 32 x 32 TMA lingual arch can be used for the initial tooth movement, and a steel arch of the same size can be placed for the later stabilization. C, Activation of a TMA lingual arch (equal on the two sides); D, initial and, E, follow-up molar positions. (B to E, Courtesy Dr. CJ Burstone.) 
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pie, the more flexible a lingual arch is, the less it adds to 
anchorage stability, which can be an important consider­
ation in adolescent and adult patients. If anchorage is of no 
concern, a highly flexible lingual arch, like the quad helix 
design discussed in Chapter 13, is an excellent choice. 
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When the lingual arch is needed for both expansion and A 
anchorage, however, the choices are 36 mil steel wire with 
an adjustment loop, or the new system that allows the use 
of 32 x 32 TMA or steel wire (Fig. 15-16) (see Chapter 
12). 

The third possibility for dental expansion is the use of 
cross-elastics, typically running from the lingual of the up­
per molar to the buccal of the lower molar (Fig. 15-17). 
These elastics are effective, but their strong extrusive com­
ponent must be kept in mind. As a general rule, adolescent 
patients can tolerate a short period of cross-elastic wear to 
correct a simple crossbite, because any extrusion is com­
pensated by vertical growth of the ramus, but cross-elas­
tics should be used with great caution, if at all, in adults. 
As any posterior crossbite is corrected, interference of the 
cusps increases posterior vertical dimension and thereby 
tends to rock the mandible downward and backward, even 
if cross-elastics are avoided. The elastics accentuate this 
tendency. 

If teeth are tightly locked into a crossbite relationship, a 
bite plate to separate them vertically can make the correc­
tion easier and faster. In children and young adolescents, 
this is rarely needed. The necessary vertical clearance is 
achieved by mandibular repositioning of the type that ac­
companies growth anyway. In older adolescents and 
adults, however, a bite plate may be necessary. 

■ Impacted or Unerupted Teeth 
Bringing an impacted or unerupted tooth into the arch 

creates a set of special problems during alignment, primar­
ily because an unerupted tooth is usually a long way from 
the line of occlusion. The most frequent problem of this 
type is an impacted maxillary canine or canines, but it is 

Fig. 15-17 ■ Cross-elastics from the lingual of the upper mo­
lars to the buccal of the lower molars. Cross-elastics are an effec­
tive way of correcting transverse dental relationships, but they 
also extrude teeth, and this must be kept in mind. 
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Fig. 15-18 ■ Apically positioned flap for exposure of an 
unerupted canine. A, Initial incision lines; B, crown exposed 
with apical repositioning of the labial tissue; C, lingual exposure 
of the same tooth. 

occasionally necessary to bring other unerupted teeth into 
the arch, and the same techniques apply for incisors, ca­
nines, and premolars. Impacted lower second molars pose 
a different problem and are discussed separately. 

The problems in dealing with an unerupted tooth can be 
divided into three categories: (1) surgical exposure, (2) at­
tachment. to the tooth, and (3) orthodontic mechanics to 
bring the tooth into the arch. 

Surgical Exposure. It is important for a tooth to erupt 
through the attached gingiva, not through alveolar mucosa, 
and this must be considered when flaps for exposure of an 
unerupted tooth are planned. If the unerupted tooth is in 
the mandibular arch or on the labial side of the maxillary 
alveolar process, a flap should be-reflected from the crest 
of the alveolus and sutured so that attached gingiva has 

. been transferred to the region where the crown is exposed 
(Fig. 15-18). If this is not done, and the tooth is brought 
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Fig. 15-19 ■ A, Attachment bonded to the labial surface of the 
crown of an unerupted canine (same patient as Fig. 15-18), with 
the apically repositioned flap sutured in place. An elastomeric at­
tachment from the archwire to the bonded button will be used ini­
tially to bring the canine toward the line of occlusion. Later, the 
button will be replaced with a bonded bracket. B, Tooth in posi­
tion, after placement of a normal bonded bracket and boot loops 
to complete the repositioning. 

through alveolar mucosa, it is quite likely that tissue will 
strip away from the crown, leaving both an unsightly and 
periodontally compromised gingival margin. 8 If the 
unerupted tooth is on the palatal side, similar problems 
with the heavy palatal mucosa are unlikely, and flap de­
sign is less critical. 

Occasionally, a tooth will obligingly erupt into its cor­
rect position after obstacles to eruption have been removed 
by surgical exposure, but this is rarely the case after root 
formation is complete. Even a tooth that is aimed in the 
right direction usually requires orthodontic force to bring it 
into position. 

Method of Attachment. The least desirable way to ob­
tain attachment is for the surgeon to place a wire ligature 
around the crown of the impacted tooth. This inevitably 
results in loss of periodontal attachment, because bone de­
stroyed when the wire is passed around the tooth does not 
regenerate when it is removed. Occasionally no alternative 
is practical, but·wire ligatures shouid be avoided whenever 
possible. 

Before the availability of direct bonding, a pin was 
sometimes placed in a hole prepared in the crown of an 
unerupted tooth, and in special circumstances, this remains 

a possible alternative. The best contemporary approach, 
however, is simply to expose an area on the crown of the 
tooth and directly bond an attachment of some type to that 
surface (Fig. 15-19). In many instances, a button or hook 
is better than a standard bracket because it is smaller. A 
wire or elastomeric ligature can then be looped around the 
bonded attachment before the flap is repositioned and su­
tured into place, so that the ligature extends into the 
mouth. 

Mechanical Approaches for Aligning Unerupted 
Teeth. Orthodontic traction to pull an unerupted tooth to­
ward the line of the arch should begin as soon as possible 
after surgery. Ideally, a fixed orthodontic appliance should 
already be in place before the unerupted tooth is exposed, 
so that orthodontic force can be applied immediately. If 
this is not practical, active orthodontic movement should 
begin no later than 2 or 3 weeks postsurgically. 

An unerupted tooth is usually so far from the line of oc­
clusion that it is impossible to tie even the most flexible 
continuous wire against it. One possible approach is to tie 
from the impacted tooth to a relatively heavy base arch­
wire, using an elastomeric material (Fig. 15-20) or, even 
better if space allows, a modem A-NiTi coil spring. A sec­
ond alternative is to use a special alignment spring, either 
soldered to a heavy base archwire or bent into a light arch­
wire (Fig. 15-21). Compared with tying with an elasto­
meric material, this technique has the advantage of a con­
siderably longer range and a more constant force magni­
tude. When the unerupted tooth has been brought rela­
tively close to the line of occlusion and a standard bracket 
can be bonded in the proper position, loops in a continu­
ous archwire can be used to complete the alignment. A 
box loop (Fig. 15-22), usually formed in 14 mil steel wire, 
is preferred for this purpose. Although a highly flexible 
archwire like 16 mil A-NiTi could be used, this is another 
situation in which distortion of arch form could result, and 
the ability of a loop to concentrate springiness where it is 
needed makes this approach better. 

A third alternative, magnetic force to initiate movement 
of an unerupted tooth, is becoming increasingly more fea­
sible. The great virtue of this method is that no mechanical 
connection is required, and problems associated with pre­
mature exposure of the unerupted tooth to the oral environ­
ment could be avoided. Magnetic attraction between an at­
tachment bonded to the tooth and an intraoral magnet 
would produce the tooth movement. Recent reports dem­
onstrate that it is possible to bond a small magnet to an 
unerupted maxillary canine, and use magnetic attraction to 
a larger magnet contained within a palate-covering remov­
able appliance. 9 • 

10 The attractive force is determined by 
the distance between the magnets, and so can be controlled 
with good precision. The direction of the force depends on 
the orientation of the magnets, which also can be con­
trolled, especially since the magnet within the removable 
appliance can be positioned almost wherever desired. As 
magnet technology continues to improve, magnetic attrac-
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Fig. 15-20 ■ A, If an unerupted tooth is not too far out of line, a flexible archwire like 16 
A-NiTi can be tied directly to the attachment. B, In the more usual situation, a button is bonded to 
whatever portion of the tooth can be exposed, and C, traction is applied via springs or auxiliary 
attachments. D, If the unerupted tooth is labially positioned, it is important to employ ah apically 
repositioned flap so that a gingival attachment is preserved. Then an attachment can be bonded 
(E). An elastomeric chain (F) looped around a rigid base archwire often is the best approach for 
bringing labially positioned incisors into the arch. 

tion is likely to become the preferred method for moving 
deeply embedded teeth. 

Ankylosis of an unerupted tooth is always a potential 
problem. If an area of fusion to the adjacent bone devel­
ops, orthodontic movement of the unerupted tooth be­
comes impossible, and displacement of the anchor teeth 
will occur. Occasionally, an unerupted tooth will start to 
move and then will become ankylosed, apparently held by 
only a small area of fusion. It can sometimes be freed to 
continue movement by being anesthetized and lightly lux­
ated, breaking the area of ankylosis. If this procedure is 
done, it is critically important to apply orthodontic force 
immediately after the luxation, since it is only a matter of 

time until the tooth re-ankyloses. Nevertheless, this ap­
proach can sometimes allow a tooth to be brought into the 
arch that otherwise would have been impossible to move. 

Unlike impaction of most other teeth, which is an obvi­
ous problem from the beginning of treatment, impaction of 
lower second molars usually develops during orthodontic 
treatment (Fig. 15-23). This occurs when the mesial mar­
ginal ridge of the second molar catches against the distal 
surface of the first molar, so that the second molar pro­
gressively tips mesially instead of erupting. Moving the 
first molar posteriorly during the mixed dentition increases 
the chance that the second molar will become impacted, 
and this possibility must be taken into account when pro-
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Fig. 15-21 ■ A, An auxiliary spring soldered to a base archwire provides a long range of action 
to bring an unerupted canine facially and occlusally. This is more efficient than elastomeric ties. 
A spring bent into an archwire also can be employed. B, A vertical spring bent into a 14 mil steel 
archwire to bring down an impacted maxillary canine, before activation; C, same spring activated 
by rotating the loop 90 degrees. A stop against the molars, so that the wire cannot just spin in the 
molar tubes, is essential. This method is also very effective, providing excellent force character­
istics with a long range of action (see also Fig. 15-20, C). 

Fig. 15-22 ■ A canine or premolar positioned high in the labial 
vestibule can be brought into the arch most efficiently by using a 
box loop in 14 mil steel wire. Initially, the bracket is tied to the 
loop (note the small V-bend in the bottom of the loop so that the 
ligature does not slip off when the loop is tied in this way). 
Eventually, the wire can be tied into the bracket slot. 

cedures to increase mandibular arch length are employed. 
Correction of an impacted second molar requires that 

the tooth be moved posteriorly and uprighted. In most 
cases, if the mesial marginal ridge can be unlocked, the 
tooth will erupt on its own. When the second molar is not 
severely tipped, the simplest solution is to place a separa­
tor between the two teeth (Fig. 15-24). For a more severe 
problem, one possibility is to solder an auxiliary spring to 
an archwire mesial to the first molar and extend it posteri­
orly into the embrasure between the first and second mo­
lars. The long arm of an auxiliary spring of this type gives 
excellent flexibility and range of action, but also makes it 
difficult to keep the spring in place and may lead to sub­
stantial soft tissue irritation. A better alternative is to sur­
gically expose the second molar, bond a tube to the buccal 
surface, and then use an auxiliary spring inserted into this 
tube to upright the second molar (Fig. 15-25). 

An auxiliary spring, soldered to a heavy archwire or ex­
tending from the first molar auxiliary tube, is often useful 
to bring both upper and lower second molars into align­
ment when they erupt late in orthodontic treatment (Fig. 
15-26). This allows the use of a flexible wire in the poste­
rior part of the arch, while a heavier and more rigid wire is 
in place anteriorly. 
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Fig. 15-23 ■ Impacted mandibular second molar in a 14-year-old patient. A, Occlusal view; B, 
radiographic view. The clinically exposed cusp is the distobuccal cusp, not the mesiobuccal cusp 
one would expect to see in this location. (See Fig. 15-25 for treatment of this patient.) 

Fig. 15-24 ■ Brass wire separator used to de-impact a mandibular second molar. A, Second 
molar trapped beneath distal bulge of first molar; B, uprighting obtained with 20 mil brass wire 
tightened around the contact. Usually it is necessary to anesthetize the area to place a separating 
wire of this type. A spring clip can be used in the same way, but both brass wire and spring clips 
are effective only if the tooth is minimally tipped. 

A 

B 

Fig. 15-25 ■ Use of a bonded tube and auxiliary spring to upright a severely impacted mandib­
ular second molar (same patient as Fig 15-23). A, Surgical exposure of a portion of the facial 
surface of the crown; B, tube bonded on the distobuccal cusp. Continued. 

B 
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Fig. 15-26 ■ When a second molar is banded relatively late in C treatment, a spring soldered to the main archwire and extending 

D 

E 

Fig. 15-25-cont'd. ■ C, helical spring from archwire in­
serted into buccal tube; D, uprighting completed, with the second 
molar in position for n~rmal • banding or hon.ding; E, occlusal 
view after uprighting. 

beneath the first molar tube as shown here provides excellent 
flexibility to align the second molar while allowing a heavy arch­
wire to remain in place anteriorly to maintain arch form. If the 
first molar carries an auxiliary tube, an efficient alternative is to 
place a segment of rectangular NiTi wire from the first to the sec­
ond molar. 

■ Diastema Closure 
A maxillary midline diastema is often complicated by 

the insertion of the labial frenum into a notch in the alve­
olar bone, so that a band of heavy fibrous tissue lies be­
tween the central incisors. When this is the case, a stable 
correction of the diastema almost always requires surgery 
to remove the interdental fibrous tissue and reposition the 
frenum. The frenectomy must be carried out in a way that 
will produce a good esthetic result and must be properly 
coordinated with orthodontic treatment. 

It is an error to surgically remove the frenum and then 
delay orthodontic treatment in the hope that the diastema 
"".ill close spontaneously. If the frenum is removed while 
there is still a space between the central incisors, scar tis­
sue forms between the teeth as healing progresses, and a 
long delay may result in a space that is more difficult to 
close than it was previously. 

It is better to align the teeth before frenectomy. Sliding 
them together along an archwire is usually better than us­
ing a closing loop, because a loop with any vertical height 
will touch and irritate the frenum. If the diastema is rela­
tively small, it. is usually possible to bring the central inci­
sors completely together before surgery (Fig. 15-27). If 
the space is large and the frenal attachment is thick, it may 
not be possible to completely close the space before surgi­
cal intervention. The space should be closed at least par­
tially, and the orthodontic movement to bring the teeth to­
gether should be resumed immediately after the frenec­
tomy, so that the teeth are brought together quickly after 
the procedure. When this is done, healing occurs with the 
teeth together, and the inevitable postsurgical scar tissue 
stabilizes the teeth in their correct position instead of cre­
ating obstacles to final closure of the space. 

The key to successful surgery is removal of the inter­
dental fibrous tissue. It is unnecessary, and in fact undesir-
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Fig. 15-27 ■ Management of a maxillary midline diastema. A, Facial appearance, showing the 

protuding maxillary incisors caught on the lower lip; B, intraoral view before treatment; C, teeth 

aligned and held tightly together with a figure-8 wire ligature, before frenectomy; D, appearance 

immediately after frenectomy, using the conservative technique advocated by Edwards in which a 

simple incision is used to allow access to the interdental area, the fibrous connection to the bone is 

removed, and the frenal attachment is sutured at a hjgher level; E, facial appearance 2 years after 

completion of treatment; F, intraoral view 2 years after treatment. 
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able, to excise a large portion of the frenum itself. Instead, 
a simple incision is used to allow access to the interdental 
area, the fibrous connection to the bone is removed, and 
the frenum is then sutured at a higher level. 11 

A maxillary midline diastema tends to recur, no matter 
how carefully the space was managed initially. A bonded 
fixed retainer (see Chapter 18) is recommended. 

Leveling 
The archwire design for leveling depends on whether 

there is a need for absolute intrusion of incisors, or 
whether relative intrusion is satisfactory. This important 
point is discussed in detail in Chapter 7, and the biome­
chanical considerations in obtaining intrusion are described 
in Chapters 9 and 10. The discussion following assumes 
that an appropriate decision about the type of leveling has 
been made, and focuses on the rather different techniques 
for leveling by relative intrusion (which is really differen­
tial elongation of premolars, for the most part) as con­
trasted to leveling by absolute intrusion of incisors (see 
Fig. 7-5). 

■ Leveling by Extrusion (Relative Intrusion) 
This type of leveling can be accomplished with continu­

ous archwires, simply by placing an exaggerated curve of 
Spee in the maxillary archwire and a reverse curve of Spee 
in the mandibular archwire (Fig. 15-28). For most pa­
tients, it is necessary to replace the initial highly resilient 
alignment arch with a slightly stiffer one to complete the 
leveling. As with the alignment archwire, the choice of 
wires for this purpose depends on which type of edgewise 
appliance is being used. 

18-Slot, Narrow Brackets. When preliminary align­
ment is completed, the second archwire is almost always 
16 mil steel, with an exaggerated curve of Spee in the up­
per arch and a reverse curve in the lower arch. In most in­
stances, this approach is sufficient to complete the level­
ing. An alternative is to use 16 or 18 mil M-NiTi, pre-

Fig. 15-28 ■ A reverse curve of Spee in the lower archwire, 
illustrated here alongside a lower arch with which it could be 
used, is a satisfactory method if vertical growth will occur to 
compensate for the extrusion that occurs in the premolar region. 

Fig. 15-29 ■ An auxiliary leveling arch (usually 17 x 25 steel) 
extending from the auxiliary tubes on the first molars and tied be­
neath the base arch anteriorly can be used to augment the level­
ing ability of continuous archwires. With a continuous base arch­
wire, the effect is primarily premolar extrusion, not the incisor 
intrusion that a similar auxiliary arch could produce with base 
arch segments, but this often is what is desired in growing chil­
dren. (See Fig. 15-36, D, for an additional illustration of an aux­
iliary depressing arch to assist in leveling the lower arch with a 
continuous base arch.) 

formed by the manufacturer with an extremely exaggerated 
curve. 

In some patients, particularly in nonextraction treatment 
of older patients who have little if any remaining growth, 
an archwire heavier than 16 mil steel is needed to com­
plete the leveling of the arches. Rather than use an 18 mil 
archwire, it is usually quicker and easier to add an auxil­
iary leveling arch of 17 x 25 mil TMA or steel. This arch 
inserts into the auxiliary tube on the molar and is tied an­
teriorly beneath the 16 mil base arch (Fig. 15-29). In es­
sence, this augments the curve in the base arch and results 
in efficient completion of the leveling. 

It is sometimes said, as an argument in favor of the 22-
slot appliance, that the wires available for use with the 18-
slot appliance are not large enough to accomplish all nec­
essary tooth movements. One of the few situations in 
which that may be true is in final leveling with continuous 
archwires, which may require either a continuous 18 mil 
steel arch wire or the auxiliary wire suggested previously. 

22-Slot, Wider Brackets. For a typical patient using 
the 22-slot appliance, initial alignment with a 17 .5 mil 
twist or 16 mil A-NiTi wire is usually followed by a 16 
mil steel wire with a reverse or accentuated curve, and 
then by an 18 mil round wire to complete the leveling. 
This archwire sequence is nearly always adequate for com­
pletion of leveling, and it is rare that 20 mil wire or an 
auxiliary archwire is required. 

■ Leveling by Intrusion 
Leveling by intrusion requires a mechanical arrange­

ment other than a continuous archwire attached to each 
tooth. The key to successful intrusion is light continuous 
force directed toward the tooth apex. It is necessary to 
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Fig. 15-30 ■ A, Illustration of 16 mil steel archwires for leveling in the first stage of Begg tech­
nique. An "anchor bend" is placed mesial to the first molar, and the archwire is lightly ligated or 
clipped as it passes the second premolar, rather than being pinned into the bracket on these teeth. 
B, Similar bends are placed in the initial wires with the modem Begg-edgewise techniques, as 
here with the TipEdge appliance. (B, Courtesy Dr. PC Kesling.) 

avoid pitting intrusion of one tooth against extrusion of its 
neighbor, since in that circumstance, extrusion will domi­
nate. This can be accomplished in two ways: (l) with con­
tinuous archwires that bypass the premolar (and frequently 
the canine) teeth, and (2) with segmented base archwires 
(so that there is no connection along the arch between the 
anterior and posterior segments) and an auxiliary depress­
ing arch. 

Bypass Arches. This approach to intrusion is most use­
ful for patients who will have some growth (i.e., who are 
in either the mixed or early permanent dentitions). Three 
different mechanical arrangements are commonly used, 
each based on the same mechanical principle: uprighting 
and distal tipping of the molars are pitted against intrusion 
of the incisors. 

A classic version of this approach to leveling is seen in 
the first stage of Begg technique, in which the premolar 
teeth are bypassed and only a loose tie is made to the ca­
nine. A 16 mil resilient steel archwire is fabricated as 
shown in Fig. 15-30, using an "anchor bend" anterior to 
the first molar. The long span of the archwire anterior to 
the anchor bend provides a gentle intrusive force on the in­
cisors, while the reaction force on the molar tends to up­
right it and tip it distally. Light Class II elastic forces are 
used while this archwire is in place. The result is stabiliza­
tion of the lower molar against the distal tipping, at the 
cost of some extrusion of the molar. Hence there is a need 
for some vertical growth while this treatment is being car­
ried out, to prevent downward and backward rotation of 
the mandible. The light archwire, however, does intrude 
the lower incisors. The upper incisors are being pulled 
downward by the Class II elastic, which counterbalances 
the intrusion these teeth otherwise might experience. 

Exactly the same effect can be produced in exactly the· 
same way using the edgewise appliance, if the premolars 
and canines are bypassed. Mulligan has advocated just this 

approach to the fabrication of a leveling archwire, using a 
16 mil steel wire with an anchor bend similar to the initial 
archwire in the Begg technique. 12 

A more flexible variation of the same basic idea is de­
veloped in Rickett's utility arch (Fig. 15-31). 13 The utility 
arch is characterized by step-down bends between the first 
molar and the lateral incisors, so that the archwire is less 
likely to be distorted by the forces of occlusion. It is fab~ 
ricated of 16 x 16 mil wire, used in 18-slot brackets. In 
most cases, the rectangular wire is placed into the brackets 
with slight labial root torque to control the inclination of 
the teeth as the incisors move labially while they intrude. 

Successful use of any of these bypass arches for leveling 
requires that the forces be kept light. This is accomplished 
in two ways: by selecting a small diameter archwire, and 
by using a long span between the first molar and the inci­
sors. Wire heavier than 16 mil steel should not be used, 
and Ricketts recommends a relatively soft 16 X 16 cobalt­
chromium wire for utility arches to prevent heavy forces 
from being developed. Overactivation of the vertical bends 

Fig. 15-31 ■ Utility arches for leveling, showing the long span 
from molars to incisors that makes it possible to produce absolute 
intrusion. 
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can cause loss of control of the molars in all three planes 
of space. 

The 16 mil steel wires typically used in bypass arches, 
though resilient, are too stiff for efficient alignment of se­
verely malposed incisors, even if loops are bent into the 
wire between adjacent teeth. Small rotations or displace­
ments can be corrected simply by tying to a 16 mil wire 
and gradually bringing the wire into the bracket slot, par­
ticularly if the brackets are narrow so that interbracket 
span is adequate. Where significant malpositions exist, 
however, it is better to correct the alignment with a resil­
ient wire, perhaps using only a resilient anterior segment, 
before tying a round or rectangular bypass arch into the 
brackets. If intrusion is desired from the beginning, an 
auxiliary arch for this purpose can be used along with the 
anterior alignment segment, as described below. 

In contrast to leveling with continuous fully engaged 
archwires, the size of the edgewise bracket slot is largely 
irrelevan& when bypass arches for leveling are used. 
Whether the appliance is 18- or 22-slot, the bypass arch 
should not be stiffer than 16 mil steel wire. If preliminary 
alignment is needed before the bypass arch for leveling is 
placed, of course, slot size would be a factor and the 
alignment archwires recommended previously as appropri­
ate for each bracket slot would be the best choices. 

Two weaknesses of the bypass arch systems previously 
described limit the amount of true intrusion that can be ob­
tained. The first is that, except for some applications of the 
utility arch, only the first molar is available as posterior 
anchorage. This means that significant extrusion of that 
tooth may occur. In actively growing patients with a good 
facial pattern, this is not a major problem, but in nongrow­
ing patients or those with a poor facial pattern in whom 
molar extrusion should be avoided, the lack of posterior 
anchorage can compromise the ability to intrude incisors. 
High-pull headgear to the upper molars can be added with 
any of the bypass arch systems to improve upper posterior 
anchorage, and with a utility arch setup, the second molar 
and second premolar can be incorporated into the posterior 
segment for better anchorage control. 

The second weakness is that the intrusive force against 
the incisors is applied anterior to the center of resistance, 
and therefore the incisors tend to tip forward as they in­
trude (Fig. 15-32). Without an extraction space, forward 
movement of the incisors is an inevitable consequence of 
leveling, but often in extraction cases, this result is unde­
sirable. The anchor bend at the molar in the Begg ap­
proach creates a space-closing effect that somewhat re­
strains forward incisor movement (Fig. 15-33), but this 
also tends to bring the molar forward, straining the poste­
rior anchorage. The same thing happens for the same rea­
son with a Mulligan bypass arch or a utility arch. A utility 
arch can be activated to keep the incisors from moving for­
ward and has the additional benefit of a rectangular cross­
section anteriorly so that tipping can be controlled, but the 
result is still a strain on posterior anchorage. The seg-

Fig. 15-32 ■ When the incisor segment is viewed from a lat­
eral perspective, the center of resistance can be seen to be lingual 
to the point at which an archwire attaches to the crown. For this 
reason, the incisors tend to tip forward when an intrusive force is 
placed at the central incisor brackets. This tendency toward labial 
tipping can be controlled either by applying a force to tip the in­
cisors distally as they are being intruded, canceling the mesial 
tipping, or by applying the intrusive force more posteriorly, as by 
attaching an intrusion arch to stabilized anterior segment more di­
stally, in the vicinity of the lateral rather than the central incisors, 
for instance (see Fig. 15-37). 

mented arch approach to leveling developed by Burstone, 
which overcomes these limitations, is recommended for 
maximum control of _the anterior and posterior segments of 
the dental arch. 

Segmented Archwires for Leveling. The segmented 
arch approach depends on establishing stabilized posterior 
segments and controlling the point of force application 
against an anterior segment. This technique requires auxil­
iary rectangular tubes on first molars, in addition to the 
regular bracket or tube. After preliminary alignment if 
needed, a full dimension rectangular archwire is placed in 
the bracket slots of teeth in the buccal segment, which typ­
ically consists of the second premolar, first molar, and sec­
ond molar. This connects these teeth into a solid unit. In 
addition, a heavy lingual arch (36 mil round or 32 x 32 
rectangular steel wire) is used to connect the right and left 

Fig. 15-33 ■ Diagrammatic representation of forces from a 
leveling archwire that bypasses the premolars, with an anchor 
bend mesial to the molars. A force system is created that elon­
gates the molars and intrudes the incisors. The wire tends to slide 
posteriorly through the molar tube, tipping the incisors distally at 
the expense of bodily mesial movement of the molars. An arch­
wire of this design is used in the first stage of Begg treatment but 
also can be used in edgewise systems. A long span from the mo­
lars to the incisors is essential. 
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Fig. 15-34 ■ Mandibular stabilizing lingual arch in 36 mil steel wire, used for anchorage con­
trol in segmented arch leveling. A, Distal insertion into the horizontal tube on the first molar; B, 
the wire must clear the anterior segment, lying lingually and gingivally to these teeth. C, Maxil­
lary transpalatal arch for anchorage control during intrusion, soldered to the first molar bands. 
This is effective for anchorage, but the lingual arch must be removed during finishing, and it can 
be awkward and difficult to cut it free. 

posterior segments, further stabilizing them against undes­
ired movement (Fig. 15-34). A resilient anterior segmental 
wire is used to align the incisors, while the posterior seg­
ments are being stabilized. 

For intrusion, an auxiliary depressing arch placed in the 
auxiliary tube on the first molar is used to apply intrusive 
force against the anterior segment. This arch should be 
made of rectangular wire that will not twist in the 'auxiliary 
tube. Burstone recommends 18 x 25 steel wire with a 2½­
tum helix (Fig. 15-35), or 19 x 25 TMA wire without a 
helix. 14 This depressing arch is adjusted so that it lies gin­
gival to the incisor teeth when passive and applies a light 
force (approximately 15 gm per tooth) when it is brought 
up beneath the brackets of the incisors. It is tied under­
neath the incisor brackets, but not into the bracket slots, 
which are occupied by the anterior segment wire. 

An auxiliary depressing arch can be placed while a light 
resilient anterior segment is being used to align malposed 
incisors, but it is usually better to wait to add the depress­
ing arch until incisor alignment has been achieved and a 
heavier anterior segment wire has been installed. A 
braided rectangular steel wire or a rectangular TMA wire 
is usually the best choice for the anterior segment while 
active intrusion with an auxiliary depressing arch is being 
carried out. 

Two strategies c'an be used with segmented arches to 

prevent forward movement of the incisors as they are in­
truded. The first is the same as with bypass arches: a 
space-closing force can be created by tying the depressing 
arch back against the posterior segments (see Fig. 15-35). 
Even with stabilized posterior segments, this produces 
some strain on posterior anchorage. 

The second and usually preferable strategy is to vary the 
point of force application against the incisor segment. If 
the anterior segment is considered· a single unit (which is 
reasonable when a stiff archwire connects the teeth within 
the segment), the center of resistance is located as shown 
in Fig. 15-32. Tying the depressing arch distal to the mid­
line, between the central and lateral incisors, or distal to 
the laterals (Fig. 15-36), also brings the point of force ap­
plication more posteriorly so that the force is applied more 
nearly through the center of resistance (Fig. 15-37). This 
prevents anterior tipping of the incisor segment without 
causing anchorage strain. 

Even with the control of posterior anchorage obtained 
by placing rectangular stabilizing segments and an anchor­
age lingual arch, the reaction to intrusion of incisors is ex­
trusion and distal tipping of the posterior segments. With 
careful attention to appropriate technique with the seg­
mented arch approach, it is possible to produce approxi­
mately 4 times as much incisor intrusion as molar extru­
sion in nongrowing adults. Although successful intrusion 
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Fig. 15-35 ■ Segmented arch technique for leveling by intrusion of the lower incisors. A, After 
preliminary alignment, an anterior segment of 17 x 25 braided steel wire has been placed in the 
mandibular anterior segment. Posterior segments are stabilized, and a 17 x 25 steel depressing 
arch is placed in auxiliary tubes on the first molars and tied beneath the incisor brackets anteriorly; 
B, lateral view of appliance at initial activation; C, lateral view, 8 weeks later; D, cephalometric 
superimposition showing the amount of intrusion obtained in 3 months. 

Fig. 15-36 ■ Segmented arch application for intrusion of maxillary incisors. A, The depressing 
arch in the vestibule, before activation. It is adjusted so that it provides about 50 gm of force 
when B, it is deflected down to the level of the brackets. 
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Fig. 15-36-cont'd. ■ C, Buccal view showing the 2½ turn helix used in steel wire. For this 
patient, the depressing arch is tied in the midline because it is desirable for the incisors to tip 
forward as they depress. D, Buccal view of another patient. Note that the intrusion arch is tied 
between the lateral incisors and canines, moving the point of force application nearer the center of 
resistance of the anterior segment to prevent labial tipping of the incisors during the intrusion. In 
this patient, an auxiliary wire also is being used in the lower arch, but to supplement the contin­
uous arch that is in place. The lower leveling will occur largely by elongation of the canine and 
premolar, rather than by intrusion of the incisors. 

Fig. 15-37 ■ Tying an auxiliary depressing arch distal to the midline, as shown in Fig. 15-36, 
moves the line of force more posteriorly and therefore closer to the center of resistance of the 
anterior segment, diminishing or eliminating the moment that causes tipping. Compare this figure 
to Fig. 15-32. 

Fig. 15-38 ■ Utility arch inserted in auxiliary tube on molars, to intrude maxillary incisors 
while alignment loops are used in the buccal segments. Loops like those shown in this utility arch 
have two purposes: they decrease stiffness, so a larger wire than 16 x 16 steel can be used, and 
they can be activated to exert a distal or space-closing effect, providing a force to counteract the 
labial tipping of incisors that otherwise would occur. 
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can be obtained with round bypass arches, the ratio of an­
terior intrusion to posterior extrusion is much less favor­
able. A utility arch can be used in conjunction with stabi­
lized posterior segments, simply by placing the utility arch 
into an auxiliary tube on the first molar (an arrangement 
recommended by Ricketts for older patients). With this al­
teration (Fig. 15-38), the ratio of intrusion to extrusion im­
proves. For adults, however, to control anterior tipping, it 
is advantageous to tie the depressing arch beneath a sepa­
rate base arch wire anteriorly, rather than tying directly into 
the incisor brackets as is usually done with a utility arch. 

At the conclusion of the first stage of treatment, the 
arches should be level, and teeth should be aligned to the 
point that rectangular steel archwires can be placed with­
out generating excessive forces. The duration of the first 
stage, obviously, will be determined by the severity of 
both the horizontal and vertical components of the initial 
malocclusion. For some patients, only a single initial arch­
wire will be required, while for others, several months 
may be needed for alignment, and several more months for 
segmental leveling, before the next stage can begin. As a 
principle of treatment, it is important not to move to the 
second stage of treatment until both leveling and alignment 
are adequate. 
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Chapter 16 

The Second Stage of Comprehensive 
Treatment: Correction of Molar 

Relationship and Space Closure 
Correction of molar relationship 

Correction of molar relationship by differential growth 
Differential anteroposterior tooth movement, using ex­

traction spaces 
Molar correction with interarch elastics 

Closure of extraction spaces 
Moderate anchorage situations 
Maximum incisor retraction (maximum anchorage) 
Minimum incisor retraction 

At the beginning of the second stage of treatment, the 
teeth should be well aligned, and any excessive or reverse 
curve of Spee should have been eliminated. The objectives 
of this stage of treatment are to correct molar and buccal 
segment relationships to provide normal occlusion in the 
anteroposterior plane of space, and to close extraction 
spaces or residual spaces in the arches. 

Correction of Molar Relationship 
Correction of the molar relationship nearly always in­

volves moving from a Class II or partially Class II rela­
tionship to Class I, although occasionally the treatment 
will be aimed at a Class III problem. Excluding surgical 
repositioning of the jaws, which is especially likely to be 
required in Class III correction, there are three major pos­
sibilities for correcting the molar relationship: (I) differen­
tial growth of the jaws, guided by extraoral force or a 
functional appliance, (2) differential anteroposterior move­
ment of the upper. and lower posterior teeth as extraction 
spaces are closed, and (3) differential anteroposterior 
movement of all the teeth under the influence of Class II or 
Class III elastics. These approaches are not mutually ex­
clusive, and in fact some combination of the three is al­
most always used in tlie treatment of an individual patient. 

■ Correction of Molar Relationship by 
Differential Growth 

The use of extraoral force or functional appliances to in­
fluence jaw growth is discussed in some detail in Chapter 
14. The different timing of skeletal growth in males and 
females must be kept in mind when this approach is used. 
During adolescence, the mandible tends to grow forward 
more than the maxilla, providing an opportunity to im-

prove a skeletal Class II jaw relationship. Girls mature 
considerably earlier than boys, and are often beyond the 
peak of the adolescent growth spurt before the full perma­
nent dentition is available and comprehensive orthodontic 
treatment can begin. Boys, who mature more slowly and 
have a more prolonged period of adolescent growth, are 
much more likely to have a clinically useful amount of an­
teroposterior growth during comprehensive treatment. 

Whether extraoral force or a functional appliance is used 
to modify growth in Class II patients, a favorable response 
includes both restraint of maxillary growth and differential 
mandibular growth. Extraoral force is more compatible 
with the fixed appliances needed for comprehensive treat­
ment than are functional appliances, and functional appli­
ance therapy alone is unlikely to provide a satisfactory re­
sult in the early permanent dentition. In skeletally imma­
ture patients with a permanent dentition, there is nothing 
wrong with using a first phase of functional appliance 
treatment even though the permanent teeth have erupted, 
and then using a fixed appliance to obtain detailed occlusal 
results, but it is likely that the functional appliance therapy 
will have to be modified or discontinued when the fixed 
appliance treatment begins. Headgear therapy can be con­
tinued quite nicely. 

An ideal patient for use of extraoral force in the early 
permanent dentition is a 12- to 14-year-old boy with a 
Class II problem, whose skeletal maturity is somewhat be­
hind his stage of dental development, and who has good 
growth potential (Fig. 16-1). Boys at age 13, it must be 
remembered, are on the average at the same stage of mat­
uration as girls at 11, and significant skeletal growth is al­
most always continuing. On the other hand, girls at age 13 
are, on the average, at the same developmental stage as 
boys at 15, and by this time, clinically useful changes in 
jaw relationship from growth guidance are unlikely. 

Although correction of molar relationship is a major 
goal of the second rather than the first stage of treatment, 
extraoral force should be applied against the first molars 
from the beginning in any patient for whom molar correc­
tion by differential growth is desired. There is no reason to 
wait for alignment and leveling to be completed, espe­
cially since every passing day decreases the probability of 
a favorable growth response. The extraoral force can also 
help control anchorage during alignment. 

495 
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B 

I 
Fig. 16-1 ■ Class II correction in a 13 year-old boy, using extraoral force to the maxilla. A, 
Dental casts before and after treatment; B and C, cephalometric superimposition showing treat­
ment changes. Note the large amount of vertical growth, which allowed the maxilla and maxillary 
dentition to be displaced distally as they moved vertically, while the mandible grew downward 
and forward. As the maxillary and mandibular superimpositions show, overbite was corrected by 
relative intrusion (i.e., the lower incisors were held at the same vertical level while the molars 
erupted). There was relatively more eruption of the mandibular than the maxillary molar, reflect­
ing the upward-backward direction of headgear force, and only a small amount of distal driving of 
the upper molars. 
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Although the main purpose of extraoral force is growth 
modification, some tooth movement in all three planes of 
space inevitably accompanies it. When there is good verti­
cal growth and the maxillary molars are allowed to elon­
gate, the maxillary teeth erupt downward and backward, 
and spaces may open up in the maxillary arch. Even 
though the extraoral force is applied against the first mo­
lar, it is unusual for space to develop between the first mo­
lar and second premolar. Instead, the second and to a 
lesser degree, the first premolars follow the molars. The 
result is often a space distal to the canines, along with a 
partial reduction of overjet as the jaw relationship im­
proves (Fig. 16-2). 

When this result occurs, the preferred approach is to 
consolidate space within the maxillary arch at a single lo­
cation, using elastomeric chains to bring the canines and 
incisors into an anterior segment and the molar and premo­
lars into a posterior segment. When the molar relationship 
has been corrected, the residual over jet is then reduced by 
retracting the incisors in this nonextraction patient in ex­
actly the same way as in a patient who had a first premolar 
extraction space (see following). Extraoral force should be 
continued until an intact maxillary arch has been achieved. 
Discontinuing it when only the molar relationship has been 
corrected is unwise, both because the maximum skeletal 
effect probably has not been obtained at that point, and be­
cause the retraction of the incisor teeth requires posterior 
anchorage, which can be reinforced by the headgear. 

■ Differential Anteroposterior Tooth Movement, 
Using Extraction Spaces 

There are two reasons for extracting teeth in orthodon­
tics, as discussed in detail in Chapter 7: (1) to provide 
space to align crowded incisors without creating excessive 
protrusion, and (2) to allow camouflage of moderate Class 
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II or Class III jaw relationships when correction by growth 
modification is not possible. The more extraction space re­
quired for alignment, the less there is available for differ­
ential movement in camouflage, and vice versa. An impor­
tant part of treatment planning is deciding which teeth to 
extract and how the extraction spaces are to be closed (by 
retraction of incisor teeth, mesial movement of posterior 
teeth, or some combination). These decisions determine 
the orthodontic mechanics. 

In this section, it will be assumed that appropriate treat­
ment planning decisions have been made, and the orth­
odontic mechanotherapy necessary to produce different 
types of tooth movement for molar correction will be de­
scribed. 

Class II Correction by Distal Movement of Maxillary 
Posterior Teeth: Upper: Second Molar Extraction. The 
concept of "distal driving" of the maxillary posterior teeth 
has a long orthodontic history. Despite the belief of many 
practitioners that their usual correction of a Class II molar 
relationship was obtained by moving the upper molars 
back, the early cephalometric studies showed that this was 
not the case. It is now clear that significant distal position­
ing of the upper posterior teeth relative to the maxilla oc­
curs primarily in patients who have a great deal of vertical 
growth and elongation of the maxillary teeth (see Fig. 16-
1). Without this, it is difficult to produce more than 2 mm 
of distal movement of the upper molars, unless the upper 
second molars are extracted. With second molar extraction 
and good headgear cooperation, the maxillary dental arch 
can be moved posteriorly even in the absence of growth 
(Fig. 16-3), but still to only a limited extent. 

There are numerous illustrations in the orthodontic liter­
ature of Class II malocclusion corrected by using an in­
traoral appliance to push the upper molars distally, and 

C 

Fig. 16-2 ■ Space tends to open up within the maxillary arch when extraoral force to the upper first molars is used and the patient grows well. A, Occlusal view before treatment; B, same pa­tient after I 2 months of treatment with only a headgear. C, In patients with Class II malocclusion, 
the upper molars usually are rotated mesially, and part of the apparent backward movement of the first molar is a distal rotation of the buccal cusps as the tooth rotates around its lingual root. This type of rotation can be produced by a facebow or by a transpalatal lingual arch. In B, note the spacing in the premolar area, as gingival fibers produce distal rotation of these teeth also. When a complete fixed appliance is placed at this stage, one of the first steps is consolidation of the space 
distal to the canines. 
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Fig. 16-3 ■ After extraction of maxillary second molars, ex­
traoral force can successfully move the maxillary dentition poste­
riorly, as this cephalometric superimposition shows. To achieve 
this effect, extraoral force must be applied nearly full time, to 
promote efficient tooth movement. The effective limit of move­
ment of this type is 4 to S mm. (Retraced from Armstrong MM: 
Am J Orthod 59:217-243, 1971.) 

A 

then retracting the teeth anterior to them. In patients with 
mild to moderate skeletal Class II malocclusion, the upper 
molars are likely to have rotated mesially around the lin­
gual root (see Fig. 16-2, C), and merely correcting the ro­
tations improves the occlusal relationships. This can be 
done with a transpalatal lingual arch, an auxiliary labial 
arch, or the inner bow of a facebow. Sometimes upper 
molars are so mesially ·rotated that it is difficult or impos­
sible to insert a facebow until the rotation has been par­
tially corrected with a more flexible appliance. It is an im­
portant concept, however, that beyond the rotation correc­
tion, significant distal movement of the molars (in the ab­
sence of second molar extraction) requires vertical growth. 
This means that treatment based on distal driving of the 
molars is less and less likely to succeed as patients become 
more and more mature. 

Extraction of upper second molars to camouflage a skel­
etal Class II relationship should be considered only when 
specific indications are present (see Chapter 8). The key to 
success is a force system that moves the first molars and 
then the other teeth back, without reciprocal protrusion of 
the anterior teeth. Extraoral force is an obvious choice in 
terms of anchorage control, and with this approach, head­
gear force of moderate intensity with long duration is 

B 

Fig. 16-4 ■ A, Maxillary stabilizing lingual arch with palatal button (often called a Nance hold­
ing arch), in a patient whose upper molars were tipped distally in a preliminary phase of treat­
ment; B and C, The stabilizing lingual arch placed across the first premolars incorporates acrylic 
against the palatal mucosa and also an anterior bite plate, in a patient in whom NiTi coil springs 
are being used to move the molars distally and gain arch length. (B and C, Courtesy Dr. A Gi­
anelly .) 



needed. Skeletal effects in rapidly growing patients can be 
achieved with fewer hours per day of headgear wear than 
are necessary to successfully move teeth. The patient must 
wear the headgear full time or nearly so to move the max­
illary teeth posteriorly. The force magnitude should be 
large enough to simultaneously reposition all the maxillary 
teeth, which means that with an archwire tying the teeth 
together, the force should be approximately 300 gm on 
each side. 

Using the anterior palate for anchorage also is a possi­
bility, and both removable appliances and lingual arches 
with a button against the anterior palate have been used for 
this purpose (Fig. 16-4). With a lingual arch and palatal 
button, A-NiTi coil springs produce an effective and 
nearly constant force system for the distal movement. 1 

Magnets in repulsion also can be used, but the magnetic 
force decays rapidly as the magnets separate, and the 
A-NiTi springs have the additional advantage of being less 
bulky. Contacting the palatal tissue has the potential to 
cause significant irritation, however, and this type of an­
chorage is recommended only when cooperation is totally 
lacking and a commitment to the second molar extraction 
plan has already been made. 

Force from Class II elastics also can be used to position 

) 

Fig. 16-5 ■ Cephalometric superimpos1t10n showing the re­
sponse to Class II elastics in a girl in whom this was the major 
method for correcting a Class II malocclusion. Note that with 
rectangular archwires, some torque of the upper incisors was ob­
tained. The rotational effects often associated with Class II elas­
tics were less apparent for this patient than is sometimes the case 
(see also Fig. 16-13), but the considerably greater forward dis­
placement of the lower arch than retraction of the upper is typi­
cal. 
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Fig. 16-6 ■ A. "sliding jig" as illustrated here can be used to 
transfer Class II elastic force to the posterior segment of the max­
illary arch. Rather than attaching to the maxillary archwire or an­
terior teeth, the elastic is hooked to the front part of the jig,­
which contacts the mesial surface of the first molar. In typical 
use, a jig later is shortened to apply the Class II force to the sec­
ond premolar. 

the upper molars distally, but there are two potential prob­
lems. First, the elastics have an extrusive component, 
which means that they should not be. used in patients who 
will not have some vertical growth during the period of 
treatment. Second, if an intact lower arch is pitted against 
an intact upper arch, even with upper second molars ex­
tracted, there will be considerably more mesial movement 
of the lower teeth than distal movement of the upper teeth 
(Fig. 16-5). For this reason, if Class II elastics are used to 
drive upper molars distally, it is preferable at first to apply 
the elastic force against the first molars alone, via sliding 
jigs as illustrated in Fig. 16-6. The upper archwire is re­
duced in size posteriorly to allow freer sliding, the lower 
arch is stabilized with a full dimension rectangular arch­
wire, and the force of the elastics is reduced to about 100 
gm (3 to 4 oz). This procedure is important not only to im­
pede forward tipping of the_ mandibular teeth but also to 
maintain transverse control of the lower arch. Class II 
elastics tend to widen the lower molars to the point that 
they can produce a molar crossbite. A heavy rectangular 
archwire, slightly constricted across the molars, is needed 
to prevent this complication. 

Once the upper molar has been moved distally into a 
correct relationship, the jig is altered and force applied 
against the second premolars. As a final step, Class II elas­
tic force is continued as the_ space between the first and 
second premolars is closed. With this approach, the elastic 
force against the lower arch should not exceed 100 gm per 
side. Even though this force is distributed over all the 
lower teeth, some mesial movement of the lower arch is an 
inevitable side effect. 

Class II Camouflage by Extraction of Upper First 
Premolars. Like upper second molar extraction, extrac­
tion of upper first premolars is a deceptively attractive so­
lution to Class II problems and should be adopted only 
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Fig. 16-7 ■ Records of a patient who was treated with extraction of upper first premolars for 
camouflage of a Class II malocclusion. A, Pretreatment profile photograph; B to D, pretreatment 
intraoral photographs; E, posttreatment profile; F to H, posttreatment intraoral photograph; I, 
cephalometric superimposition. For this patient, retraction of the maxillary incisors was accom­
plished with good anchorage control, the esthetic change was quite-acceptable, and jaw function 
was normal. 
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Fig, 16-7-cont'd. ■ For legend see opposite page. 

when its specific indications exist (Chapter 8). With this 
approach, the objective during orthodontic treatment is to 
maintain the existing Class II molar relationship, closing 
the first premolar extraction space entirely by retracting the 
protruding incisor teeth (Fig. 16-7). Maxillary posterior 
anchorage must be reinforced, but one method, Class II 
elastics from the lower arch, is specifically contraindi­
cated. The remaining possibilities are extraoral force to the 
first molars, a stabilizing lingual arch, or retraction of the 
maxillary anterior segment with extraoral force directly 
against these teeth. 

If retraction springs or closing loops between the maxil­
lary anterior and posterior segments are used, reinforcing 
the posterior anchorage with both a lingual arch and ex­
traoral force is possible and usually desirable. The advan­
tage of retracting the anterior teeth with springs is that an 
optimum force system can be placed against the anterior 
teeth; the disadvantage is that this force system will also 
tend to displace the maxillary posterior teeth forward. 

Excellent reinforcement of posterior anchorage can be 
obtained with extraoral force, if it is applied consistently 
and for long durations. The more constant the headgear 
wear, the less a stabilizing lingual arch will be needed. 
Conversely, a stabilizing lingual arch augments the poste­
rior anchorage full time, while headgear is likely to be 
worn a good bit less. 

It seems intuitively obvious that a lingual arch with a 
button against the palatal tissue should be more effective 
than a straight transpalatal lingual arch, but when first mo­
lars are being stabilized, this is not necessarily true. The 
effect of the lingual arch is primarily to prevent the molars 
from rotating mesiolingually around their palatal root, and 
secondarily to prevent them from tipping mesially. A 

The Second Stage of Comprehensive Treatment: Correction 
of Molar. Relationship and Space Closure 501 

straight transpalatal lingual arch (see Fig. 15-16), how­
ever, is as effective as one with a palatal button in prevent­
ing rotation, and for most patients, the marginally better 
stabilization with a palatal button is not worth the cost in 
tissue irritation. Note that this is true when a lingual arch 
is used to stabilize molars, but not true when the lingual 
arch is to stabilize premolars, as in the second molar ex­
traction situation discussed above. When pulled mesially, 
premolars tip more than they rotate, and a palatal button is 
needed on a lingual arch to stabilize them. 

In addition to headgear and/or lingual arch stabilization, 
all the strategies described in Chapter 10 for reducing 
strain on anchorage (avoiding friction, retracting canines 
individually, etc.) are appropriate with upper first premolar 
extraction and can be brought into use. 

Retracting protruding maxillary anterior teeth with ex­
traoral force (Fig. 16-8) totally avoids strain on the poste­
rior teeth and is extremely attractive from that point of 
view. 2 This technique has two major disadvantages: (I) 
The force system applied to the anterior teeth is far from 
ideal. When extraoral force is applied directly to the ante­
rior segment, it is difficult to keep it from being undesir­
ably heavy, but the force intennittently falls to zero when 
the headgear is removed. (2) There is significant friction, 
not only where teeth slide along the archwire but also 
within the headgear mechanism itself. This makes it diffi­
cult to control the amount of force, and more friction on 
one side than the other may lead to an asymmetric re­
sponse. In fact, it is unusual if space does not close faster 
on one side than the other. 

Excellent patient cooperation is essential. Only if the 
headgear is worn nearly full time will efficient tooth move­
ment be obtained, and although it is possible to obtain this 
level of cooperation, it is unwise to rely on it routinely. 
Patients for this approach should be selected carefully. 

In the late 1980s, it was claimed by some dentists that 
extraction of upper first premolars would lead to later tem­
poromandibular dysfunction problems. The claim was 
never supported by any evidence, and recent research data 
have refuted it. 3 It is important to limit first premolar ex­
traction for camouflage of Class II malocclusion to the ap­
propriate patients, but if this is done, it can be an excellent 
treatment method. 

Extraction of Maxillary and Mandibular Premolars. 
Correction of Class II buccal segment relationships with 
extraction of all four first premolars implies that the man­
dibular posterior segments will be moved anteriorly nearly 
the width of the extraction space. At the same time, the 
protruding maxillary anterior teeth will be retracted with­
out forward movement of the maxillary buccal segments. 
This, in tum, implies (though it does not absolutely re­
quire) that Class II elastics will be used to assist in closing 
the extraction sites. 

The Begg technique is a classic illustration of the use of 
Class II elastics to produce differential movement of the 
arch segments while correcting the molar relationship. In 
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A 

Fig. 16-8 ■ Retraction of the maxillary canines with a. J-hook headgear. A, The headgear hooks 
over the archwire mesial to the canine bracket and pushes distally against the bracket. Approxi­
mately 200 gm of force on each side should be used; B, an occlusal view shows the distal trans­
lation of both canines. Note that the response at this stage is greater on one side than the other, 
which is not uncommon with headgear applied directly to the archwire for tooth movement; C, 
high-pull head cap with J-hooks for canine retraction; D, an alternative headcap, providing a more 
directly posterior force. 

the Begg approach, at the beginning of the second stage of 
treatment, light interarch elastics are added to help close 
space, while Class II elastics are continued (Fig. 16-9). An 
anchor bend is placed in the upper archwire so that the 
maxillary anterior teeth are tipped back in part by the force 
system associated with the archwire itself (see Fig. 15-30). 

B 

In the lower arch, the anchor bend is used to control the 
amount of mesial tipping of the molars. The Class II elas­
tics reinforce and accentuate the differential tooth move­
ments along the archwires (Fig. 16-10). Friction as the 
archwires slide through the molar tubes during space clo­
sure is minimized by the considerable freedom between 
the 16 mil base arch and the 25 mil round tube through 
which it slides. It is extremely important that only light 
forces be used, so that optimum force levels are reached 
where tipping is desired while forces for bodily movement 
remain suboptimum. 

Fig. 16-9 ■ The second stage of Begg treatment, in which in­
tra-arch elastics are used simultaneously with Class II elastics for 
space closure and correction of molar relationship. This pattern 
of elastic force is continued until the extraction spaces are closed. 
The effect is to trade forward movement of the mandibular pos­
terior teeth for retraction of the maxillary anteriors. 



Fig. 16-10 ■ Diagrammatic representation of forces encoun­
tered in the second stage of Begg treatment, in which base arch­
wires (red) with anchor bends are combined with intra-arch and 
Class II elastics (pink). The anchor bends produce bodily forward 
movement of the molars and allow lingual tipping of the incisors, 
which receive no moments. These bends also depress the incisors 
and elongate the molars, which is counteracted by the Class II 
elastics for the upper arch but accentuated by the elastics for the 
lower. 

A similar mechanical arrangement, of course, can be 
produced with the edgewise appliance. A round wire in an 
edgewise bracket allows tipping of the incisors in essen­
tially the same way as with the Begg approach, but the 
mesiodistal width of the canine brackets tends to keep the 
canine teeth more upright, thereby increasing the strain on 
posterior anchorage. For this reason, when a Begg-like 
sliding space closure in both arches is used with the edge­
wise appliance, reinforcement of maxillary anchorage with 
headgear is a good idea, and somewhat heavier Class II 
elastic force is needed. 

It is also possible with the edgewise appliance to struc­
ture anchorage so that space closure by retraction of the 
maxillary anterior teeth and protraction of the mandibular 
posterior segments occurs without the use of Class II elas­
tics. The best control is achieved with segmented arch 
technique, using space-closing springs in each arch fabri­
cated specifically for the type of space closure desired (see 
Closure of Extraction Spaces, this chapter). 

When differential space closure without interarch elas­
tics is desired, a more common approach with the edge­
wise appliance is to extract maxillary first but mandibular 
second premolars, thus altering the anchorage value of the 
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two segments (Fig. 16-11). With this approach, routine 
space-closing mechanics will move the lower molars for­
ward more than the upper, particularly if maxillary poste­
rior anchorage is reinforced with a stabilizing lingual arch 
or headgear. This upper first-lower second premolar ex­
traction pattern greatly simplifies the mechanics needed for 
differential space closure with continuous-arch edgewise 
technique. 

■ Molar Correction with Interarch Elastics 
Molar correction with Class II elastics, without extrac­

tion spaces as previously described, is produced largely by 
mesial movement of the mandibular arch, with a small 
amount of distal positioning of the maxillary arch. The 
amount of force varies with the amount of tipping allowed 
in the mandibular arch. Unless tipping is desired, which is 
rarely the case, Class II elastics should be used only with a 
well-fitting rectangular wire in the lower arch that is some­
what constricted posteriorly. Large amounts of force must 
be used (approximately 300 gm per side) to displace one 
arch relative to the other when both are stabilized with 
rectangular wires in edgewise brackets. Incorporating the 
lower second molars in the appliance and attaching the 
elastics to a mesial hook on this tooth increase the anchor­
age and give a more horizontal direction of pull than hook­
ing the elastic to the first molar. 

It is important to keep in mind that with or without ex­
traction, Class II elastics produce not only anteroposterior 
and transverse effects but also a vertical force (Fig. 
16-12). This force elongates the mandibular molars and 
the maxillary incisors, rotating the occlusal plane up pos­
teriorly and down anteriorly. If the molars extrude more 
than the ramus grows vertically, the mandible itself will be 
rotated downward (see Fig. 16-11). Class II elastics are 
therefore contraindicated in nongrowing patients who can­
not tolerate some downward and backward rotation of the 
mandible. The rotation of the occlusal plane, in and of it­
self, facilitates the desired correction of the posterior oc­
clusion (Fig. 16-13), but even if elongation of the lower 
molars can be tolerated because of good growth, the corre­
sponding extrusion of the maxillary incisors can be un­
sightly. 

Class II elastics, in short, may produce occlusal rela­
tionships that look good on dental casts but are less satis­
factory when viewed from the perspective of skeletal rela­
tionships and facial esthetics (see Fig. 16-5). 

Because of their vertical effects, prolonged use of Class 
II elastics, particularly with heavy forces, is rarely indi­
cated. Using Class II elastics for 3 or 4 months at the com­
pletion of treatment of a Class II patient, to obtain good 
posterior interdigitation, is often acceptable. Applying 
heavy Class II force for 9 to 12 months as the major 
method for correcting a Class II malocclusion is rarely 
good treatment. 

Class III elastics also have a significant extrusive com­
ponent, tending to elongate the upper molars and the lower 
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Fig. 16-11 ■ Cephalometric superimposition showing the result of treatment with extraction of 
upper first and lower second premolars. Even with second premolar extraction, some retraction of 
the mandibular incisors may occur, but most of the space closure will be by mesial movement of 
the lower molar. This adult patient experienced no growth, and a slight downward and backward 
rotation of the mandible occurred. 

A 
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Fig. 16-12 ■ Rotation of the occlusal plane with Class II (A) and Class III (B) elastics. The 
rotational pattern helps correct the molar relationship and so is helpful from that point of view, but 
it can be deleterious in some patients because the elongation of the molars may cause undesirable 
rotation of the mandible or undesirable tooth-lip relationships. 

" 
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Fig 16-13 ■ Cephalometric superimposition showing the vertical effects of Class II elastics in 
this patient, who had premolar extractions and so did not have forward movement of the lower 
incisors despite the forward movement of the lower molars. Note the elevation of the lower molar, 
extrusion and distal tipping of the upper incisor, rotation of the occlusal plane, and downward and 
backward rotation of the mandible. 

incisors. Elongating the molars enough to rotate the man­
dible downward and backward is c;lisastrous in Class II 
treatment, but within limits can help treatment of a Class 
III problem. If it is desired to use Class III elastics to assist 
in retracting mandibular incisors (see further discussion 
following), high-pull headgear to the upper molars worn 
simultaneously with the elastics can control the amount of 
elongation of the upper molars. Elongation of the lower in­
cisors, however, still can be anticipated. 

Closure of Extraction Spaces 
To obtain the desired result in closing spaces within the 

arch, it is essential to control the amount of incisor retrac­
tion versus molar-premolar protraction. Indications for ex­
traction have been discussed in Chapters 6 and 7, and the 
biomechanical concepts related to control of posterior an­
chorage and the amount of incisor retraction are described 
in Chapter 10. In this section, the focus is on contempo­
rary mechanotherapy for space closure with the 18- and 
22-slot edgewise appliances. 

■ Moderate Anchorage Situations 
Most patients fall into the moderate anchorage category, 

meaning that after alignment of the incisors has been com­
pleted, it is desired to close the remainder of the premolar 
extraction space with a 50:50 or 60:40 ratio of anterior re-

traction to posterior protraction. The different wire sizes in 
18- and 22-slot edgewise appliances require a different ap­
proach to mechanotherapy. 

Moderate Anchorage Treatment with 18-Slot Edge­
wise: Closing Loops. Although either sliding or loop me­
chanics can be used, the 18-slot appliance with single or 
narrow twin brackets on canines and premolars is ideally 
suited for use of closing loops in continuous archwires. 
Appropriate closing loops in a continuous archwire will 
produce approximately 60:40 closure of the extraction 
space if only the second premolar and first molar are in­
cluded in the anchorage unit and some uprighting of the 
incisors is allowed. Greater retraction will be obtained if 
the second molar is part of the anchorage unit, less if inci­
sor torque is required. 

The spring characteristics of a closing loop, a critical 
part of its design, are largely determined by two major fac­
tors: the size of the archwire, and the distance between 
points of attachment. This distance in tum is largely deter­
mined by the amount of wire incorporated into the loop, 
but is affected also by the distance between brackets. Clos­
ing loop archwires should be fabricat<..,d from rectangular 
wire to prevent the wire from rolling in the bracket slots. 
Closing loops with equivalent properties can be produced 
from different sizes of wire, by increasing the amount of 
wire incorporated into the loop as the size of the wire in­
creases, and vice versa. Wires of smaller cross-sectional 
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area allow the use of simpler loop designs. The first prin­
ciple of closing loop design is that the simplest possible 
loop is preferred because more complex configurations are 
less comfortable for patients, more difficult to fabricate 
clinically, and more prone to breakage or distortion. 

A second principle is that, to the greatest extent possi­
ble, the loop should "fail safe." This means that, although 
a reasonable range of action is desired from each activa­
tion, tooth movement should stop after a prescribed range 
of movement even if the patient does not return for a 
scheduled adjustment. Too long a range of action, with too 
much flexibility, could produce disastrous effects if a dis­
torted spring were combined with a series of broken ap­
pointments. The ideal loop design therefore would deliver 
a continuous, controlled force designed to produce tooth 
movement at a rate of approximately 1 mm per month, but 
would not include more than 2 mm of range, so that move­
ment would stop if the patient missed a second consecutive 
monthly appointment. 

Fig. 16-14, taken from the work of Booth,4 illustrates 
the effects on the spring characteristics of a steel closing 
loop from changing wire size, the design of the loop, and 
the interbracket span (the combination of these latter two 
parameters, of course, determines the amount of wire in 
the loop). Note that, as expected, changing the size of the 
wire produces the largest changes in characteristics but the 
amount of wire incorporated in the loop is also important. 

For closure of a maxillary first premolar extraction 
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space without tipping, pitting the canine and two incisors 
against the posterior segment, the ideal retraction force 
would be approximately 250 gm (100 gm for the canine, 
75 gm each for the lateral and central incisors). Obviously, 
this force could vary depending on the size of the teeth and 
whether the incisors could be allowed to tip slightly or 
would require total bodily movement; usually it is some­
what less for mandibular space closure because the teeth 
are smaller and more tipping often can be allowed. A clos­
ing loop should produce this amount of force at about I .5 
mm activation and should retain a significant fraction of 
this force level at least down to 0.5 mm. 

From Fig. 16-14, it can be seen that based on these cri­
teria, most of the commonly used steel wires produce far 
too much force when a simple vertical loop is used. Even 
17 X 25 mil wire is too stiff unless additional wire is in­
corporated, changing the configuration as shown in the 
lower right part of Fig. 16-14. A 10 mm vertical loop in 
16 X 22 mil wire produces force characteristics that rea­
sonably approximate those desired. 

To close an extraction space while producing bodily 
tooth movement, a closing loop must generate not only a 
closing force, but also appropriate moments to bring the 
root apices together at the extraction site. As discussed in 
Chapter 10, a moment-to-force ratio of approximately IO: 1 
is needed, meaning that a canine tooth being retracted with 
a 100 gm force must also receive a 1000 gm-mm moment. 
If the bracket is 1 mm wide, a vertical force of 1000 gm 
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Fig. 16-14 = The effect of changing various aspects of a closing loop in an archwire. Note that 
an 8 mm vertical loop in 18 X 25 wire produces twice as much force as the desired 250 gm/mm. 
The major possibilities for producing clinically satisfactory loops are reducing wire size or incor­
porating additional wire by changing leg length, interbrackct distance, and/or loop configuration 
(redrawn from Booth3

). 
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Fig. 16-15 ■ Eight millimeter closing loops in 16 X 22 wire 
used with Class II elastics in this patient. Note that the maxillary 
loop has been activated by pulling the wire through the maxillary 
tube and bending it up. In the mandibular arch, the loop is not 
active at this time, and the approximation of the legs to create a 
rigid archwire is apparent. The lower archwire has a tieback me­
sial to the first molar, so that this loop can be activated by tying a 
ligature from the posterior teeth to the wire rather than by bend­
ing over the end of the wire distal to the molar tube. 

must be produced by the archwire at each side of the 
bracket. 

This factor limits the amount of wire that can be incor­
porated to make a closing loop springier, because if the 
loop becomes too flexible, it will be unable to generate the 
necessary moments even though the retraction force char­
acteristics are satisfactory. Loop design is also affected. 
Placing some of the wire within the closing loop in a hor­
izontal rather than vertical direction improves its ability to 
deliver the moments needed to prevent tipping. Both be­
cause of this effect and because a vertically tall loop can 
impinge on soft tissue, using a closing loop only 7 mm tall 
while incorporating 10 to 12 mm of wire-a delta or 
T-shaped loop-is preferred. 

All other factors being equal, a loop is more effective 
when it is closed rather than opened during its activation. 
On the other hand, a loop designed to be opened can be 
made so that when it closes completely, the vertical legs 
come into contact, effectively preventing further move­
ment and producing the desired fail-safe effect (Fig. 
16-15). A loop activated by closing, in contrast, must have 
its vertical legs overlap. This creates a transverse step, and 
the archwire does not develop the same rigidity when it is 
deactivated. The smaller and more flexible the wire from 
which a closing loop arch is made, the more important it is 
that the wire become rigid when the loop is deactivated. 

These design considerations indicate that an excellent 
closing loop for 18-slot edgewise is a delta-shaped loop in 
16 x 22 wire that is activated by opening. Such a wire fits 
tightly enough in an 18 x 25 mil bracket to give good 
control of root position. With IO mm of wire in the loop, 
the force delivery is close to the optimum, and the mecha­
nism fails safe because contact of the vertical legs when 
the loop is deactivated limits movement between adjust-
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Fig. 16-16 ■ A three-prong plier can be used to bring the ver­
tical legs of a closing loop together if they are separated. The 
legs should touch lightly before activation of the loop by opening 
it. 

ments and makes the archwire more rigid. It is important 
to activate the upper horizontal portion of a delta or T-loop 
so that the vertical legs are pressed lightly together when 
the loop is not activated (Fig. 16-16). This also ensures 
that the loop will still be active until the legs come into 
contact. 

A second important adjustment of a closing loop arch­
wire is placing a gable bend at the extraction site. This ad­
justment is necessary to generate the root-paralleling mo­
ments. With 16 x 22 wire and a loop of the delta design, 
a gable bend of approximately 20 degrees on each side is 
needed (Fig. 16-17). With the same loop in 17 x 25 wire, 
a smaller gable bend would generate the same moment. 
With a 16 x 22 closing loop, it is ordinarily necessary to 
remove the archwire and reactivate the gable bends after 3 
to 4 mm of space closure, but is is not necessary to do this 
at each appointment. 

A final factor in the design of a closing loop archwire is 
the location of the loop. Mechanically, it would be ideal to 
place the loop in the exact center of the extraction space, 
but a loop placed in the center of the initial extraction site 
becomes displaced distally as the space closes, and this is 
undesirable. The preferred location, therefore, is at the 
spot that will be the center of the embrasure when the 
space is closed (Fig. 16-18). This means that, in a first 
premolar extraction situation, the dosing loop should be 
placed about 5 mm distal to the center of the canine tooth. 

A closing loop archwire is activated by pulling the pos­
terior part of the archwire distally through the molar tubes, 
which activates the closing loop the desired amount (1 to 
1.5 mm), and then fastening the wire in that position. The 
wire slides through the brackets and tubes only when it is 
being activated. After that, as the closing loop returns to 
its original configuration, the teeth move with the arch­
wire, not along it. There are two ways to hold the archwire 
in its activated position. The simplest is by bending the 
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Fig. 16-17 ■ Gable bends for a closing loop archwire. A, Gable bends are placed by bending the wire at the base of the loop; B, appropriate gable for a 16 x 22 closing loop (40-45 degrees total, half that on each side). 
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Fig. 16-18 ■ Stages in space closure for a specific patient. A, The original malocclusion; B, 16 x 22 closing loops at initial activation, after the completion of stage I alignment and leveling. Note the soldered tiebacks for activation. C, Closing loops later during space closure; D, spaces closed and finishing archwire in place. 
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end of the archwire gingivally behind the last molar tube. 
The alternative is to place an attachment on the posterior 
part of the archwire, usually a soldered tieback as shown 
in Fig. 16-18, so that a ligature can be used to tie the wire 
in its activated position. 

As a general rule, if it is anticipated that a closing loop 
archwire will not have to be removed for adjustment (the 
distance to be closed is 4 mm or less), bending the poste­
rior end of the wire is satisfactory. It can be quite difficult 
to remove an archwire that has been activated by bending 
over the end, however, and it saves time in the long run to 
use tiebacks for closing loop archwires that will have to be 
removed and readjusted. 

Specific recommendations for closing loop archwires 
with the 18-slot appliance and narrow brackets are: 

1. 16 x 22 wire, delta or T-shaped loops, 7 mm vertical 
height, and additional wire incorporated in the loop to 
make it equivalent to IO mm of vertical height 

2. Gable bends of 40 to 45 degrees total (half on each 
side of the loop) 

3. Loop placement 4 to 5 mm distal to the center of the 
canine tooth, at the center of the space between the canine 
and second premolar with the extraction site closed 

These recommendations certainly are not the only clini­
cally effective possibilities. The principle should be that if 
a heavier wire (17 x 25 mil, for instance) is used, the loop 
design should be altered to incorporate additional wire for 
better force-deflection characteristics. Also, the gable an­
gulations should be adjusted according to both the springi­
ness of the loop and the width of the brackets. With wide 
brackets on the canines, for instance, the reduced inter­
bracket span would make any loop somewhat stiffer, and 
both this and the longer moment arm across the bracket 
would dictate a smaller gable angle (but the range of the 
loop would be reduced, which is why wide brackets are 
not recommended). 

Moderate Anchorage Space Closure with 22-Slot 
Edgewise. As a general rule, space closure in moderate 
anchorage situations with the 22-slot edgewise appliance is 
done in two steps, first retracting the canines, usually slid­
ing them along the archwire, and second, retracting the 
four incisors, usually with a closing loop. This two-step 
space closure will produce an approximately 60:40 closure 
of the extraction space, varying somewhat depending on 
whether second molars are included in posterior anchorage 
and incisor torque requirement. 

A 19 X 25 wire is the largest on which sliding retraction 
of a canine should be attempted (because clearance in the 
bracket slot is needed), and 18 x 25 wire also can be 
used. An archwire with a posterior stop, usually in front of 
the first molar tube, is needed. This stop has the effect of 
incorporating all the teeth except the canine into the an­
chorage unit. The canine retraction can then be carried out 
with a coil spring, a spring soldered to the base archwire, 
an intra-arch latex elastic, or an elastomeric material (Fig. 
16-19). As a general rule, A-NiTi coil springs are pre-
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ferred because they produce an almost ideal light constant 
force. 5 Elastics produce variable and intermittent forces, 
and both elastomeric chains and steel coil springs produce 
rapidly decaying interrupted forces. 

In addition to its convenience and straightforward de­
sign, this type of sliding space closure has the important 
advantage that it fails safe in two ways: (1) The moments 
necessary for root paralleling are generated automatically 
by the twin brackets normally used with the 22-slot appli­
ance. Unless the archwire itself bends, there is no danger 
that the teeth will tip excessively. (2) The rigid attachment 
of the canine to the continuous ideal archwire removes the 
danger that this tooth will be moved far outside its in­
tended path if the patient does not return for scheduled ad­
justments. For this reason, a long range of action on the 
retraction springs is not dangerous, as long as the force is 
not excessive. The ideal force to slide a canine distally is 
approximately 200 gm, about half of which is used to 
overcome friction (see Chapter 10). A-NiTi springs that 
produce this level of force over a wide enough range to 
close an extraction space with a single activation now are 
commercially available. 

The second stage in the two-stage retraction is usually 
accomplished with a closing loop, although it is possible 
to close the space now located mesial to the canines by 

A 

B 

Fig, 16-19 ■ Sliding space closure in 22-slot edgewise. A, 
Elastomeric chain for canine retraction in the mandibular arch, 
sliding the tooth on an undersized rectangular archwire. B, NiTi 
coil springs for retraction of first premolars in a second premolar 
extraction case. NiTi springs give much better control of force 
levels and a much greater range of action, and therefore are pre­
ferred. 
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Fig. 16-20 ■ T-shaped loop in 18 X 25 wire, typically used 
with the 22-slot edgewise appliance to retract the four incisors af­
ter independent retraction of the canine. 

again sliding the archwire through the posterior brackets. 
For this stage of incisor retraction, a rectangular wire with 
its smallest side at least 18 mil is needed-anything 
smaller rolls in the 22-slot and would allow the incisors to 
tip while being retracted. An 18 X 25 steel wire with a 
T-loop, though still too stiff, serves this purpose reason­
ably well while retaining the fail-safe design (Fig. 16-20). 
Although loops in a 19 x 25 steel wire also can be used, 
the better force-deflection characteristics of 18 x 25 wire 
make it the preferred choice: the 19 x 25 loop either has 
to give up the fail-safe design, or is much too stiff. A third 
alternative, in many ways now the preferred approach, is a 
closing loop in 19 x 25 beta-Ti wire. This provides better 
properties than 18 x 25 steel (quite close to 16 x 22 
steel), at the cost of more difficulty in forming the arch­
wire. 

Although the two-step procedure is predictable and has 
excellent fail-safe characteristics, which explains why it 
remains commonly used, it takes longer to close space in 
two steps than one. 

It is possible to use a closing loop archwire for one-step 

A 

(en masse) closure in the 22-slot appliance, as described 
previously for 18-slot edgewise. In this case, an overlap 
design in 19 x 25 steel, a T-loop in 18 x 25 steel, or a 
fail-safe loop in 19 X 25 beta-Ti wire can be considered. 
The steel wires place a greater strain on anchorage than 
would be encountered with 18-slot and lighter wires, and 
all three of the possibilities provide less than ideal torque 
control during the retraction because they are so much 
smaller than the bracket slot. If en masse space closure is 
desired with the 22-slot appliance, a segmented arch tech­
nique offers advantages. 

The segmented arch approach to space closure is based 
on incorporating the anterior teeth into a single segment, 
and both the right and left posterior teeth also into a single 
segment, with the two sides connected by a stabilizing lin­
gual arch (Fig. 16-21). A retraction spring is used to con­
nect these stable bases, and the activation of the spring is 
varied to produce the desired pattern of space closure 
(Figs. 16-22 and 16-23). Because the spring is separate 
from the wire sections that engage the bracket slots, a wire 

Fig. 16-22 ■ Composite retraction spring designed by Burstone 
for use with the segmented arch technique, consisting of 18 mil 
beta-Ti wire (the loop) welded to 17 X 25 beta-Ti. This spring 
can be used for either en masse retraction of incisors or canine 
retraction. 

B 

Fig. 16-21 ■ Stabilization of the posterior segments in Burstone's segmented arch technique re­quires A, a 21 x 25 steel wire segment in the bracket slots or tubes of the posterior teeth. Note the soldered tieback mesial to the second molar (courtesy Dr. CJ Burstone); and B, a heavy lin­gual arch. This current design by B urstone uses a rectangular 28 X 28 wire that is tied into a special lingual bracket on the first molars. • 



A 

B 

Fig. 16-23 ■ Space closure with the segmented arch technique. 
A, En masse retraction of the anterior maxillary segment and ca­
nine retraction in the mandibular arch (see also Fig. 16-29). Note 
that the retraction springs fit into a vertical tube on the canine 
bracket. Braided wire in the maxillary anterior area will be re­
placed by a stabilizing anterior segment. B, Upper and lower en 
masse space closure using beta-Ti T-loops between segments in 
this patient with extraction of upper first and lower second pre­
molars. (Courtesy Dr. CJ Burstone.) 

size and design that produce optimum properties can be 
used. An auxiliary rectangular tube, usually positioned 
vertically, is needed on the canine bracket or on the ante­
rior wire segment to provide an attachment for the retrac­
tion springs (see Chapter 12). The posterior end of each 
spring fits into the auxiliary tube on the first molar tooth. 
With beta-Ti wire, the design of the retraction spring can 
be greatly simplified over the design necessary with steel 
wire (Fig. 16-23). 6 These springs are very effective, and 
with careful initial activation, an impressive range of 
movement can be produced before reactivation is neces­
sary. 

The greatest disadvantage of segmented arch space clo­
sure is not its increased complexity, but that it does not 
fail safe. Without a rigid connection between the anterior 
and posterior segments, there is nothing to maintain arch 
form and proper vertical relationships if a retraction spring 
is distorted or activated incorrectly. For this reason, de­
spite the excellent results usually obtained with segmented 
arches and retraction springs, it is important to monitor 
these patients especially carefully and to avoid long inter­
vals without observation. 
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■ Maximum Incisor Retraction (Maximum 
Anchorage) 

It is not always desirable to retract the anterior teeth as 
far as possible after premolars have been extracted. In 
fact, over-retraction of incisors is as much of a potential 
problem as leaving them too prominent by not maintaining 
adequate posterior anchorage. When maximum retraction 
is needed, however, it is vital that the orthodontic mecha­
notherapy be structured to provide this. Techniques to pro­
duce maximum retraction combine two possible ap­
proaches. The first is reinforcement of posterior anchorage 
by appropriate means, including extraoral force, stabiliz­
ing lingual arches, and interarch elastics. The second ap­
proach involves reduction of strain on the posterior an­
chorage, which includes any combination of eliminating 
friction from the retraction system, tipping the incisors be­
fore uprighting them, or retracting the canines separately. 

Maximum Retraction with the 18-Slot Appliance. 
With the 18-slot appliance, friction from sliding is usually 
avoided by employing closing loops and tipping/uprighting 
is rarely part of the anchorage control strategy. To obtain 
greater retraction of the anterior teeth, a sequ_ence of steps 
to augment anchorage and reduce anchorage strain could 
be as follows: 

1. Add stabilizing lingual arches and proceed with en 
masse space closure. The resulting increase in posterior 
anchorage, though modest, will change the ratio of ante­
rior retraction to posterior protraction to approximately 
2:1. 

2. Reinforce maxillary posterior anchorage with ex­
traoral force and (if needed) use Class III elastics from the 
high-pull headgear to supplement retraction force in the 
lower arch, while continuing the basic en masse closure 
approach. Depending on how well the patient cooperates, 
additional improvement of retraction, perhaps to a 3: 1 or 
4: 1 ratio, can be achieved. 

3. Retract the canines independently, preferably using a 
segmental closing loop, and then retract the incisors with a 
second closing loop archwire. Used with stabilizing lin­
gual arches (which are needed to control the posterior seg­
ments in most patients), this technique will produce a 3: 1 
retraction ratio. When this procedure is reinforced with 
headgear, even better ratios are possible. 

A more detailed discussion of each of these approaches 
follows. 

Reinforcement with Stabilizing Lingual Arches. Stabiliz­
ing lingual arches must be rigid and should be made from 
36 mil or 32 x 32 steel wire. These can be soldered to the 
molar bands, but it is convenient to be able to remove 
them, and Burstone's designs (see Chapter 12) are pre­
ferred. 

It is important for a lower stabilizing lingual arch to lie 
behind and below the lower incisors, so that it does not in­
terfere with their retraction. If 36 mil round wire is used, 
the lower arch is more conveniently inserted from the dis­
tal than from the mesial of the molar tube (see Fig. 15-34). 
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The maxillary stabilizing lingual arch is a straight transpal­
atal design. Because maximum rigidity is desired for an­
chorage reinforcement, an expansion loop in the palatal 
section of this wire is not recommended unless a specific 
indication exists for including it. 

If lingual arches are needed for anchorage control, they 
should be present during the first and second stages of 
treatment, but can and should be removed after space clo­
sure is complete. Their presence during the finishing stage 
of treatment, after extraction spaces have been closed, is 
usually not helpful and may interfere with final settling of 
the occlusion. 

Reinforcement with Headgear and lnterarch Elastics. 
Extraoral force against the maxillary posterior segments is 
an obvious and direct method for anchorage reinforce­
ment. It is also possible to place extraoral force against the 
mandibular posterior segments, but usually more practical 
to use Class III elastics to transfer the extraoral force from 
the upper to the lower arch. 

Interarch elastics for anchorage reinforcement were a 
prominent part of the original Tweed method for maxi­
mum retraction of protruding anterior teeth. In the Tweed 
approach to bimaxillary protrusion, lower but not upper 
premolars were extracted initially, so that an intact upper 
arch was available to resist the pull of Class III elastics. 
This step was the first component of the anchorage rein­
forcement: pitting an intact upper arch against a segmented 
lower arch (and later, the reverse). 

The second part of Tweed anchorage reinforcement was 
"anchorage preparation," achieved by tipping the molars 
and premolars distally (Fig. 16-24). Class III elastics were 
used to maintain lower incisor position while this was 
done. The distally tipped molars then allowed the incisors 
to be retracted further than otherwise would have oc­
curred. Only after the lower incisors had been retracted, 
sliding the canine initially and then using a closing loop, 
were the upper premolars extracted. At that point, the 
lower arch was stabilized and Class II elastics were used to 
prepare anchorage by tipping back the upper molars, be-

A 

fore the upper incisors were retracted (Fig. 16-24, B). 
Although the original Tweed approach can be used with 

the contemporary 18-slot appliance, it is rarely indicated. 
Prolonged use of Class II and Class III elastics is extrusive 
and requires good vertical growth for acceptable results. 
Distally tipping the molars augments their anchorage value 
primarily by first moving these teeth distally, then me­
sially. 

Segmented Retraction of the Canines. Segmented retrac­
tion of the canines with frictionless springs is an attractive 
method for reducing the strain on posterior anchorage and 
is a readily available approach with the modem 18-slot ap­
pliance. It is also possible to retract the canines by sliding 
them on the archwire, but the narrow brackets usually used 
with the 18-slot appliance and the tight clearance and rela­
tively low strength of a 17 X 25 archwire produce less­
than-optimum sliding. 

For frictionless retraction of the canines, as in Ricketts' 
bioprogressive technique,7 an auxiliary tube on the molar 
is needed. An auxiliary tube on the canine is unnecessary, 
because the retraction spring can fit directly into the canine 
bracket. Instead of stabilizing lingual arches, a base or 
utility arch from the first molar to the incisors is normally 
used (Fig. 16-25). Handled correctly, this technique pro­
vides efficient space closure with excellent force character­
istics. 

Segmented canine retraction springs used in bioprogres­
sive technique are shown in Fig. 16-25. These flexible 
springs require a root-paralleling gable bend of approxi­
mately 60 degrees and an antirotation bend of approxi­
mately 20 degrees. Closing loops are then used for the sec­
ond stage of retraction of the incisors (Fig. 16-26). 

Segmented canine retraction of this type presents two 
problems. The first is that it is difficult to control the posi­
tion of the canine in all three planes of space as it is re­
tracted. If the canine is pulled distally from an attachment 
on its buccal surface, the point of attachment is not only 
some distance occlusal but is also buccal to the center of 
resistance. This means that without appropriate moments, 

B 

Fig. 16-24 ■ Anchorage preparation in Tweed technique. Class III elastics from a stabilized up­
per arch reinforced with headgear are being used to tip back the lower posterior teeth. Note the 
second order (tipback) bends in the lower archwire. A, A sliding jig to the second premolar is 
being used to transfer the Class III elastic force to the posterior segment; B, anchorage preparation 
completed in the lingual arch. Note the distally tipped position of the lower posterior teeth and the 
use of Class II elastics to accomplish similar distal tipping of the upper posterior teeth. (From 
Tweed CH: Clinical orthodontics, St Louis, 1966, Mosby-Year Book.) 



Fig. 16-25 ■ Utility arches from the first molars to the incisor 
segment used in conjunction with segmented canine retraction 
springs. This frictionless retraction of the canines reduces the 
strain on posterior anchorage and produces greater total retraction 
of the anterior teeth compared with en masse space closure, but 
careful fabrication and activation of the retraction springs are 
needed to maintain control of canine position. 

the tooth will tip distally and rotate mesiobuccally. Both a 
root-paralleling moment and an antirotation moment must 
be obtained by placing gable bends in the spring. Control 
of the vertical position of the canine, particularly after the 
gable bends in two planes of space have been placed, can 
be a significant problem. 

Second, much more than with en masse retraction using 
segmented mechanics, segmental retraction of canines 
does not fail safe. The canine is free to move in three di­
mensional space, and there are no stops to prevent exces­
sive movement in the wrong direction if a spring is im­
properly adjusted or becomes distorted. A missed appoint­
ment and a distorted spring can lead to the development of 
a considerable problem (Fig. 16-27), and patients must be 
monitored carefully. 

Maximum Retraction with the 22-Slot Appliance. 
The same basic approaches are available with the 22- as 
with the 18-slot appliance: to increase the amount of inci­
sor retraction, a combination of increased reinforcement of 
posterior anchorage and decreased strain on that anchorage 
is needed. All the possible strategies for anchorage control 
can be used. With a 22-slot appliance in which sliding re­
traction of canines is the approach to moderate anchorage, 
the following sequence of steps to increase incisor retrac­
tion might be logical: 

Reinforcement of Posterior Anchorage with Extraoral 
Force. Stabilizing the posterior segments with extraoral 
force while sliding the canine along an archwire signifi­
cantly increases posterior anchorage. This approach can be 
especially helpful in the upper arch, where headgear at­
tached to the molars is easily placed, but the same ap­
proach can be used in the lower arch. Wearing two face­
bows to apply force to upper and lower molar teeth at the 
same time is difficult but not impossible. Reinforcing the 
upper arch with headgear, with Class III elastics off the 
headgear to reinforce anchorage for retraction of the lower 
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Fig. 16-26 ■ After the canines are retracted with segmental 
closing loops, the four incisors are retracted. This patient illus­
trates alternative archwires for retraction of the anterior segment, 
using 18-slot edgewise and Rickett's bioprogressive technique. In 
the upper arch, a contraction utility arch with helical loops to in­
crease its anteroposterior flexibility is being used for anterior re­
traction. In the lower arch, double-delta loops are being used. 

Fig. 16-27 ■ Vertical control of this canine was lost during re­
traction with a segmented retraction spring. A box-loop in 16 x 
16 wire is being used to regain the correct vertical level. The 
greatest problem with segmented retraction springs is that they 
have no fail-safe component, allowing displacements of this type 
to occur if a spring is distorted and the patient misses scheduled 
appointments. 

canines, is a more typical arrangement. 
Application of Extraoral Force Directly Against the Ca­

nines to Slide Them Posteriorly. With this approach, a 
headgear using four hooks (Fig. 16-28) is normally used.2 
The hooks fit over a base archwire, typically 19 x 25 
steel, and approximately a 200 gm force is supplied at 
each point of attachment to slide the canines posteriorly. It 
is easier to attach extraoral force to the mandibular anterior 
than posterior region, and this arrangement is tolerated 
well by patients, much better than two facebows. 

Retracting the canines in this way totally avoids strain 
on posterior anchorage during the first retraction step. The 
disadvantages are the same as when protruding maxillary 
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Fig. 16-28 ■ Four-hook headgear being used for retraction of the canines (in a patient who is 
also wearing a facebow to the molars). A, The hooks extend forward from a headcap and, B, 
attach over the upper and lower archwires mesial to the canines. Bands rather than bonded brack­
ets on anterior teeth, particularly the canines, may be needed if headgear is applied directly to the 
anterior part of the dental arch. 

incisors are retracted with headgear: this approach requires 
excellent cooperation by the patient, who should wear the 
headgear essentially full time to achieve effective tooth 
movement. Moreover, friction may cause asymmetric 
space closure. For cooperative patients, however, this 
method is quite effective. 

The second step, after retraction of the canines, is done 
with a closing loop as described previously. 

Use of Segmented Arch Mechanics for Canine Retrac­
tion. As discussed earlier, use of a segmented arch system 
to retract the canines independently, followed by retraction 
of the four incisors, is a practical method for conserving 
anchorage and equally adaptable to 22- and 18-slot appli­
ances (Fig. 16-29). It produces a result approximately 
equivalent to retracting the canines with headgear, pro­
vided that at least a stabilizing lingual arch is used to rein­
force posterior anchorage. The problems are also the same 
as with the 18-slot appliance: the canine can become dis­
placed during its retraction and may become spectacularly 
malpositioned if something goes wrong, because no fail­
safe mechanism is in place. 

Segmented Arch Mechanics for Tipping/Uprighting. 
Rather than independent retraction of the canines, Burst­
one6 now recommends two-step space closure in maximum 
anchorage cases by en masse distal tipping of the anterior 
teeth, followed by uprighting (see Fig. 17-8). The seg­
mented arch technique is used, but with a differently acti­
vated spring assembly from the one needed for space clo­
sure in moderate retraction cases. Compared with indepen­
dent retraction of the canines with loops, the fail-safe char­
acteristics of this approach are much improved (though 
still not as good as with continuous archwires). Excellent 

control of anchorage for maximum retraction, without the 
use of headgear, can be obtained. The segmented arch ap­
proach is particularly valuable in treatment of adults (see 
Chapter 20) but can be used very effectively in adoles­
cents. 

■ Minimum Incisor Retraction 
As with any problem requiring anchorage control, the 

approaches to reducing the amount of incisor retraction in­
volve reinforcement of anchorage (the anterior teeth in this 
situation) and reduction of strain on that anchorage. An 
obvious strategy, implemented at the treatment planning 
stage, is to incorporate as many teeth in the anterior an­
chor unit as possible. Therefore if extraction of teeth is 
necessary at all, extracting a second premolar or molar, 
not a first premolar, is desirable. All other factors being 

Fig. 16-29 ■ Retraction of upper and lower canines with 
T-loops in beta-Ti wire, in segmented arch technique with the 
22-slot edgewise appliance. (Courtesy Dr. CJ Burstone.) 



Fig. 16-30 ■ Torque forces against the incisors create a crown­
forward as well as a root-backward tendency. Preventing the in­
cisor crowns from tipping forward tends to pull the posterior 
teeth forward, which can be advantageous if it is desired to close 
space in this way. 

equal, the amount of incisor retraction will be Jess the fur­
ther posteriorly in the arch an extraction space is located 
(see Chapter 8). 

A second possibility for reinforcing incisor anchorage is 
to place active lingual root torque in the incisor section of 
the archwires, maintaining a more mesial position of the 
incisor crowns at the expense of somewhat greater retrac­
tion of the root apices (Fig. 16-30). When the incisors pro­
trude, some degree of forward tipping of these teeth is 
usually present, so that when the incisors are retracted, 
they can be allowed to tip lingually at least slightly. Ad­
vantage can be taken of this when incisor retraction is de­
sired. Conversely, in patients in whom it is desired to 
close extraction sites by moving the posterior teeth for­
ward, the incisors are often already upright, and lingual 
root torque is likely to be desired for both esthetic reasons 
and control of anchorage. Burstone's segmented arch tech­
nique can be used to particular advantage when this strat­
egy for producing differential forward movement of poste­
rior teeth is used.6 

A third possibility for maximizing forward movement of 
posterior teeth is to break down the posterior anchorage, 
moving the posterior teeth forward one tooth at a time. Af­
ter extraction of a second premolar, for example, it may be 
desired to stabilize the eight anterior teeth and to bring the 
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first molars forward independently, creating a space be­
tween them and the second molars before bringing the sec­
ond molars anteriorly. This strategy can readily be com­
bined with the anterior torque approach. 

A final possibility for maximizing protraction of poste­
rior teeth is the use of extraoral force, pulling the teeth for­
ward from a facemask or equivalent device (see Chapter 
14). This provides the same opportunities and limitations 
as any other use of extraoral force for tooth movement. If 
the patient can be persuaded to wear reverse headgear es­
sentially full time, excellent tooth movement can be ob­
tained. With only IO to 14 hours of wear per day, how­
ever, the results are often disappointing. Since a reverse 
headgear inevitably crosses the face, it is difficult to obtain 
the same level of cooperation as with a conventional pos­
teriorly placed headgear, particularly in adolescents who 
are the candidates for comprehensive treatment. 

It rarely should be necessary to use involved mechano­
therapy to protract posterior teeth. The need for this ap­
proach usually arises from an effort to close spaces from 
congenitally missing teeth, teeth that were lost to decay, or 
perhaps teeth that should not have been extracted for orth­
odontic purposes. If the temptation to use first premolars 
as a routine extraction is avoided, most of the need for 
minimum retraction mechanotherapy is also avoided. 
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Chapter 17 

The Third Stage of 
Comprehensive Treatment: 
Finishing 
Root paralleling at extraction sites 
Torque of incisors 
Correction of vertical relationships 

Excessive overbite 
Anterior open bite 

Midline discrepancies 
Tooth size discrepancies 
Final "settling" of teeth 
Removal of bands and bonded attachments 
Positioners for finishing 
Special finishing procedures to avoid relapse 

Control of unfavorable growth 
Control of soft tissue rebound 

By the end of the second stage of treatment, the teeth 
should be well aligned, extraction spaces should be closed, 
and the teeth in the buccal segments should be in a normal 
Class I relationship. In the Begg technique, major root 
movements of both anterior and posterior teeth still remain 
to obtain root paralleling at extraction sites and proper ax­
ial inclination of tipped incisors. With contemporary edge­
wise techniques, relatively little finishing is required, but 
minor versions of these same root movements are likely to 
be required. In addition, most cases require some adjust­
ment of the vertical relationship of incisors as a finishing 
procedure, either correcting moderately excessive overbite 
or closing a mild anterior open bite. 

Root Paralleling at Extraction Sites 
In the Begg technique, extraction spaces are closed by 

initially tipping the teeth together, and then uprighting 
them (Fig. 17-1). In the finishing stage, the moments nec­
essary for root uprighting are generated by adding auxil­
iary springs that fit into the vertical slot of the Begg (rib­
bon arch) bracket. In most instances, a heavier (20 mil) 
archwire replaces the 16 mil archwire used as a base arch 
up to that point, to provide greater stability. Root parallel­
ing is accomplished by placing an uprighting spring in the 
vertical slot and hooking it beneath the archwire. Since the 
root-uprighting forces are also crown-separating forces, 
the crowns must be tied together across the extraction site. 
The Begg uprighting springs extend only a short distance 
from the point of insertion into the bracket to the point 
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where they are hooked to the archwire. Therefore it is nec­
essary both to make the uprighting springs from small-di­
ameter wire (usually 14 mil steel) and to increase their 
length by bending a double helix at the base of the spring. 

During space closure with the edgewise appliance, it is 
almost always a goal of treatment to produce bodily tooth 
movement during space closure, preventing the crowns 
from tipping together. If proper moment-to-force ratios 
have been used, little if any root paralleling will be neces­
sary as a finishing procedure. On the other hand, it is 
likely that at least a small amount of tipping will occur in 
some patients, and therefore some degree of root parallel­
ing often will be necessary. 

Exactly the same approach used in Begg technique can 
be employed with the edgewise appliance if it includes a 
vertical slot behind the edgewise bracket (Fig. 17-2). This 
allows an uprighting spring to be inserted and hooked be­
neath a base archwire in the same way as in Begg tech­
nique. This approach is reasonably effective with narrow 
edgewise brackets and an undersized round wire (typically 
18 mil) in the 22-slot edgewise appliance, but in contem­
porary edgewise practice, this method has been almost to­
tally abandoned in favor of angulated bracket slots that 
produce proper root paralleling when a full-dimension 
edgewise arch is placed as a finishing archwire. 

With the 18-slot appliance, the typical finishing arch­
wire is either 17 X 22 or 17 x 25 steel. These wires are 
flexible enough to engage narrow brackets even if a mod­
erate degree of tipping has occurred, and the archwire will 
generate the necesary root paralleling moments. If a 
greater degree of tipping has occurred, a more flexible 
full-dimension rectangular archwire is needed. To correct 
more severe tipping, a beta-titanium (beta-Ti) or even a 
nickel-titanium (NiTi) 17 x 25 wire might be needed ini­
tially, with a steel archwire used to obtain final position­
ing. 

With wider 22-slot brackets on the canines and premo­
lars and with the use of sliding rather than loop mechanics, 
there is usually even less need for root paralleling as a fin­
ishing procedure than with narrow brackets and closing 
loop archwires. If teeth do tip-even slightly into the extrac­
tion space, however, a full-dimension steel arch wire in a 
22-slot bracket is much too stiff to produce the needed 
root-uprighting moment. Even a 19 X 25 steel wire is un­
desirably stiff. A 21 X 25 beta-Ti wire is the best choice 
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Fig. 17-1 ■ Stages in Begg technique. A, The original Class II, division 1 malocclusion; B, 
space closure during stage 2, using intra-arch elastics plus Class II elastics; C, tooth positions at 
the end of stage 2 (note the lingual tipping of incisors and mesiodistal tipping of canines and pre­
molars); D, lateral view of the Begg appliance, during stage 3, showing auxiliary root-uprighting 
springs on second premolars, canines, and lateral incisors. These springs extend into the vertical 
slot of the Begg bracket and hook beneath the archwire adjacent to the tooth. E, Anterior view 
showing a torquing auxiliary to the maxillary central incisors. This auxiliary archwire is "piggy­
backed" over the base arch and hooks beneath the base arch posteriorly. 

Fig. 17-2 ■ An auxiliary uprighting spring placed in a vertical 
slot behind an otherwise standard edgewise bracket, for distal 
root positioning of the canine tooth. With the introduction of 
contemporary straight-wire appliances, this use of auxiliary up­
righting springs in edgewise technique was almost completely 
abandoned in favor of preangulated brackets and resilient NiTi or 
beta-Ti archwires. 

for a finishing archwire under most circumstances, and if 
significant root paralleling is needed, 21 x 25 NiTi should 
be used first. 

Although austenitic NiTi (A-NiTi) wires perform much 
better than martensitic NiTi (M-NiTi) wires in alignment, 
there is not that much difference in their performance as 
rectangular finishing wires. The great advantage of A-NiTi 
is its very flat load-deflection curve, which gives it a large 
range. In the finishing stage, however, appropriate stiff­
ness at relatively small deflections, rather than range, is 
the primary consideration. A-NiTi wires may deliver less 
force than their M-NiTi counterparts (this will depend on 
how the manufacturer manipulated the wire- see Chapter 
10), and if rectangular A-NiTi is used in the finishing 
stage, torsional stiffness must be considered in the choice 
of the wire. 

A root-paralleling moment is a crown-separating mo­
ment in edgewise technique just as it is in Begg technique, 
and this effect is important to remember. Either the teeth 
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Fig. 17-3 ■ A rectangular archwire that incorporates active 

root paralleling moments or torque must be tied back against the 

molar teeth to prevent space from opening within the arch. If the 

ligature used to tie back the archwire is cabled forward and also 

used to tie the second premolar, the tieback is less likely to come 

loose. 

must be tied together at the extraction site or the entire 

archwire must be tied back against the molars (Fig. 17-3) 

to prevent the extraction site from reopening during finish­

ing. 
Occasionally, a severely tipped canine tooth will be en­

countered, and a longer range of action is needed than can 

be delivered by even the most flexible continuous arch­

wire. In this situation, there are two options: (1) bending a 

loop into a rectangular archwire to provide the desired 

flexibility (see Fig. 16-27), or (2) using an auxiliary root­

uprighting spring (Fig. 17-4). 
With the 18-slot appliance, the best choice is usually a 

box loop in 16 x 22 steel wire. The loop is preferred over 

a very flexible archwire because the malalignment is con­

centrated at one spot in the arch, and arch form can be dis­

torted by the flexible wire (the same reason that loops are 

still occasionally indicated for initial alignment). At the 

same time that the root of the canine tooth is being posi­

tioned distally, this loop also can be used to obtain a last 

bit of space closure. 

A 
!> 

A similar box loop archwire can be used with the 22-

slot appliance, made from 18 X 25 wire (the smallest size 

that will not twist in a 22-slot bracket). The preferred al­

ternative, however, is to bypass the tipped canine with a 

rectangular base arch and use an auxiliary root-uprighting 

spring tied into the canine bracket ( see Fig. 17-4). An 18 

x 25 box loop almost always is too stiff. 

Torque of Incisors 
If protruding incisors tipped lingually while they were 

being retracted, lingual root torque as a finishing proce­

dure may be required. In the Begg technique, the incisors 

are deliberately tipped back during the second stage of 

treatment, and lingual root torque is a routine part of the 

third stage of treatment. Like root paralleling, this is ac­

complished with an auxiliary appliance that fits over the 

main or base archwire. The torquing auxiliary is a "piggy­

back arch" that contacts the labial surface of the incisors 

near the gingival margin, creating the necessary couple 

with a moment arm of 4 to 5 mm (see Fig. 17-1). Al­

though these piggyback torquing arches come in a number 

of designs, the basic principle is the same: the auxiliary 

arch, bent into a tight circle initially, exerts a force against 

the roots of the teeth as it is partially straightened out to 

normal arch form (Fig. 17-5). 
A torquing force to move the roots lingually is also, of 

course, a force to move the crowns labially (see Fig. 16-

31). In a typical patient with a Class II malocclusion, an­

chorage is required to maintain overjet correction while 

upper incisor roots are torqued lingually. Class II elastics 

are normally worn during the third stage of Begg treatment 

to ensure that the maxillary incisor crowns do not become 

repositioned labially. In addition, the incisors are usually 

taken to an edge-to-edge relationship during the second 

stage of Begg treatment, allowing some possibility for the 

maxillary crowns to move forward during the third stage 

(see Fig. 17-1). The Class II elastics that reinforce the up­

per arch, however, further add to the tendency to displace 

B 
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Fig. 17-4 ■ Auxiliary root springs used with the 22-slot appliance. A, An auxiliary root spring 

in TMA wire welded to the base arch that bypasses the canine and tied into the canine edgewise 

bracket slot. B, An auxiliary root spring in steel wire, placed in the vertical tube on a Burstone 

canine bracket and activated by hooking beneath the base arch posteriorly. Note that the base 

archwire bypasses the tooth being uprighted. (Courtesy Dr. CJ Burstone.) 



Fig. 17-5 ■ Torquing auxiliary archwires exert their effect 
when the auxiliary, originally bent into a tight circle as shown, is 
forced to assume the form of the base archwire over which it will 
be placed. This tends to distort the base archwire, which there­
fore should be relatively heavy wire-at least 18 mil steel. 

the lower arch mesially, and the inclination of the lower 
incisors will be improved as much by labial tipping as by 
lingual root torque. 

The torquing auxiliaries normally used in Begg tech­
nique not only place lingual force against the incisor roots, 
they tend to alter the form of the arch itself, because the 
torquing auxiliary wire tends to constrict the base arch 
posteriorly. A major reason for using a heavier base arch­
wire in the third stage of treatment is to resist this potential 
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distortion of arch form. Better results are achieved with a 
20 mil steel base arch during the third stage than with a 16 
mil wire, as originally used by Dr. Begg. 

Precise positioning of individual teeth is difficult to ob­
tain with the Begg appliance. The minimal area of contact 
between the base archwire and the bracket, though helpful 
in providing for relatively free tipping and sliding move­
ments, makes it impossible to use the base arch to obtain 
detailed tooth positioning, and the auxiliaries used for root 
positioning have no fail-safe component at all. They con­
tinue to work until disconnected. Tooth positioners (see 
following) are usually used with the Begg appliance to de­
tail the occlusal relationships, but a positioner is unable to 
materially affect root position. 

For this reason, modifications of the Begg appliance, so 
that a rectangular archwire in a rectangular slot can be 
used for finishing purposes, have been proposed repeat­
edly. This method requires a combination bracket, incor­
porating an edgewise bracket slot along with the vertically 
oriented Begg slot, or a modified edgewise bracket that al­
lows tipping in one direction and that incorporates a verti­
cal slot for uprighting springs. Recent versions of combi­
nation brackets are shown in Figs. 17-6 and 17-7. With 
these variations, the first two stages of treatment are car­
ried out largely as in traditional Begg technique. At the 
finishing stage, root paralleling and torquing are done with 
Begg-style auxiliary wires, up to a stage of completion ap-

Fig. 17-6 ■ A, The CAT (combination anchorage technique) appliance (also shown in Fig. 
17-7) uses a combination bracket with both Begg and edgewise slots. A rectangular archwire in 
the edgewise slot can be used in finishing, either alone as in the lower arch or in conjunction with 
a wire in the Begg slot, as in the upper arch; B to D, the Tip-Edge appliance uses a modified 
adgewise bracket to allow the tipping needed in the initial stages of Begg technique, then employs 
a rectangular archwire during finishing. (A, Courtesy Dr. WJ Thompson; B to D, courtesy Dr. PC 
Kesling.) 
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Fig. 17-7 ■ Stages in treatment with the CAT appliance. A, The original Class II crowded mal­
occlusion; B, stage 1, using dual-flex archwires. The anterior section is 16 mil NiTi, the posterior 
section 16 steel. In the initial stage of Begg treatment, the rigidity of steel wire is needed for the 
anchor bends that control molar position. The dual-flex wires allow the normal posterior anchor 
bends, without the necessity for loops for alignment anteriorly; C, completion of stage 2, with 18 
mil steel wires in place (compare to Fig. 17-1); D, early in stage 3 (finishing), with rectangular 
NiTi wires in the edgewise slot of both the upper and lower brackets, and an 18 mil steel wire 
pinned in the Begg slots of the upper brackets for vertical stabilization; E, later in finishing, with 
rectangular NiTi wires alone; F, posttreatment occlusion. (Courtesy Dr. WJ Thompson.) 

proximately equivalent to that at which patients treated 
with the current edgewise appliances usually enter the fin­
ishing stage. Then a rectangular archwire is used in much 
the same way that it would be in edgewise treatment. 

In edgewise technique, only moderate additional torque 
should be necessary during the finishing stage, except in 
the relatively few maximum anchorage patients in 22-slot 
edgewise for whom tipping/uprighting was chosen as an 
anchorage conservation technique (see below). With the 
18-slot appliance, a 17 x 25 steel archwire has excellent 
torsion properties, and active torque with the archwire is 
entirely feasible. Building torque into the bracket slot ini­
tially means that it is unnecessary to place torquing bends 
in the archwire, making the accomplishment of torque as a 

finishing procedure relatively straightforward. 
With the 22-slot appliance, steel full-dimension rectan­

gular wires are far too stiff for effective torquing, and if 
incisors have been allowed to tip lingually too much, as 
can happen in the correction of maxillary incisor protru­
sion, correcting this merely by placing a rectangular steel 
archwire is not feasible. Torquing auxiliaries similar to 
those in the Begg appliance were once commonly used 
with 22-slot standard edgewise technique, and a number of 
designs have been offered commercially. These piggyback 
arches are usually used with round rather than rectangular 
base archwires. 

One of the great virtues of pretorqued brackets is that, 
even in the 22-slot appliance, tipping of incisors can be 



largely prevented during retraction and space closure. In 
addition, full-dimension NiTi or beta-Ti archwires can be 
used to torque incisors with 22-slot brackets (provided the 
brackets have torque built in), further reducing any need 
for auxiliary arches. For these reasons, torquing auxiliaries 
for 22-slot edgewise have almost disappeared from con­
temporary use. For torque, the best finishing wire in 22-
slot edgewise is 21 x 25 beta-Ti. 

When tipping/uprighting is used with edgewise tech­
nique, the segmented arch approach is required, and 
springs connecting the segments are maintained until the 
stage of uprighting approaches what would usually be ob­
served at the completion of continuous-arch edgewise 
space closure (Fig. 17-8). At that point, continuous rectan­
gular arches are employed in finishing, as in other edge­
wise cases discussed in this chapter. 1 

One torquing auxiliary deserves special mention: the 
Burs tone torquing arch (Fig. 17-9). It can be particularly 
helpful in patients with Class II, division 2 malocclusion 
whose maxillary central incisors are severely tipped lin­
gually and require a long distance of torquing movement, 
while the lateral incisors need little if any torque. Because 
of the long lever arm, this is the most effective torquing 
auxiliary for use with the edgewise appliance. It is equally 
effective with the 18- or 22-slot appliance. 

Two factors determine the amount of torque that will be 

A 

B 

Fig. 17-8 ■ A, Use of anterior retraction springs in the seg­
mented arch technique to close a premolar extraction space. Note 
that the posterior segments are stabilized, and the retraction seg­
ments fit into the auxiliary tubes on the first molars. B, Rectan­
gular archwires for finishing, later in the same case. (Courtesy 
Dr. CJ Burstone.) 
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Fig. 17-9 ■ The Burstone torquing auxiliary is particularly use­
ful in Class II, division 2 cases where maxillary central incisors 
need a large amount of torque. The torquing auxiliary is full-di­
mension (21 x 25 or 17 x 25, in 22- or 18-slot brackets respec­
tively) steel wire that fits in the brackets only on the central inci­
sors. The base arch (preferably also full-dimension rectangular 
wire) extends forward from the molars through the lateral incisor 
brackets, then steps down and rests against the labial surface of 
the central incisors. When the torquing auxiliary is passive, its 
long posterior arms are up in the buccal vestibule. It is activated 
by pulling the arms down and hooking them beneath the base 
archwire mesial to the first molar. The segment of the base arch 
that rests against the labial surface of the central incisors prevents 
the crowns from going forward, and the result is efficient torque 
of the central incisor roots. 

expressed by any rectangular archwire in a rectangular 
slot: the inclination of the bracket slot relative to the arch­
wire, and the tightness of the fit between the archwire and 
the bracket. The variation in torque prescriptions in con­
temporary edgewise appliances is shown in Table 12-1. 
These variations largely reflect different determinations of 
the average contour of the labial and buccal surfaces of the 
teeth, but some differences are also related to the expected 
fit of archwires. With the 18-slot appliance, it is assumed 
that the rectangular archwires used for finishing will fit 
tightly in the bracket slot (i.e., that the finishing archwires 
will have a minimum dimension of 17 or 18 mil). With the 
22-slot appliance, on the other hand, some prescriptions 
have extra built-in torque to compensate for recta.TJgu1ar 
finishing archwires that will have more clearance. Torque 
will not be expressed to the same extent with a 19 x 25 
wire in a 22-slot bracket as with a 17 x 25 wire in an 18-
slot bracket. The difference amounts to several degrees of 
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torque. Obviously, when the torque prescription is estab­
lished, it is important to know what finishing wires are in­
tended. 

For full expression of the torque built into brackets in 
the 22-slot appliance, the best finishing wire usually is 21 
x 25 beta-Ti. This wire's torsional stiffness is less than 
that of 17 X 25 steel (see Fig. 10-11 for a comparison of 
torsional stiffnesses of different types and sizes of wire). 
Braided rectangular steel wires are available in a variety of 
stiffnesses, and the stiffest of these in 21 x 25 dimension 
also can be useful in 22-slot finishing. A solid 21 x 25 
steel wire cannot be recommended because of its stiffness 
and the resulting extremely high forces and short range of 
action. If a solid steel wire of this size is used, it should be 
preceded by 21 x 25 beta-Ti. 

Correction of Vertical Relationships 
If the first two stages of treatment have been accom­

plished perfectly, no change in the vertical relationship of 
incisors will be needed during the finishing stage of treat­
ment. Minor adjustments often are needed, however, and 
major ones occasionally are required. At this stage, ante­
rior open bite is more likely to be. a problem than residual 
excessive overbite, but either may be encountered. 

■ Excessive Overbite 
Before attempting to correct excess overbite at the fin­

ishing stage of treatment, it is important to carefully assess 
why the problem exists, and particularly to observe the 
vertical relationship between the maxillary lip and maxil­
lary incisor. An excessive curve of Spee in the lower arch 
still may be the cause of overbite, but by this stage of 
treatment, the problem is often slight elongation of the 
maxillary incisors. If so, an auxiliary intrusion arch is the 
preferred solution. 

If a rectangular finishing archwire is already in place, 
the simplest approach may be to cut this archwire distal to 
the lateral incisors and install an auxiliary intrusion arch 
(Fig. 17-10). Alternatively, if the patient is still growing 
and relative rather than absolute intrusion would be satis­
factory (see Chapter 15), a light round continuous arch­
wire (16 or 18 mil steel) with an accentuated curve of Spee· 
can be placed, and an auxiliary arch added to it. As a gen­
eral rule, if an auxiliary depressing arch is added to a con­
tinuous base archwire, the base archwire should be a rela­
tively small round wire, whereas if the base arch is seg­
mented, the segments should be rectangular wire. 

It is important to remember that when an auxiliary intru­
sion arch is used, a stabilizing transpalatal lingual arch 
may be needed to maintain control of transverse relation­
ships and prevent excessive distal tipping of the maxillary 
molars. The greater the desired vertical change in incisor 
position, the more important it will be to have a stabilizing 
lingual arch in place, and vice versa. Small corrections 
during finishing usually do not require placing a lingual 
arch. 

A 

B 

Fig. 17-10 ■ Use of an auxiliary depressing arch at the finish­
ing stage to correct a mildly excessive overbite. A, Lateral view; 
B, anterior view. The auxiliary depressing wire is 17 x 25 beta­
Ti. Note that the maxillary base arch (17 x 25 steel) is seg­
mented between the canine and second premolar. If intrusion is 
desired, the base arch must be segmented. 

■ Anterior Open Bite 
As with deep bite, it is important to analyze the source 

of the difficulty if an anterior open bite persists at the fin­
ishing stage of treatment. Only rarely is a persistent open 
bite caused by lack of eruption of the upper incisors, and 
elongating these teeth is usually undesirable. If the open 
bite results from excessive eruption of posterior teeth, 
whether from a poor growth pattern or improper use of in­
terarch elastics, correcting it at the finishing stage can be 
extremely difficult. High-pull headgear to the upper molars 
is the best approach if excessive vertical development of 
the posterior maxilla is the basic problem, and this treat­
ment will have to be continued until growth is nearly com­
plete, usually well into the retention period. 

If no severe problems with the pattern of facial growth 
exist, however, a mild open bite at the finishing stage of 
treatment is usually caused by an excessively level lower 
arch. This condition is managed best by elongating the 
lower but not the upper incisors, thereby creating a slight 
curve of Spee in the lower arch. Because of the stiffness of 
the rectangular archwires used for finishing, even with 18-
slot edgewise, it is futile to use vertical elastics without al­
tering the form of the archwires to provide a curve of Spee 
in the lower arch. Moreover, it is preferable to replace a 
heavy rectangular lower archwire with a lighter round wire 
before using anterior vertical elastics. 

The preferred approach is to place a light round wire (16 
or 18 mil steel) in the lower arch, with a slight curve of 



Fig. 17-11 ■ Anterior vertical elastics used with light arch­
wires to close a mild anterior open bite at the end of the treat­
ment. A I 6 mil round wire with a curve of Spee is used in the 
lower arch. For this patient, two small elastics are being used on 
the right and left sides. An alternative is to use a single larger 
elastic in an anterior box configuration. 

Spee and any vertical steps necessary to correct marginal 
ridge discrepancies, while retaining a full-dimension rect­
angular archwire in the upper arch. Posterior marginal 
ridge discrepancies may also contribute to the open bite 
and should be eliminated with small vertical steps in the 
archwires. Light elastic force is then used to augment the 
action of the archwires, elongating the lower incisors to 
close the open bite (Fig. 17-11). Elongating lower anterior 
teeth in this way, of course, is no substitute for controlling 
posterior vertical development. If carried to an extreme, 
this will produce an esthetically unacceptable relationship 
even if proper occlusion is achieved. 

Midline Discrepancies 
A relatively common problem at the finishing stage of 

treatment is a discrepancy in the midlines of the dental 
arches. This condition can result either from a preexisting 
midline discrepancy that was not completely resolved at an 
earlier stage of treatment, or an asymmetric closure of 
spaces within the arch. Minor midline discrepancies at the 
finishing stage are no great problem, but it is quite difficult 
to correct large discrepancies after extraction spaces have 
been closed and occlusal relationships have been nearly es­
tablished. 

As with any discrepancy at the finishing stage, it is im­
portant to establish as clearly as possible exactly where the 
discrepancy arises. Although coincident dental midlines 
are an important component of functional occlusion-all 
other things being equal, a midline discrepancy will be re­
flected in how the posterior teeth fit together-it is unde­
sirable esthetically to displace the maxillary midline, 
bringing it around to meet a displaced mandibular midline. 
A correct maxillary midline is important for good facial 
esthetics, while a small displacement of the mandibular 
midline creates no esthetic difficulty. 

If a midline discrepancy results from a skeletal asymme­
try, it may be impossible to correct it orthodontically, and 
treatment decisions will have to be made in the light of 
camouflage versus surgical correction (see discussion in 
Chapter 8). Fortunately, midline discrepancies in the fin-
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ishing stage are not usually this severe and are caused only 
by lateral displacements of maxillary or mandibular teeth. 
Usually, the midline discrepancy is accompanied by a mild 
Class II or Class III relationship on one side. 

In this circumstance, the midline often can be corrected 
by using asymmetric Class II (or Class III) elastic force. 
As a general rule, it is more effective to use Class II or 
Class III elastics bilaterally with heavier force on one side 
than to place a unilateral elastic. However, if one side is 
totally corrected while the other is not, the patient usually 
tolerates a unilateral elastic reasonably well. It is also pos­
sible to combine a Class II or Class III elastic on one side 
with a diagonal elastic anteriorly, to bring the midlines to­
gether (Fig. 17-12). Coordinated steps in the archwires 
also can be used to shift the teeth of one arch more than 
the other. 2 

An important consideration in dealing with midline dis­
crepancies is the possibility of a mandibular shift contrib­
uting to the discrepancy. This can arise easily if a slight 
discrepancy in the transverse position of posterior teeth is 
present. For instance, a slightly narrow maxillary right 
posterior segment can lead to a shift of the mandible to the 
left on final closure, creating the midline discrepancy. The 
correction in this instance, obviously, must include some 
force system (usually careful coordination of the maxillary 
and mandibular archwires, perhaps reinforced by a poste­
rior cross-elastic) to alter the transverse arch relationships. 

A 

B 

Fig. 17-12 ■ Midline correction can be approached with any 
combination of asymmetric posterior and anterior diagonal elas­
tics. A and B, In this patient, a combination of Class II, Class 
III, and anterior diagonal elastics are being used, with a rectan­
gular archwire in the lower arch and a round wire in the upper 
arch, attempting to shift the maxillary arch to the right. 
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Fig. 17-13 ■ Parallel cross-elastics, used to correct a mild 
transverse discrepancy leading to a lateral mandibular shift late in 
treatment. 

Occasionally, the entire maxillary arch is slightly dis­
placed transversely relative to the mandibular arch so that 
with the teeth in occlusion, relationships are excellent, but 
there is a lateral shift to reach that position. Correction 
again would involve posterior cross-elastics, but in a par­
allel pattern as shown in Fig. 1 7-13. 

If a midline discrepancy is from- displacement of man­
dibular teeth more than maxillary teeth, or vice versa, the 
difference in stability with rectangular versus round wires 
can be used to help in correcting the situation. If the max­
illary midline is correct while the mandibular midline de­
viates slightly toward one side, and a mild Class II rela­
tionship still exists on that side, replacing the rectangular 
mandibular finishing arch with a 16 or 18 mil round wire 
while retaining a full-dimension rectangular arch in the up­
per arch can facilitate correction with a unilateral Class II 
elastic. This approach should be reserved for small dis­
crepancies, and it is important to carefully observe and 
control any expansion of the lower molar while a Class II 
elastic is worn against a light archwire. Prolonged use of 
Class II or Class III elastics during the finishing stage of 
treatment should be avoided, but a brief period of interarch 
elastic force is often necessary to obtain final positioning 
of teeth. 

Tooth Size Discrepancies 

Tooth size discrepancy problems must be taken into ac­
count when treatment is planned initially (see Chapter 7), 
but many of the steps to deal with these problems are 
taken in the finishing stage of treatment. Reduction of in­
terproximal enamel (stripping) is the usual strategy to 
compensate for discrepancies caused by excess tooth size. 
When the problem is tooth size deficiency, it is necessary 
to leave space between some teeth, which may or may not 
ultimately be closed by restorations. 

One of the advantages of a bonded appliance is that in­
terproximal, enamel can be removed at any time. When 
stripping of enamel is part of the original treatment plan, 

most of the enamel reduction should be done initially, but 
final stripping can be deferred until the finishing stage. 
This procedure allows direct observation of the occlusal 
relationships before the final tooth size ad justrnents are 
made. A topical fluoride treatment always is recommended 
immediately after stripping is done. 

Tooth size deficiency problems often are caused by 
small maxillary lateral incisors. Having a small space dis­
tal to the lateral incisor is usually esthetically and function­
ally acceptable. Addition of composite resins to small 
teeth is an excellent way to compensate for tooth size 
problems and is often the best plan for small incisors (Fig. 
17-14). It is better to add small amounts of resin on both 
sides of a small tooth than a large amount on one side. 
During finishing, segments of coil spring are usually 
placed on the finishing archwire to precisely position the 
small tooth. The composite build-ups should be done ~,:,. 
soon possible after the patient is in retention, but not until 
soft tissue inflammation has been resolved. 

More generalized small deficiencies can be masked by 
altering incisor position in any of several ways. To a lim­
ited extent, torque of the upper incisors can be used to 
compensate: leaving the incisors slightly more upright 
makes them take up less room relative to the lower arch 
and can be used to mask large upper incisors, whik 
slightly excessive torque can partially compensate for 
small upper incisors. These adjustments require third-order 
bends in the finishing archwires. It is also possible to com­
pensate by slightly tipping teeth, or by finishing the orth­
odontic treatment with mildly excessive overbite or over­
jet, depending on the individual circumstances. 3 

Final "Settling" of Teeth 

At the conclusion of Class II or Class III correction, 
particularly if interarch elastics have been used, the teeth 
tend to rebound back toward their initial position despite 
the presence of rectangular archwires. In addition, it is not 
uncommon for a full-dimension rectangular archwire, no 
matter how carefully made, to hold some teeth slightly out 
of occlusion. 

·Because of the rebound after Class II or Class III treat­
ment, it is important to slightly overcorrect the occlusal re­
lationships. In a typical Class II anterior deep bite patient, 
the teeth should be taken to an end-to-end incisor relation­
ship, with both overjet and overbite totally eliminated, be­
fore the headgear or elastic forces are discontinued (Fig. 
17-15). This provides some latitude for the teeth to re­
bound or settle into the proper relationship. 

No matter what the original malocclusion, a rectangular 
finishing archwire nearly always requires some first-, sec­
ond-, or third-order bends to precisely position the teeth. 
One cannot simply place an ideal rectangular archwire in a 
straight-wire appliance and assume that the ideal position 
of each tooth will result. For essentially every patient, 
variations in tooth morphology and bracket positions will 



A 

The Third Stage of Comprehensive Treatment: Finishing 525 

Fig. 17-14 ■ Small maxillary lateral incisors create tooth-size discrepancy problems that may 

become apparent only late in treatment. A, Setup showing anterior edge-to-edge relationship with 

the upper incisors in proximal contact; B, spaces distal to the lateral incisors with proper overjet/ 

overbite relationship. This approach can be a satisfactory solution for some patients. C, Wax-up 

showing possible addition of composite restorative material to build up the small laterals and al­

low space closure; D, clinical photograph of same patient immediately after; E, 12 months after 

composite build-ups of the laterals. (From Fields HW: Am J Orthod 79:176-183, 1981.) 

Fig. 17-15 ■ In finishing, overcorrection of Class II or Class III relationships is necessary to 

compensate for the rebound that occurs when headgear or elastic force is discontinued. A, Occlu­

sion at the time Class II elastics were discontinued; B, same patient 8 weeks later, without arch­

wire changes or other treatment. 
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Fig. 17-16 ■ Use of vertical elastics for settling. A, Heavy rectangular archwires have been re­
placed by 16 mil steel, and 3/8-inch light vertical elastics in a box pattern are being worn to bring 
the teeth into tight occlusion; B, 4 weeks later. 

require some adjustments in the final rectangular arch­
wires. 

The more precisely the archwire fits the brackets and the 
more bends that it requires, the more likely that some teeth 
will be almost but not quite in occlusion. This phenome­
non was recognized by the pioneers with the edgewise ap­
pliance, who coined the term "arch-bound" to describe it. 
They found that with precisely fitting wires, it was almost 
impossible to get every tooth into solid occlusion, al­
though one could come close. 

These considerations lead to the formulation of two 
rules in finishing treatment: 

l. Interarch elastics and headgear should be discontin­
ued, and the rebound from their use allowed to express it­
self, 4 to 8 weeks before the orthodontic appliances are re­
moved. 

2. As a final step in treatment, the teeth should be 
brought into a solid occlusal relationship without heavy 
archwires present. 

The final step of finishing therefore is appropriately 
called "settling," since its purpose is to bring all teeth into 
a solid occlusal relationship before the patient is placed in 
retention. There are three ways to settle the occlusion: (1) 
by replacing the rectangular archwires at the very end of 
treatment with light round arches that provide some free­
dom for movement of the teeth (16 mil in the 18-slot ap­
pliance, 16 or 18 mil in the 22-slot appliance) and allow­
ing the teeth to find their own occlusal level; (2) with laced 
posterior vertical elastics after removing the posterior seg­
ments of the archwires; or (3) after the bands and brackets 
have been removed, with the use of a tooth positioner. 

Replacing full-dimension rectangular wires with light 
round wires at the very end of tfeatment was the original 
method for settling, recommended by Tweed in the 1940s 
and perhaps by other edgewise pioneers earlier. These 
light final arches must include any first- or second-order 
bends used in the rectangular finishing arches. It is usually 

unnecessary for the patient to wear light posterior vertical 
elastics during this settling, but they can be used if needed 
(Fig. 17-16). These light arches will' quickly settle the 
teeth into final occlusion and should remain in place for 
only a few weeks at most. 

The difficulty with undersized round wires at the end of 
treatment is that some freedom of movement for settling 0f 
posterior teeth is desired, but precise control of anterior 
teeth is lost as well. It was not until the 1980s that orth­
odontists realized the advantage of removing only the pos­
terior part of the rectangular finishing wire, leaving the an­
terior segment (typically canine-to-canine or first premo­
lar-to-first premolar, and using laced elastics to bring the 
posterior teeth into tight occlusion (Fig. 17-17).4 This 
method sacrifices a large degree of control of the posterio.­
teeth, and therefore should not be used in patients who had 
major rotations or posterior crossbite. For the majority of 
patients who had well-aligned posterior teeth from the be­
ginning, however, this is a remarkably simple and effec­
tive way to settle the teeth into their final occlusion. 

The elastics for this settling are laced around the tubes 
and brackets as shown in Fig. 17-17. A typical arrange­
ment is to use light ¾-inch elastics, with a Class II or 
Class III direction depending on whether slightly more 
correction is desired. These elastics should not remain in 
place for more than 2 weeks, and I week usually is 
enough to accomplish the desired settling. At that point, 
the fixed appliances should be removed and the retainers 
placed. 

Removal of Bands and Bonded 
Attachments 

Removal of bands is accomplished by simply breaking 
the cement attachment and then lifting the band off the 
tooth-which sounds simpler than it is in some instances. 
For upper molar and premolar teeth, a band-removing plier 
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Fig. 17-17 ■ Use of laced elastics for settling the teeth into final occlusion at the end of treat­

ment. The elastics can be used either with light round archwires, or with rectangular segments in 

the anterior brackets and no wire at all posteriorly. 

A 
B 

Fig. 17-18 ■ Removal of molar bands with a band-removing plier. A, Lower posterior bands 

are removed primarily with pressure from the buccal surface; B, upper posterior bands are re­

moved from the lingual surface, using a lingual attachment welded to the band. 

is placed so that first the lingual, then the buccal surface is 

elevated by the plier (Fig. 17-18). A welded lingual bar is 

needed on these bands to provide a point of attachment for 

the plier if lingual hooks or cleats are not a part of the ap­

pliance. For the lower posterior teeth, the sequence of 

force is just the reverse: the band-removing plier is applied 

first on the buccal, then the lingual surface. Maxillary an­

terior bands are removed from the labial surface with an 

anterior band-removing plier, while tightly fitted mandibu­

lar anterior bands usually must be slit with a cutting plier 

to make it possible to take them off. The difficulty of re­

moving anterior bands is another reason for bonding ex­

cept in special circumstances. 

Bonded brackets must be removed, insofar as possible, 

without damaging the enamel surface. This is done by cre­

ating a fracture within the resin bonding material or be­

tween the bracket and the resin, and then removing the re­

sidual resin from the enamel surface (Fig. 17-19). With 

metal brackets, applying a cutting plier to the base of the 

bracket so that the bracket bends has the disadvantage of 

destroying the bracket, which otherwise could be reused, 

but this is the safest method. 5 

Enamel damage from debonding metal brackets is rare, 

but there have been a number of reports of enamel frac­

tures and removal of chunks of enamel when ceramic 

brackets are debonded (see Chapter 12). It also is easy to 

fracture a ceramic bracket while attempting to remove it, 

and if that happens, large pieces of the bracket must be 

ground away with a diamond stone in a handpiece. These 

problems arise because ceramic brackets have little or no 

ability to deform-they are either intact or broken. Shear­

ing stresses are applied to the bracket to remove it, and the 

necessary force can become alarmingly large, even with 

the special instruments now offered for this purpose (Fig. 

17-20). 
There are three approaches to these debonding prob­

lems: (1) grind away the brackets, rather than attempting 

to break them loose. This is time consuming, and there is 

the risk of enamel damage from the diamond rotary instru­

ments; (2) mo~ify the interface between the bracket and 

the bonding resin to increase the chance that when force is 

applied, the failure will occur between the bracket and the 

bonding material. Chemical bonds between the bonding 

resin and the bracket can be too good, and most manufac-
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Fig. 17-19 ■ Removal of bonded brackets. A, A special plier with a wire loop can be used to 
grasp the one wing of the bracket and apply a shearing force to fracture the bonding resin. This 
works particularly well with twin brackets. The advantage of this method is that the bracket usu­
ally is undamaged; the disadvantage js heavy force that may cause enamel damage; B, a cutter can 
be used to distort the bracket base, which leads to fractures within the bonding resin. The first 
approach is more compatible with recycling of brackets, but the second is safer. 

Fig. 17-20 ■ A number of special instruments have been de­
signed to make removal of ceramic brackets safer and easier. 
This one creates a torquing force on the bracket. Whatever the 
special instrument, however, weakening the bond with heat or a 
chemical agent first probably is needed for maximum effective­
ness. 

turers now have weakened them or abandoned chemical 
bonding altogether; (3) use heat to soften the bonding 
resin, so that the bracket can be removed with lower force. 
Electrothermal instruments for removing ceramic brackets 
now are available. There is no doubt that less force is 
needed when the bracket is heated, and research findings 
indicate that there is little patient discomfort and minimal 
risk of pulpal damage. 6 •

7 Nevertheless, the ideal solution 
would be to perfect the second approach so that ceramic 
brackets can be debonded without heating as readily as 
metal ones. 

Cement left on the teeth after debanding can be removed 

easily by scaling, but residual bonding resin is more diffi­
cult to remove. The best results are obtained with a 12-
fluted carbide bur at moderate speeds in a dental handpiece 
(Fig. 17-21). 8 This bur cuts resin readily but has little ef­
fect on enamel. Topical fluoride should be applied when 
the cleanup procedure has been completed, however, since 
some of the fluoride-rich outer enamel layer may be lost 
with even the most careful approach. 

Positioners for Finishing 
An alternative to segmental elastics or light round arch­

wires for final settling is a rubber or plastic tooth posi­
tioner. A positioner is most effective if it is placed imme­
diately on removal of the fixed orthodontic appliance. Nor­
mally, it is fabricated by removing the arch wires 4 to 6 
weeks before the planned removal of the appliance, taking 
impressions of the teeth and a registration of occlusal rela­
tionships, and then resetting the teeth in the laboratory, in­
corporating the minor changes in position of each tooth 
necessary to produce appropriate settling (Fig. 17-22). Al' 
erupted teeth should be included in the positioner, to pre­
vent supereruption. As part of the laboratory procedure, 
bands and brackets are trimmed away, and any band space 
is closed. 

This indirect approach allows individual tooth positions 
to be adjusted with considerable precision, bringing each 
tooth into the desired final relationship. The positioning 
device is then fabricated by forming either a hard rubber or 
soft plastic material around the repositioned and articulated 
casts, producing a device with the inherent elasticity to 
move the teeth slightly to their final position (Fig. 17-23). 

The use of a tooth positioner rather than final settling 
archwires has two advantages: (1) it allows the fixed appli­
ance to be removed somewhat more quickly than other­
wise would have been the case (i.e., some finishing that 
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Fig. 17-21 ■ Removing excess bonding resin is best accomplished with a smooth 12-fluted car­
bide bur, followed by pumicing. A, Closeup view of the virgin surface of upper incisors; B, ex­
cess resin left on the tooth surface after removal of brackets. Upon debonding, the bond failure 
usually occurs between the base of the bracket and the resin, leaving excess resin on the tooth. 
The carbide bur is used with a general wiping motion to remove the resin; C, tooth surface after 
the remainder of the resin has been removed with the bur; D, tooth surface after final removal of 
resin (compare to A). 

A B C 

Fig. 17-22 ■ Use of a positioner for finishing. A, Casts 1 month before appliance removal, used 
to fabricate an immediate positioner; B, the positioner setup, with bands and brackets carved off 
the teeth in the laboratory; C, casts 2 weeks after appliance removal and placement of the posi­
tioner, showing the teeth settled into their finished relationship. 

B 

D 
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Fig. 17-23 ■ A tooth positioner made from a transparent plas­
tic material, placed in the patient's mouth. The patient bites into 
the positioner, which creates forces to slightly displace the teeth 
and also massages the gingiva. A device of this type is most ef­
fective in moving teeth if it is placed immediately after the fixed 
appliance is removed. 

could have been done with the final archwires can be left 
to the positioner), and (2) it serves not only to reposition 
the teeth but also to massage the gingiva, which is almost 
always at least slightly inflamed and swollen after compre­
hensive orthodontic treatment. The gingival stimulation 
provided by a positioner is an excellent way to promote a 
rapid return to normal gingival contours (Fig. 17-24). 

The use of positioners for finishing also has disadvan­
tages. First of all, these appliances require a considerable 
amount of laboratory fabrication time, and therefore are 
expensive. Second, settling with a positioner tends to in­
crease overbite more than the equivalent settling with light 
elastics. This is a disadvantage in patients who had a deep 
overbite initially but can be advantageous if the initial 
problem was an anterior open bite. Third, a positioner 
does not maintain the correction of rotated teeth well, 
which means that minor rotations may recur while a posi­
tioner is being worn. Finally, good cooperation is essen­
tial. 

A 

With modem edgewise appliances, the first advantage is 
not nearly so compelling as it was previously. It is an error 
to depend on a positioner to accomplish more than mini­
mal settling of the occlusion. Major movements of teeth 
simply cannot be accomplished with any degree of cer­
tainty. At present, therefore, there are two main indica­
tions for use of a positioner: (1) a gingival condition with 
more than the usual degree of inflammation and swelling 
at the end of active orthodontics, and (2) an open bite ten­
dency, so that settling by mild depression rather than elon­
gation of posterior teeth is needed. Severe malalignment 
and rotated teeth, a deep bite tendency, and an uncoopera­
tive patient are contraindications for positioner use. 

A positioner should be worn by the patient at least 4 
hours during the day, and during sleep. Since the amount 
of tooth movement produced by a positioner tends to de­
cline rapidly after a few days of use, an excellent schedule 
is to remove the orthodontic appliances, clean the teeth 
and apply a fluoride treatment, and place the positioner 
immediately, asking the patient to wear it as nearly full 
time as possible for the first 2 days. After that, it can be 
worn on the usual night-plus-4 hours schedule. 

As a general rule, a tooth positioner in a cooperative pa­
tient will produce any changes it is capable of within 3 
weeks. Final (posttreatment) records can be taken 2 or 3 
weeks after the positioner is placed. Beyond that time, ii 
the positioner is continued, it is serving as a retainer rather 
than a finishing device (see Chapter 18}-and positioners, 
as a rule, are not good retainers. 

Special Finishing Procedures to A void 
Relapse 

Relapse after orthodontic treatment has two major 
causes: (1) continued growth by the patient in an unfavor­
able pattern, and (2) tissue rebound after the release of 
orthodontic force. 

B 

Fig. 17-24 ■ Gingival improvement with positioner wear. A, Swollen maxillary papillae imme­
diately after band removal, just before placement of a positioner; B, 2 weeks later. This degree of 
gingival reaction anteriorly is rarely seen, especially with bonded attachments, but when it occurs, 
a positioner is one of the best means to resolve it. 



■ Control of Unfavorable Growth 
Changes resulting from continued growth in a Class II, 

Class III, deep bite, or open bite pattern contribute to a re­
turn of the original malocclusion, and so are relapse in that 
sense. These changes are not attributed to tooth movement 
alone, however, but to the pattern of skeletal growth. Con­
trolling this type of relapse requires a continuation of ac­
tive treatment after the fixed appliances have been re­
moved, rather than specific finishing procedures to prevent 
relapse. For patients with skeletal problems who have un­
dergone orthodontic treatment, this "active retention" takes 
one of two forms. One possibility is to continue extraoral 
force in conjunction with orthodontic retainers (high-pull 
headgear at night, for instance, in a patient with a Class II 
open bite growth pattern). The other appropriate option is 
to use a functional appliance rather than a conventional re­
tainer after the completion of fixed appliance therapy. This 
important subject is discussed in more detail in Chapter 
18. 

■ Control of Soft Tissue Rebound 
A major reason for retention is to hold the teeth until 

soft tissue remodeling can take place. Even with the best 
remodeling, however, some rebound from the application 
of orthodontic forces occurs, and indeed the tendency for 
rebound after interarch elastics are discontinued has al­
ready been discussed. There are two ways to deal with this 
phenomenon: (1) overtreatment, so that any rebound will 
only bring the teeth back to their proper position, and (2) 
adjunctive ·periodontal surgery to reduce rebound from 
elastic fibers in the gingiva. In some cases, permanent re­
tention is required to maintain the desired relationships, 
but this need not be planned if either of the two ap­
proaches described here would make it unnecessary. 

Overtreatment. Since it can be anticipated that teeth 
will rebound slightly toward their previous position after 
orthodontic correction, it is logical to position them at the 
end of treatment in a somewhat overtreated position. Only 
a small degree of overtreatment is compatible with precise 
finishing of orthodontic cases as described previously, but 
it is nevertheless possible to apply this principle during the 
finishing phase of treatment. Considering three specific sit­
uations: 

Correction of Class /I or Class /II Malocclusion. The 
rebound or settling after Class II or Class III correction has 
already been discussed. After headgear or elastics have 
been discontinued, it can be expected that the teeth will re­
bound 1 to 2 mm (see Fig. 17-15), so this degree of over­
treatment is required. This rebound is entirely different 
from relapse tendencies caused by continued growth, 
which take at least several months to become apparent. 
The rebound from the forces used for Class II or Class III 
correction occurs relatively quickly, within 3 to 4 weeks. 

Crossbite Correction. Whatever the mechanism used to 
correct crossbite, it should be overcorrected by at least 1 to 
2 mm before the force system is released. If the crossbite 
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is corrected during the first stage of treatment, as should 
be the case, the overcorrection will gradually be lost dur­
ing succeeding phases of treatment, but this should im­
prove stability when transverse relationships are estab­
lished precisely during the finishing phase. 

Irregular and Rotated Teeth. Just as with crossbites, ir­
regularities and rotations can be overcorrected during the 
first phase of treatment, carrying a tooth that has been lin­
gually positioned slightly too far labial, for instance, and 
vice versa. It is wise to hold the teeth in a slightly overcor­
rected position for at least a few months, during the end of 
the first stage of treatment and the second stage. As a gen­
eral rule, however, it is not wise to build this overcorrec­
tion into rectangular finishing archwires. 

Similarly, a tooth being rotated into position in the arch 
can be overrotated. 9 Maintaining an overrotated position 
can be done by adjusting the wings of single brackets, or 
by pinching shut one of a pair of twin brackets. Maintain­
ing overcorrected labiolingual positions of incisors is done 
readily with first-order bends in working archwires. Ro­
tated teeth should be maintained in an overcorrected posi­
tion as long as possible, but even then, these teeth are of­
ten candidates for the periodontal procedures described 
following. 

Adjunctive Periodontal Surgery. A major cause of re­
bound after orthodontic treatment is the network of elastic 
supracrestal gingival fibers. As teeth are moved to a new 
position, these fibers tend to stretch, and they remodel 
very slowly. If the pull of these elastic fibers could be 
eliminated, a major cause ofrelapse of previously irregular 
and rotated teeth should be eliminated. In fact, if the su­
pracrestal fibers are sectioned and allowed to heal while 
the teeth are held in the proper position, relapse caused by 
gingival elasticity is greatly reduced. 

Surgery to section the supracrestal elastic fibers is a sim­
ple procedure that does not require referral to a periodon­
tist. It can be carried out by either of two approaches. The 
first method, originally developed by Edwards, 10 is called 
circumferential supracrestal fibrotomy (CSF) (Fig. 17-25). 
After infiltration with a local anesthetic, the procedure 
consists of inserting the sharp point of a fine blade into the 
gingival sulcus down to the crest of alveolar bone. Cuts 
are made interproximally on each side of a rotated tooth 
and along the labial and lingual gingival margins unless, 
as is often the case, the labial or lingual gingiva is quite 
thin, in which case this part of the circumferential cut is 
omitted. No periodontal pack is necessary, and there is 
only minor discomfort after the procedure. 

An alternative method is to make an incision in the cen­
ter of each gingival papilla, sparing the margin but sepa­
rating the papilla from just below the margin to 1 to 2 mm 
below the height of the bone buccally and lingually (Fig. 
17-26). 11 This modification is said to reduce the possibility 
that height of the gingival attachment will be reduced after 
the surgery, but there is little if any risk of gingival reces­
sion with the CSF unless cuts are made across thin labial 
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Fig. 17-25 ■ Elastic stretch of the supracrestal gingival fibers and the release of this elastic 
stretch by fiber section can be demonstrated by placing tattoo marks in the gingiva. A, India ink 
tattoos placed in the vicinity of a rotated maxillary canine before correction of the rotation; B, 
elastic thread used to rotate the tooth into position; C, the tooth rotated to its correct position in 
the arch. Note the displacement of the gingival tissues, as revealed by the deviation of the tattoo 
marks. D, Circumferential incision around the tooth, penetrating to the crest of the alveolar bone; 
E, after the incision, the gingival tissue returns to its original position. Periodontal probing shows 
a normal sulcus depth after the incision. (From Edwards JG: Am J Orthod 57:35-46, 1970.) 
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Fig. 17-26 ■ The "papilla split" procedure is an alternative to the CSF approach for sectioning gingival circumferential fibers to improve posttreatment stability. Vertical cuts are made in the gingival papillae without separating the gingival margin at the papilla tip. A, The blade inserted to make the vertical cut; B, view at completion of the papilla splits. One advantage of this procedure is that it is easier to perform with an orthodontic appliance and archwire in place. 

or lingual tissues. From the point of view of improved sta­
bility after orthodontic treatment, the surgical procedures 
appear to be equivalent. 

Neither the CSF nor the papilla-dividing procedure 
should be done until malaligned teeth have been corrected 
and held in their new position for several months, so this 
surgery is always done toward the end of the finishing 
phase of treatment. It is important to hold the teeth in good 
alignment while gingival healing occurs. This means that 
either the surgery should be done a few weeks before re­
moval of the orthodontic appliance or, if it is performed at 
the same time the appliance is removed, a retainer must be 
inserted almost immediately. It is easier to do the CSF 
procedure after the orthodontic appliances have been re­
moved, although it can be carried out with appliances in 
place. An advantage of the papilla-dividing procedure may 
be that it is easier to perform with the orthodontic appli­
ance still in place. The only problem with placing a re­
tainer immediately after the surgery is that it may be diffi­
cult to keep the retainer from contacting soft tissue in a 
sore area. 

Experience has demonstrated that sectioning the gingi­
val fibers is an effective method to control rotational re­
lapse, but does not control the tendency for crowded inci­
sors to again become irregular. The primary indication for 
gingival surgery therefore is a tooth or teeth that were se­
verely rotated. 12 This surgery is not indicated for patients 
with crowding without rotations. 
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Dear Doctor, 

Raintree Essix™ Inc. is the pioneer in researching and 
developing plastic products for Essix™ appliances. 

Essix™ retainers have proven to be anesthetic method of 
retaining :finished orthodontic cases at a fraction of the cost 
and frustration of conventional devices. They provide 
absolute stability and make the teeth appear brilliant. Since 
they require no adjustment, it is feasible to monitor the 
majority of retention supervision by phone, affording the 
clinician significant relief in chair time and administrative 
detail. 

Also, techniques for minor tooth movement, temporary 
bridges, fluoride trays, night guards and bite splints have 
been developed that take a fraction of the time and cost to 
fabricate. 

Essix™ appliances are critically dependent on the use of 
quality materials, and precision instruments. Dr. Jack 
Sheridan, the originator of Essix™ concepts, is the exclusive 
consultant ofRaintree Essix TM Inc. on technique and 
materials. He insists that clinicians have a source of materials 
that are reliable and reasonably priced. He tests all materials 
that we offer. Only after being satisfied with quality, 
consistent with price, does he endorse distribution. 

We are constantly updating our products. Within the last two 
years, we have improved, tested, manufactured and marketed 
additional plastics that are compatible with the clinician's 
needs. For example, our new Essix™ Type "C" plastic is 
virtually indestructible and our brilliantly clear Essix™ Type 
"A" plastic is 20% stronger. 

We know our products and are aware of the concerns of the 
clinician. Raintree Essix™ Inc. is prepared to answer your 
technical questions, supply literature, and provide tested, 
reliable products at reasonable prices. We routinely send out 
updates on technique and products, at no charge to our 
customers. Also, we have a constantly updated World Wide 
Web site of the Internet. Our customers can communicate 
directly with us or Dr. Sheridan, anywhere in the world, at 
any time! 

Feel free to call us at (800) 883-8733 or (504) 488-0080. You 
don't have to place an order to talk to us or get technical 
support. We believe in old-fashion customer service. We will 
continue to provide a complete line of products and services 
that offers you, our valued customer, the greatest value 
consistent with quality and dependability. 

Very truly yours, 

Dann A. Schwartz 
President 
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ORTHO BYTES 

Clinical implications of digital orthodontics 
W. Ronald Redmond, DDS, MS, William J. Redmond, DDS, MS, and M. John Redmond, DDS, MS 

IAguna Niguel, Calif 

After nearly 30 years of orthodontic practice, I (W.R.R.) 

have achieved several goals that allow for a total integration 
of computers and treatment efficiency. First, my 2 sons have 

elected to join me in the practice of orthodontics, and second, 

I have arranged what I believe to· be the perfect marriage 
between orthodontic and computer technologies. • 

As our practice grew to multiple locations, we developed 
a unique clinical problem, handwritten treatment cards. 

Patients would frequently make appointments in offices other 

than the location where their treatment card was stored. We 

spent a great deal of time faxing copies of treatment cards to 
outlying locations and had even more trouble making sure the 

fax copy was re-entered onto the original card. This quickly 
became a nightmare. 

Even though we started using computers for all of the cler­

ical and some of the clinical operations as early:as 1985 using 

Orthotrac software, we didn't realize that our computer system 

would facilitate ciur practice growth and ultimately simplify 

our clinical activities. Orthotrac solved the problem by pro­

viding us with electronic treatment cards. This "simplifica­
tion," however, posed its own set of problems. Computer ter­

minals needed to be placed at each chair and networked. In 

addition, the satellite offices required high-speed networks to 
allow a patient's treatment information to be viewed at any 

location. With the help of Orthotrac and the telephone compa­
ny, the networking was accomplished. Can you imagine the 

joy? No longer did we "pull" and "file" patient charts each 

day. No longer did we fax copies of treatment charts. Best of 

all, patients were impressed with our high-tech offices. 

As our practice continued to grow, we found that our sys­

tem was still not entirely complete. Patient folders containing 
examination notes, radiogtaphs, and clinical photographs 

occasionally were transferred from their original location or 

taken home by one of the doctors for diagnostic purposes. We 

found ourselves mired in a morass of lost or misplaced 
records. When a doctor asked for a panorex or headfilm while 

the patient was in the chair, the answer was invariably, "Sorry 

doctor, the records are in another office location." 

Several different options were explored that would allow 

for the digitalization of orthodontic records, but each method 

presented obstacles that would prove to be cost-ineffective and 

make data transfer so slow as to be imposs~ble. Once more, we 

looked to the computer industry and the latest in computer 

technology to find the answers. I found a digital radiographic 
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system and camera that would allow for storage directly on 

my hard drive. An automatic back-up system was set up on my 
server that continuously updates dual hard-drives of all patient 

radiographic and photographic records. I no longer n~ed to 
worry about crashes or lost information as a result of the 

redundancy of the dual drives. A network of computers allows 
for easy viewing of photos and radiographs that have been 

transferred quickly and in a cost-effective manner. 
Over the last 12 months, we have put in place a new net­

work that incorporates digital photography, digital radiogra­

phy, and Microsoft terminal server technology. Using a new 
communications service, Digital Subscriber Line (DSL), 

which can transmit and receive information up to 1.5 

megabits per second, we have established an intranet for our 
orthodontic practices. Because this intranet is accessible from 

any Internet connection, we now have the ability to view our 

examination notes, radiographs, and clinical photographs 

from practically anywhere. 
We are delighted to be able to view our diagnostic records 

from any practice location and from our homes. No longer are 

we told that the records are in another office. And, as you might 

expect, our patients are again impressed by our high-tech capa­
bilities. Best of all, our clinical efficiency is improved because 

of ready access to pertinent clinical information. 
A confluence of opportunities occurred within the past 18 

months that made the preceding capabilities possible. 

Microsoft Windows NT 4.0 with Terminal Server Client was 

released in 1998. This software is a return to a "server-cen­

tered" network. Like the SCO UNIX based system we had 

been using for our Orthotrac management program, Terminal 

Server facilitated the transfer of graphic data through a local 

area network (LAN) or a wide area network (WAN). The pro­
grams and the data remain on the server, and the terminals (or 

PCs) simply provide a viewing screen, keyboard, and mouse. 

This method of software deployment has been called "thin 
slice" utilization. Mulpple "licensed-users" can access the 

same program simultaneously. The obvious power of this sys­

tem is the decrease in data transferred, with the inherent 

increase in transfer speed, and management of programs 

through periodic updates only on the server. 
Tenninal Server Client functions equally well in an 

intranet or Internet environment, h'owever, each program is 

accessed by a separate intranet or Internet connection. This 

proved to be cumbersome and inefficient. 
Citrix Metaframe 1.8, also a thin slice software, provides 

a solution to Microsoft's Terminal Server Client, by transmit­

ting the server desktop to the terminal with all the program 
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icons available. With a single Internet connection, patient 
photographic, radiographic, and treatment card infonnation 
may be accessed. Citrix Metaframe Client can be downloaded 
from www.citrix.corn and installed on practically any PC or 
terminal, facilitating the addition of "clients" to the network. 

Implementation of our system uses digital photography 
(Olympus D600L), digital radiography (Sirona Digital 
Pan/Ceph), and the above server software. These technolo­
gies coupled with a high speed Internet connection (DSL 1.5 
megabits/second) and a static IP (Internet protocol) address 
allows access to all the data contained on the servers. 

All connections to the Internet are susceptible to hackers, 
and care must be taken to safeguard programs and patient 
records. Citrix Metaframe 1.8 is designed to function with 
encryption software to help maintain privacy. The feder;tl guide­
lines for transmission of patient information over a public venue 
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(Internet) have been established. As of Jan I, 1999, patient 
information must be encrypted to prevent public disclosure. The 
Federal statutes provide an implementation period of 2 years, 
until Jan l, 2001, before penalties will be imposed. The penal­
ties are substantial, with up to $50,000 in fines and 10 years in 
jail. Anyone contemplating the transmission of patient records 
over the Internet must be aware of this legislation. 

The transmission and reception of digital orthodontic 
records and treatment protocols presents the profession with -
a unique opportunity. Diagnostic information is always avail­
able and on a "real-time" basis. Records taken in New York 
can be viewed in California immediately. Second opinions 
and diagnostic help are facilitated. Databases may be estab­
lished and used for teaching and clinical support. The oppor­
tunities are unlimited and, I believe, provide a portal to the 
new millennium. 

This section of OrthoBytes will present Internet links that are of interest to the orthodontic community. Readers who 
wish to submit Internet addresses for this section should contact the Editors. 
In the November issue of the Journal, there was an error in one of the Ortholinks. The correct links and text are 
printed below. We apologize for any problems this caused. • 

Dr. Potter's Interview in the Orthodontic CYBER Journal and the ToothCam 
http://www.oc-j.com/2-99/toothcam.htm 
http://www.caltech.edu/-pinelabmmeLapse/ToothCam/toothcam.html 

The Orthodontic CYBERJournal contains an interview given by Dr Potter, a neurobiologist, who underwent 
orthodontic treatment as an adult. His experiences may be enlightening to many orthodontists. Although the general 
impression seems positive, orthodontic technology was described as "prehistoric and barbaric," and diagnosis was 
considered superficiaL Read the whole interview and then visit the ToothCam web site, from where you can down­
load movies of treatment progress made by the patient and read a detailed diary. 

Dr. Silverstein's Digital Camera Setup 
http://www.orthonj.com/camera.html 

This page, from Dr Robert Silverstein's web site, describes his digital camera setup. Dr Silverstein uses an 
Olympus D-600L with a ring-flash specially made for digital cameras. Useful tips and sample photos are included, as 
well as a Microsoft Word template for inserting them into letters for the referring dentist. The flash is the SR Electronics 
RF-50. Ring Flash and a review can be found at http://www.dcresource.com/Ringflash/ringflash_review.html. 
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CAD/CAM for Dental ~estorations-Some of the 
Curious Challenges 

. • . 

E. Dianne Rekow. Arthur 0. Erdman, Donald R. Riley. and Barney KJamecki 

A6itmd-CGmpulel'-alded desl&n ud-ulacturlag for delltal ra­
tontlw ........ _,......, ,-IW!Mief ~-...- to 
uat-and~ucl-lllllbueaeatdllll!IBlalen:dbil 
culleaga. '1111:ab~ofdllsovenlewlstol,rielJde,lcrlllea111km 
llelec~~7 ... V.iihcnWaafMarylai!daadMliiiielDI■ w11k11 
lldpal,leelpradlidaa&lltal--. S...aflhe ..... ud dlf• 
tlcaldestllal .. ft arllm alulas Ille deftlopDal ........ wlD lie ... 
---~l!llalr-w11111e.-o1 .......... cua, ... 
ofllleaewkdmalogy. aa aow belllldnaed and anpramdaa­
cheDrnp, 

CURRENT STATE OP THE ART POR PRODUCTION OF 

DENTAL REsl'oRATIONS 

ll /f ANY dental restorations 11111 cunently produced using the 
l.V.llost-wu casting technique (Table I). A demist p1epa1a 

the tooth, ICIIIOving aJ1 ~Y. and crcadng a design of the ~ 
. maining tooth 8IIUc:bn that will a) support die loads to wmch 
the tootb will be subjeelcd during func:ticm, b) Jntegra1e unique 
fcalJUa for tbc materials fiom which the reatomdoa will be fab­
ricated, c) maximize tbc rmntion of tbc aestoradoll OD tbc tootb. 
AD~ of lhe piq,aml tootb ud any adjacent-proximal 
teedl Is made, cn,ating a lhno-dimmsiom1 negative of the teedl. 
Aniltbcr impn:ssioa of die opposing. occluding lcdh is also 
made. A tempomy restoration is placed on the prcpaml tooth 
and tl!c patient leaves lhc dental office unlil lhc final cast ICS­

lmalion is fabricated. • . 
• Deulal plasfcr is poured into tbc impressions, creating a model 

of tbc palicnt•s mouth. The portion of lhe model lhat duplicates 
die pmpaml tootb must be removable so lhat a wax paUenl can 
be cieatcd. To accomplish dais; a bllSS pin Is placed in the model 
below the prcpued tooth. A second layer of plaster is~ to 

the model, BUmJUncliDg die pin. When this second layer of plas­
ter ~ hanlened, IWO dwJ cuts an: midc duough the fhst layer 
of plaster (which colllains the rcpmclllalioD of tbc pq,arcd 
tooth) just proximal to prepucd tootb. The scc:tioD of the model 
with tbc prcpued tooth CID DOW be lelDOvcd from and rein-

• selled hdo die moc1e1s. This section is callcd thc die. 
• · When the seatoration is &ealcd OD the toodl9 dJe edge wbcrc 

the RStolatioD meets the tooth is called the mugill. Aflcr a ·die 
has been made removable from the models, CKC&S plaster be­
low die mugm Js mnovcd and die margin is marked. Sepamt• 
iog medium is placed over the die. A tccbnician then mcka and 
carves wax to crcalC a wax pattcm of the iequiied.mstoration. 

The wax pattem is sp~ and invested. When the Investment 

Mama!pl mcclYcd Marcb 6. 11189. 
E. D. Rclow is with Ille Depaztmcat of Orlbodontics, School of Dea­

lislly, Ullivcnity or Matyland, Ba!limon:, MD :mot. 
A. G. Enlau. D. R. Riley. and B. Klama:ld an: wilh die Department 

of Mechanical l!agiuccring. Univmity of Minnesoia. Minaeapolis, MN 
SS45.5. • 

IEEE Log Number 11144234. 

TABLEI 
STl!PS OF l.osr-W AX TEcllNIQUE 

I) Dattill PRPre1 IOOdi 
2) Take "1qneuioa 
3) Make temporal)' and place on patient's toodl 
4) l'ollr int pi- illlo ilnpmsi0111 
5) Seal pi1!1 ID plamr 
6) l'oar scc:oad plasta: .. base 
1) Scdioll die 
8) Jsolate 11111p11S OD die 
!I) Martnwzim 

10) Apply acpuadDg medium 
11) Cane WU padlenl 
12) Spnle WU paDall 
13) IDvest wu palll:m 
14) Bum oar wax 
1.5) Cat • 
16)---QS!jag 
11) foUsla caltiag (ieady IO lea& re&IOnlioa) 

18) RCIIIOft llmlpOIU7 lellOlalioD fiom palicnt"s toodt 
111) ScalCM1~1111~·~-~ 

material bas bamlcned, die wax pattern is burned out. Molten 
estorative material is flowed into the investment. The raw cast· 

. Ing is n:covcrcd, Cleaned, IJld polished. The R:StoratiOD is DOW 

• rcady to be seated in the patient's mouth. 
1bc patieul must DOW rclUm to the dental office. The tem­

poruy restoration is leDIOVed BIid any debris left on lhc toodl 
removed. Tbe toolh must be thoroughly dried and the restora· 
lion glncd to die toodl. -

Using typical mateda)s, the minimum time required for dlCSc 
opentions is 9 b. Usually, howeYer, a patient will wear a lem· 

~ for 1-2 weeks. Temporary restorations seldom 6t as ac­
curately as a pcnll8IICll1 n:storation so tissues around them often 
become iD8amed aad lhe PJCpaml tooth may move &lishtlY­
Bodl of dlCSc phenomenon complicate lbe procedure for placing 
the RIIOnldon. Inflamed tissnc is more sensitive and usually 
moie resistant to aaesdiesia. Movement of the tooth will eiatc 

problems in fillillg the 6nal mitoration. 
With tbc CAD/CAM systelm, estorations can be produced 

much more quickly~ mminaCing the need for sempora,y rcsto- • 
rations. Purtbcnnore, with lhe antolll&lion. COD!listcnt quality 
becomes possa1Jle. • 

THE DENTICAD SYSTEM 

1bc system being developed at the Universities of Mayland 
and Mlmu:sola autoinatcs lhc prodaction of dental lfflOrations. 
1bc system has three fullctiooal compoIICllts parts: data acqui­
sition, CAD/CAM, and macbining. Wilb die lllltOmalion. the 
labor intensive pn,ecsses cum:ntly ~red ue c1iminated and 
rcsto111tions can be designed and fabricated in less than 1 h. 

0018-9294/91/040CM)314S01.00 © 1991 IEEE 
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Da1t.1 A,cquisition 

. Twi:i techiliqi>cs for data acqidsitioll .a:re bell)g ~!IY~foped, · 
• With lhe fiist, data aic acquired from the p.itient din:cdy through .• 
an opiica) •~impress.ion'·'.· ~.on.a cu~Q~ ~lit)to­
griimmetric teclinlq~e. Ste~· pain of images are obli!iiied for • 
die' ¢q!ared,l()Qih; ~e, proidmal tedb.. aiid the opposing·.~ 

~r:.:~::=~~1~=~1~~-
then digill#d OR a lugb:,®oliltion' {4,096 x 4096 pixel}digi-
tiier. P!'l>viiling a data iicqu~Jlii>n 8Cellm:y ofi.S pm.· (Nore: 
w~n high-~lution ~-time ~eras IJecome availJl>le, they 
wnt be in~rated i~to the di:sign. eliminating the ·Jieed for a 
separate iligitizmg !i(ep.) • •. • . 

. A set Ofstereo p;ws of ifilages is ~Ried (Fig; 2(a) and (b}]. 
In its cummt CODfigl;!ration, one iliiige is reco~ •. the camera 
is moved, and the .second l!alf of the stereo pair ;is· i;ecorded. 
This ~liires that the object remain stationary •ghout the 
procedure. This .is not a realistic co~nt in a clinical setting 
and a stereo lens design is cunently Uildmvay. 

The images are processed. The fiJst operation is Jo differen­
tiate areas of intemst (boun~ by the 1111UgU1S of the prepared 
tooth) from areas of no inrerest. This· is 11CCOinpl!sJied • lhn>ugh 
custom~ edge-finding algorithms. Using different threshold 
values, these same edge-;-finding algorithms can locate burr 
scratches on the surface of the tooth. adding apparent featui:cs 
to an otherwise optically ftat surface (Fig; 3). 

F'°m the stereo ~rs, each point in the Jinit half of the i~ge 
pair is matched with its equivalent iii the second half of the 
image pair. nis creates a triplex of x, y, disparil)' values Where 
JC, y are the planar coonlinates for a point or feature in the first 
half of ~e sten:o pair and the disparity value is the shift of that 
point -or feature to its position in the second half of the sten:o 
pair. _ 

From the geomelly of the camera used to captun: the images 
and this triplex of JC, y, disparity, a three-dimensional recon­
s~on of the surface of tfla prep:ite4 tooth is crea:ll;d (Fig. 
4-thedata displayed iii this image Is ide~ for all four views; 
only the vj11W,iag_ ~ngle h115 chl!n.ged}: Idetttical t,perations are 
used for establisbiitg_tlie 3~D sUJface map of the proximal edges 
of acljacelit- teeth aM •~•opi>QSing t~. 

fl! l)te s_eco~;co,il~.Bl!~(fo!!JQrc:l~ta acqui_sii_ion, i;,ptical _trian~ 
gulation ls· used {Fig. S). Wiih this altemaiive, a die must be 
prepared. Positionfag accwacy of the system is ± IO Jllll in JC, 

. ' ·. :·,.-,. --.·· :: •• -,.-. . · .. ,· -·-·. ;:. •-, .·. -· . . . . ... 
Fig. t; iliailti,~ii left liaiv~ ~t. ilei'eci pal'~ ()fiinagc..ot' a prepared lnan• 

.. !is'b\Jlarli,m,IQ(J~. 

F'tg. 3. Edge k.~,•~;~:~ lo lho left bait of lhe 6lfflO pair 
shown III F"ig. 2. 

y, ~-~ ~ig, ~· ~ lo~-pow~~ ll!SCr ~Js di~ at the 
die. Tlie reflection o,f the bearii is ~ensed by a CCD chip. The 
deOection ~t th¢. ¢flilete1f~. ~!ll • ,lmowo poJi~oil. gives 

.. the- ~;~.nJ.i,Qllte~. ~ X aniJ i ~~'1fllll!~S are obtained by re­
c<itdllig Ilic focation of ihe moving plate onto which the die has 
been placed. A point by point' scan of the surface creates the 
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Fig. 4. hc:ons~ j)tepaml io'oiJi (froiil Yariou~ views) .. 

POINT RAl<GE 
SfNSOR 

lASER 
DIODE 

Fig. S. Principle of optical triangulation. 

Fig. 6. Trlaagulatioa cliJitizcr. 

digital x, y, z surface map (Fig. 7 shows the graphical display 
of a digitized mandibular first molar). 

CAD/CAM 

The CAD/CAM operations replace the waxing processes of 
the traditional techniques. Custom software was developed in 
C language with a Unix operating system on an Iris 4D/50 

Oraphics Workstation (Sil~n Oraphics, Molllltain View, CA). 
The 3-D data (from either data acquisition te.chnique) is used to 
calculate the space into which die ~ii i;iust fiL 'Ibis space 
is defined by the space a:vaiiabte with ilii: teeth togeiher as well 
as their relative positiQns as they move tlm>ugh the CDlire range 
of motion of the jaw. • • 

The design of the !_e$t0iatloo .creaf~ ~ surfaces: the in-

§: EmT1a~ 
temal surface must mirror the coofig111lition of the prepared 
tooth. Near the matglns· it must repli~te the shape of the pre­
pared tooth ~y. Away'from the mai;gins It needs-to be olfset 
by a sufficient amount '" permit a gluing agent to -be added (to 
keep the restoration in place on tlte tooth). • 

For the external ·surface above the crest of convexity. the 
CAD software automatically accesses a database of ideal tooth 
morphologies. Prom the calculated available space, a scale fac­
tor is generated for the general dimensions of lhe crown. How­
ever, the location of cusp tips and fossae la the occlusal surface 
must be modified to fit the unique requiremeots of each patient. 
The software automatically establishes these relatiouships, 
moving reference poh\ts to the required positions and blending 
adjoining surfaces smoothly so that the typical morphology is 
maintained but the uniqueness for each patient is ob1aioed. The 
remaining extemal surl'ace blends the mugins (defined by the 
internal configuration) and the crest of convexity (defined by 
the other external portion), creating a smooth surface. 

The CAM software automatically tninslates the design cre­
ated by the CAD portion of the system to tool paths for a mi­
cromilliog machine (Pig. 8). Offsets are automatically added to 
the surface to compensate for cutter tool diameters. Antigoug­
lng algorithms prevent the cotter from removing material during 
one cutting path that is part of the required surface in an ztdja­
ccnt area. 

Machining 

The tool paths are automatically scot lo a micn,miUing ma­
chine with positioning accuracy of ±5 I'm (Servo Products, 
Pasadena, CA). rite restoration is fabricated from a single block 
of material. The internal and external surfaces below the crest 
of convexity are machined. -Th~ restoration is flipped 180" and 
the ex1emal ponion above the crest of convexity is fabricated. 
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Fig. 8. Machine tool piith& fot CAD/CAM deaigned iestoralion. 

Fig. 9. Machined n:storations. 

(Fig. 9 shows seslOrations machined from metal and machinable 
ceramic.) 

Oiallenges During _System Development 

A number of interesting-and sometimes frastrating~­
leogcs arose u-part of the development process, One of the first 
was traDSlating clinical criteria into engineering tolerances to 
produce decision-based design rules for the CAD algorithms .. 
Ideally a restoration ihould exactly fit the toolh at the margins. 
Clinical justification for dais is twofold. P-mt, with any gap in 
lhe fit, an area is crcaled that collects debris and can result in 
decay and/or inflammation to lhe gum tissues. nie· ~ is 
chat many of the gluing agents used either abrade away or are . 
water soluble and simply wash away over lime if there is a mis­
fit between lhe restoration and lhe 100th. 

Clinically, lhe test for acceptable fit is lhat a clinician moving 
a dental ell)llorer across the tooth-restoration interface cannot 
feel that interface. There is little agreement in the dental liter­
atlife about what that tolerance is. Indeed, there is little agree­
ment about euctly what and how measurements should be made 
to qualitatively dc1erinine what the clinician can sense (1). By. 
translating all of the measurements reported into a single set of 
gcomelric relationships, it appears that acceptable cast resto­
rations generally achieve a fit of 40-60 µm at the margins [l J­
(5). 

AnOlber interesting challenge is how to optically acquire ac­
curate data from real teeth. A prepared 100th may be stained 
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from old restoraiive materi1ds or caries, It 1118Y contain filling 
materials with cot~n ~tbiilfiiiii'er®t fn>rli. ibiii of a 
noqnal l!)Otb. By usicng i:llgc fllijiina -~_rilh"1& these dis~­
ations and o~e! liiaterials act lis· pseildofeiitures, eiihant:hig die 

Pll;:!fJtl\~~i~f:,1~m; iii. ~y::iU,ieai 
prepared teeth, the sides of the remaining tooih structure are 
quite long. To be cliniC11lly ~cessful they must also. have • 
nearly parallel and vertical walls. Many of the comn:iemially • 
available imaging systems trade depth of field for resolution 
[4)-to achieve very high resolution (tp tite micron level) the . 
depth of field is ~ch less than the height of !I typical prepa-:­
ration. For the optical impressions, problems are managed by 
merging multiple views ofcaptme the i;ntire prepared tooth sur­
face. 

For the triangulation digitizer, special modifications of the 
machine were required. To compensate for the depth of field 
problem, a Iiwn~ of ranges of depth of field are SCliDDed. A 
point is recanted only when the reflected li~t hitting the CCD 
sensor exceeds a specified Ilght·lhreshold. If insufficient light is 
seDSed, the l•axis drive shifts the laser-sensor Bud another mea­
surement is attempted. This process is repeate1i4uiltil suflicii,ut 
light levels are obtained. To compensate for the near-parallel 
walls, the die is scapned from Bil ingle, providing the laser with 
an apparent viewing angle of•~ than ~5°. 

Clinical and Materials Questions 

wliile the ~ogy of CAD/CAM has produced some in­
terestiag engineering questions ana cballcnges that have all§dy 
been solved, wiquestionably interesting ones remain • for the 
dentist, engineer, and materials investigators.- • 

One _of these is the quality of margins that are needed. Sh9Uld 
the CAD/CAM technology. provide only what is currently av­
erage marginal quality or integrity or should the technology be 
poshed to its limits. providing improved fit as a standanl? 

Each of the steps of the blldftioqaf impression-lost WU-Q&t- • 

ing process has implicit sowces of enur. These include distor­
tions lo the impJeSBion material, plaster, wax pattern, or in­
".estmcut material; changes in water-powder ratios or techniques 
of the mixing; casting failures; and others. Automation elimi­
nates these but replaces them with different contributions of er­
ror. Table D summarizes these contributions for olf-the-sbelf 
high resolution component parts (6). 'Ille imaging and digitiz­
ing em>rs are dependent upon the quality of the lenses em­
ployed (or the degree to which distortions can be mathemati­
cally removed), the ~ution of the· digitizer, and the density 
of features on the teeth which can be detected. Surface model­
ing enors are contributed by curve fitting algori1hms and IIU"ec­
dimeosional reconstruction ledmiques. The contribution of er­
rors from CAM comes from two different sources: I) the posi­
tioning accuracy in the milling machine, wear of the cutter, and 
relative movement, if any, between the cutter and the part being 
fabricated and 2) scalloping error resulting from cuttc;r paths 
plus the errors resulting from the cutter being able to move only 
in straight-line movements from one specified point to the next. 

In the worst case, a11 of these contributions to error· can be 
assumed to be independent so they are additive, yielding a totaJ 
enor contribution from the new tec~logy of 17 .8 pm._ Bven 
in this worst case, there is the potential for accwacy greater 
than that currently available with lhe lost-wax technique. Res­
torations produced with the lost-wax techni_que are usually con­
sidered to be acceptable with marginal fit of about 40-60 µm; 
Based on a small sample size, restorations produced with the 
Minnesota CAD/CAM system can produce margins Qf0-49 )tm 
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TABLE II 
ilRROR CONTRIBUOONS FROM CAD/ 

CAM 

Imaging and Digitizing 
Surface Modeling 
CAD 
CAM: 

Milling 
N/C Path 

:i.Sµm 
tO.Opm 
O.ilpm 

4.Bpm 
O.Spm 

17.8pm 

(average = 23 I'm, SD = 23 I'm) measured from the margin to 
300 pm from lhe margins in 20 "'° increments [7). Machining 
operations are more critically controlled very close to the mar­
gins. For the first 100 I'm, the fit ranged from Oto 37 I'm (av­
erage = 12 I'm, SD =. IS ,.m). Should effon be expended to 
further reduce the enors to reach the theoretical limit? What 
should be the standard? Stated differently. is there any clinical 
difference between margins !hat fit to within 40-60 I'm and those 
that fit to within 20 "m? 

Another surprising area of oppommity that has arisen is spec­
ification of processing J)MUDClers. For any milling operation, 
it is possible to vary spindle speed, material feed rate, and depth 
of cut simultaneously. Diff"erent materials demand different val­
ues for these pammeters, yet little has been published concern­
ing this problem. Cutting puameters for dental materials do uot 
appear in the standard machinists' handbook. The size of the 
cutters used for the geometries produced by dental CAD/CAM 
systems is much smaller than those used for typical industrial 
applications. Little work relating materials properties to cutting 
parameters at the scale required for dentisby has been done. 
The physics of material removal with small cutters awaits sci­
entific inquiry. 

Another question which has arisen relates to surface finish. 
The American Dental Association specification for the finish of 
a metal crown requires an 8 pm nns smoothness criterion but 
says nothing about reftectance or speclral feature. With cur­
rently practiced polishing operations, a surface that meet$ this 
s~s criterion is also shiny. With the machining opera­
tion, it is possible to obtain this smoothness yet still be. able to • 
see the tracks of the tool path. Should a metal crown be smooth, 
or shiny, or both? 

The opponunitics and challenges to the dental materials in­
vestigators are tremendous. It is now possible to consider an 
entirely new amy of materials-castability or manipulation 
within the oral cavity is no longer a criterion for selection. The 
parameters that make a material ideal for a dental restoration 
are not well quantified. When ai:::w materials are possible, ques­
tions arise. about how the tooth should be prepared to optimize 
the perfomiance of the tooth-restoration system. 

SUMMARY 

The DenliCAD system can produce dental restorations that 
fit at least as well as those that are cast. The system speeds 
production, eliminates the labor intensive steps currently re­
quired,~ provides consistent quality. This CAD/CAM tech­
nology applied to the dental problem of designing and fabricat­
ing restorations, has created some interesting engineering 
challenges for acquiring data, establishing tolerances for clini­
cal criterion, and managing e,iisling denial materials. The 

future, however, will be more and more interesting as we learn 
to ask new and different questions about what new possibilities 
the automation creates. 
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CAD/CAM for Dental :Restorations-Some. of the 
Cu!ious Challeng~s 

B. n;anne Rekow, Adhur 0. Etdman, i>onald R. Riley. and Barney Klamecki 
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CURRENT STATE OP THE AR.T l'Olt PltoDUCTION OF 

DENTAL REsroRATJONS 

"& If ANY dental mnorations arc cumntly produced usmg lbc 
lV.l!oat-wu cutinJ cedlaique (Nile I). A dentist Pff'll&ICI 
the tooth, mnoviDg all ~ and awing a &slga of the re­
maining toDlb stnic:luRl lhat will a) supprnt dMs loads tu winch 
die toDlb will-hnabjcdcd during funetion, b) fnlegrate imiqDB 
fcanua fix lhc materials flora which the tc&tUlatio9 will be &b­
ricllcd, c) muimizc lhc mcndPn of lbe-.estol'lllioo OA lbe tooth, 
All i:mpreaioa ot die piq,amd toodi and mr, adjaceot.pnnimal 
Id. is IUde, mating.~ ncgalivc of !be teelfl, 
Another in,prasion of lbe opposing. acdllding tccfh is also 
made. A t,,mpora!)' ~ is p]aced OD lhe prqlaffli loolb 
11114 d!e padcnt leaves lbc dental office until !he fimd gg res­
lm'alio:II is fabricated. 
• Dmlal plasfcr Is poured into !he impmisions., creatilig a model 

oflhc padcnt'1 mouth. ne podion oftbc model lhat dllplicales 
lbe prepared tootb mast bD mmovabk so that a wax pallml CIIII 

he eieatcd. To accomplish this.; a bms pia is placed in the model 
below the pq,aml loolb. A second layer of plaster is added lo 
the model, 8UD'OUllding the pm. When !his &ec:ODd layer of plas­
ter ~ ~. two~ cw am made duougb tbc llrsi: layer 
of pbtsrel- (which eont:ailll the ~ of the ~ 
IOOlh) just ,-Imai«> piepaml toolb. The sccdon of the lhl;ldcl 

. witb die prcpmed IOOlb can DOW" !ie ranovm rrom and rein. 
scm11a1o tbc modelii. nus ICCtioJl is (:ll}kd * die. 

When dMs atoflltion is sealed OD the toodl, lhe edge where 
the RStulalioia mccb die tootls is called dli, mugiD. Aftua·dic 
hu beeo made rcmovllhlc from the models, eKc&S plaster k­
lOW' die margin is removed and the margin ii marked. Sepamt­
iq medium is placed OYtt lflc die. A tccbDidan lhcn rndra and 
carves wax. lo ~ a wax paucm or the mqain,d.mstoral:ioo. 

'l1le wax paucm is BJlni:e,ci and inVCSled. Wllco. lflc investmezlt 

~i=wcdMudl6, 1,n. 
E. D. lldow if Willi liNI Depart,nmt of Qdmdonlicl, School nf Dea· 

rlsfQ', tlliiYeiaity of Maiyb,nd, ~lilnoR:. MD 21201. 
A. G. J:lnlinaa, D. R. llilcy. and B. Klaincdi •n: wilh die bepa,tmcnt 

of Medumioal &gi"""IDIJ:• Univcnity of MillllCSl>III, Mb-,,0:is, MN 
S545S. • 

IBEE Log N11mber 91442~. 

TABLE I 
5Tel'SOF losr•WAX TilCHJ<IQUE 

IJ Dcnlial: ~ IOOlh 
2) Tue inlpn:tsioa 
)) Mde tempor-, atld pb<:e "" palicm'1 IOOlb 
4) l'Om'llnr,--iluoilllpressimp 
:5) $al- ill plulw 
'> l'oar HCOII& ~•base 
7)Smiolldi8 
I) JIDi.te margins DD ,lje 
9)Mu:li:IIIMSlm: 

IO)Appi)'scpamiagmi,di\lm 
ll)C...wu,.na,, 
12)Spimwu;pman 
IJJlDesl:wn,-ttem 
14) llmllOlll"Wllll 
ISi Cat • • 
16) Recover culia& 
11) l'cllWiculi.,(--'Y IO seal RSIOQIKIII) 

11) --~ Rlllndoclfiampalicnt•1 -11 
lt}Sal:Clll~IIB~°':.~ 

material bas banlePCd, lflc wax pauem is homed out. Moilien 
eslOlllivc material is !lowed into the UIYC5lme:nt. The Ja.W cast• 
ms is iecovcrcd, cleaned, and polwed. The restomtion is now 

• ready lO be seated ia tt. patient's mouth. 
The palicm: must 1111W retus:D lO lhe dcotal office. Thi! !em· 

pom)' l'l:lilOllllio! iii ~ and IUl)' debris left ou the toom 
removed. Tbll toorh must be lborougbly dried and the lCSIOlll· 

lion &loed lo the IOClfh. _· 
l.f5Dg i:yp1ca1 matcdals, the mimmum time rcqnired for diae 

openlions is 9 Ir. Vlually, however, a patient will wear a lcm­

pofll!J' for t-2 weds. Tcmpomy ~ &eldom· 6t as ac­
cuntcly as a pcnmncnt rcstoratlon so ti5S\ICI arnulld them often 
become io8aiaed UM! tile prcpaml tooth may - dighdy. 
Bodi oflhcac pbenomcaon complicalc the procedme fur placing 
the ff:litOtldoA, Inflamed disue is more scnshivi= and USUBlly 

• moze rcsiswd. to ancsdieda. MOVttllllm of lhc toolh will acate 

probkrnl ;. fitting die 6nal Rat:Ontion. 
W-1111 the CAD/CAM sygCems, rcsrorations CIIII he procmccd 

mud:I more qak:l:ly~ dirnimting Ille need for iemponry rerto- • 
llltlou. ~. with the aatomation, ~ qnality 
becomes pom1de.. • 

THI! DlnmCAD SYSTEM 

The system being developed at die Uciiven,ilics of Malyland 
and Mirmcsoca ~ n piodDclioo of dental IMOJ'aliom;. 

The syscem .baa three fimedomI eompoDmJU pans,: data acqui­
sition, CAD/CAM, and maebiniag. W-1111 the aotnmadon.. the 
labor intemivc= processes ammly mpiml ue elbrtlnakd and 
JmOmions can be designed and fabricated in less than I IL 

OOl 8-9294191 /0400-0314$01.00 © IW I IEEE 



_-..:·-·· 
,~) .:=-::. ~-·, _.. . • ,: . - . :_.:~~ •. -.- ' -

•'.•, ..... :~ ~/A,":¥:~~?.,:,•,~~~- 0

.A• >.✓_\,. •, ~ ,.~ :;,(.~~i•; (-->~ .• <:•/:.~, ... •,~ii 

'1~t~:'~(~~;i&{1\,;.,_ '. ';ft•:</\:::·/":-~,;,.: ' ,;·-
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. -Twi:i_ ieclmtqi!es tor data ~itrop _ffll .il4lB i1evi:fuped. 

'With lh'ti-iimt, data·aie acqul1ecl from the-patient di~lly thJOilp 

=-~~=:·~t:=•r:; 
~~:iFJif4'$!:!. 
lheQ dig~ ~II, a higJHtsollltloif (40!!:6" x -4096 plxel}-d"igt-. 
titer •. -P~hling a dalli iitqu~/iiiia 8CCIXliey cf i.S ,.~-- • (N~ 
when high-~ur!Qn teal~ i;ameiili become av.11itllhlc, they 
will !ic- ln~ratcd i!lffl lhc d~i;n. diininadng thc '&t:d for a 
separate iligitizirig step.) • . 

_A 5Cl Of.stereo p;urs:of image, is fffl!n:ied (Fig; 2(a) and (b)J. 
In its curmu conligtriation, OIIC image is ~-die l:lllllera 
is moved, arul lhc .sei:oml blilf of the stereo pair 'is -rccmded. 
This ~irires_ !hat the object mnain statioJlaJ)' tlltwghout Che 
proce.dure, Thi_s is not a realisdc COll$lraiut in a clillical setting 
WIii a stereo lens dcsip is CJlrtcntly Uildenv")'. 

The images me ~. The 1im operatkm, is to diff'eren­
tialc ai=is of interest (bouoded by thc matgiils of 11m prepared 
looth) from ueas of no ~. This ·is accomplished· lhrough 
CUSIOJDizc;d edge-liadmg algorithmi. Using -difl'erellt threshold 
values, these same edgii-'fini:ling algorillims can locate bull' 
SCJatehes on lhc smface of llie tooth, addin& apparent fea1u:1cs 
to an otherwise oplicaDy ftat surface (Fig, 3 ). 

FrolD the stem, pain, each point ill thtdilll: half of Ibo i~ge 
pair is maldied with its equmienl lil lhe second half of the 
iinage pair. This creak$ a tripld of x, y, disparily vahieA where 
z, :, IIRl lhc pfauu coordinates for a point or fealuni m the fiist 
half of the stcn:o pair and· lhe dispari~ value is the shift of that 
poir11-or fcacure IO ils- ~ition in the secoad half of the~ 
pai[. . 

froin the geometry of the camera used to caplufc the images 
and this triplex of z, y, disparity, a three--dimen:siolllll recoD­
struction _ of the swface of Ilic prepatCQ tooth is _cn,at~ (Fig. 
4---thedata'displayed hi this image bidenticd Coral! four views; 
Dilly the v_i~,lng liilgle h;is ~ed:}: Identical ~.ons are 
used for e.slablishing the 3~D suiracc map of the proximal edges 
of adjacent teeth a!it;l t.ht:·~i>Qljjng leeib. 

Ii:! l)ie S;e<:.OJl:(l~it-~,gl!l'll(W•i.':{<1:r~ a'?(llllsilion,. 1.1ptical trian~ 
gulacion ·1s· used (Fig. 5j.- Wiih this alternative. a die must be 
prepared. Positioning accuracy of the system is ± IO JLlll inx, 

Fig. 3. Edge &111lliiii~~:~ to the iert i.ait of Ibo meo pair 
llhl>w III Fig. 2. 

y, ~., (F.ig. ~-l\.-~-po~,i:cd h!ser ~-is d~ at the 
die. Thi: rdlettlon of the bciiili ls sensed by a' CCb dup. The 
·deflectiwl lif thF ii,/1.iletc,f·~. fri>!Il a tMwn poJi~® gives 
the ;.i®idiWUe~ 1bi! i ilndy (:OOJUi~s -;,_~ obtairu:d by re-

• co't'dilig lffu 'fucatfu-n of ihe moving plate onto which the die Has 
been placed. A poinl by poinr scan of the s111face creates the 
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Fig. S. Principle <1f gptical biangulali<Jn. 

Fig. 6. Triaagalaliu ~-

digital x, y, z suJface map (Fig. 7 shows the graphk:al display 
of a digitized mandibulai- fim molar). 

CAD/CAM 

The CAD/CAM operatloIIS replace the waxing processes of 
the traditional teclmiques. CuslOm softwsn: was developed in 
C language with a Unix opernting system 011 an Iris 4D/50 

Graphics WOikstatioo (Sil~ Graphics, MOU!ltain View, CA). 
The 3-D data {iPlln eitlicr data acquisition ~iqne) is. used 1o 

calculaoo lhe space into wbkih lhe ~ i'imst lit. This space 
Is defined by lhe ~ available wiib ilii:: iteth together as wdl 
(Ill their n:lalive positions as Ibey IIKl'le lhmogh. lhe enlire range 
of motion of lhe jaw. -• • 

The design of the ~ crcafp;. ~ surfaces: rhe in­
ternal ~ dicextemd~ 10.iiie:- ,- - • i'co ~i.lf (this 

:!-5.::.!!"'~T~: 
temal sllfface must minm:· .die C(jofig~ ~ piepaed 
tooth. Near lhe margini11 it must iepli(;l!te the mpe of lhe pre­
pm,d tooth r;lMCtly. Away-JRJm lhe maqjiiis it neetb1o be olf'sel 
by a sidlicient amount l<J pemiit a gluing qent to be added {lo 
keep lhe n:storatioJI in place on !he tooth). • 

Por the external wrface above lhe crest of co11vexity. lhe 
CAD snftwan: automatieally accesses 11. database of ideal loolh 
mwphologies. Prom die calculated available space, a scale fae­
lOI is ,generated fur lhe general dimensions of lbe ciowa. How-, 
ever, !he location of cusp tips and fossae in the occlusal surface 
must be modified to fit rhe mdque requm:ments of eada patient. 
The software autowtically esrablishes these telaliooships, 
moving refen:ace poill!S to the ~bed positions and blending 
adjoining sunaces smoothly so that lhe typical moiphology is 
maintained but lhe uniqueness ror each patient is obll!ioal. The 
remaining mcmal surface blends the 11111lgUIS (defined by the 
internal configuration) and lhe Cfffl of convexity (tlefilled by 
the other extemal portion), creating a smooth sorfaee. 

The CAM software automatically traillllate• d11~ design cre­
ated by lhe CAD portion of lhe sy5tlmi to tool paths fol" a mi­
emmlffing machine (Pig. 8). Olf'set5 are automatkally added to 
the sulface to compMSate for cutter tool diaineters. Aotigoug­
ing algorithms pnivent lhe cutter from ~g material duriPg 
one cutting path that ii. part of the required sudacc in an adja­
CCJ1t area. 

Machining 

The tool paths arc automatically sent to a micromi_Uiog ma­
chine with positioning m:curacy of ± 5 l'Dl (Se IYO Produtts, 
Pasadel!a, CA). The resum.tloli. is fabrlcated from a single block 
of malerial. The i~ and ~rmil surfaces below the crest 
of"<:onveii:ity are machined. The restoration is flipped 180~ and 
rhe external ponion above the crest of con vcii:ity is fabricated. 



Pig. 8. Machine 1001 pillhs Cot CAD/CAM duigncd n:swra1WD. 

:m 

from old rcstoraiivc mab:rials or cllrie$, lt may conlain ftlliPg 
uuiu:riab wjlh ·tol'oiJdon ~fiiiilji. ~i irofti• ihiii· of a 
IIOffllD.1-toolb. By usi_n; ¢Sf!_ finding i!ISRrhhms tliese ,diil!!J.lor­
ations and othe,r Qiaterlals :act ~- pseudi:ifeatuits, ciihaficliig the 

"°::!IJ'I'e~~;~~Jil: iii -~~#ieai. 
prepared teeth, the side& of the remaining tooih stmcture are 
quite long. To be clmieally ~eessftrl !hey lllliSt e1so.·have • 
nearly parallel lln4 vertieal wall~. Many of the conmicmally 
available iraaging sysiems trade depth of field lbr resolntion 
[41-to achieve very high ruohition (tp !lie micron leirel.) die . 
depth of field is i:nuch less lhaQ the beigld. of a typical -~~ 
ration. For the optic.al impressions, problems ·are managed by 
111erging multiple views of~ the~ prepmedtlllilh·rrur­
racc. 

For the triangulation digitizer, special modifieations of the 
machine were RqUm:d. To compcmaic for the depth of ~ 
problem, a riumhlll" of ranse11 of depth of field are scmmed. A 
point is recorded only wbeo. the reflected ligb1 bitting the CCD 
seuswexcu.ds a spmflcd light-threshold. Jf mufiicicnt light is 
sell51:d, the i-uis drive shifts the lascl---scnsor and another mea­
sumneut Is attempted. This process is repeated•funil. mfli~ 
light levels are obtained. To compensate for the near-parallel 
walls, the die is ~ l'rolii. au angle, providing the Jaserwilh 
an appareat viewing angle ofle5:1 than 85°. 

Clinkal and Materials (!Mulwn, 

While the ~ of CAD/CAM bas produced some iD­
tel'CSling engineerlng questions anil dlalieDges that have already 
been solved, uuquesti01111bly Interesting ones remain • for lhe 
deotist, engineer, and IJl8tcrials investigaton;.- • 

One of lhesc is the quality of margins lhat are needed. ShQllld 
the CAD/CAM technology. provide only what Is cunently av­
emgc maiginal. quality or mlilgrity QI' should the technolggy be 

Fig. 9. Maclilncd. mitonllicnis. pushed to its litnils, providing improved fit as a slalldanl? 

Each of the steps of the tradftiwµiI" impression-lost wu-cast- • 

{F'ig. 9 shows restorations machined fwm metal and machinable ing p,occss has ~pllcit !IOIUCfl of enw. ThcsG include distor­
tions In the imp,esslon roalerial, plaster, wu: pattem, or ill-

CC11llllic .) ".estmcul IDlllerial; cbaoges in watcr-jlOwder ratiO.!I or techniqncs 
of tbc mixing; casting rau-; and others. Automalion clnni-

OudlMges During _Syst~m lkvelopme,u D&tes thei;e but replaces them wilh diff'mDt COlllributions of er-

A number of hiterm!ng-and llOmetimcs frustrating..-chal- ror. Table D suomwfzes lbcse CODtributions for olf-lbe-sbclf 
!cages arose as-pan of lbc dcvclopmcnt pJOCCSS, One of the first high reoolutio.n component parts [6}. TJte lmllgiug and dig~ 
was translatlDg clinlcal criteria into cngiaccring toler.m.ccs to ing emirs arc dcpendClll upon lbc quality of thc lcllSCS cm-­

produce decision-based design rules for tho CAD algorithms. . ployed (or tbc dcg"8 to v,hlch d.istortiona can be llllllhemati­
Jdeally a restoration should exactly lit lhc loOCh at the margins. eally 1C1D.ovcd), the ~n of~ digitizer, and die density 
Clinical justification for Ibis is twofold. Phil, wilh any gap in of fcal\ll'eS on die tcdh which can be detected. Surface model­
the fit, an area is created that colleclli debris 1111d ca,n lC$lllt in ing enon arc contribWd by cnrve fitting algorittuns and lluee­
dccay and/or inffommamn to the gum dssncs. The ~ is dlmcasional ieconstruction leChniqucs, The contrihnoon of er­

lhal many of lhe glning agents used either abrade away or arc . ron from CAM COQICS from two diffe?Cnt sources: I) the posi­
watcr sol_ublc and simply wash away over time if there is a mis- doning accwacy in lhe milling ~c, wear of the cuttcc, and 
fit betwccJ, the teAtOratioD and the KIOlb. relative movement. if any, bclwccn tbc cutter and the part being 

Clinically, tbc test for aazptable Ill is !hat adiniciau moving fabricated and 2) scalkiping error iesultiDg from ~ palhil 
a dental e~r across the tooth-restoration intcrfilcc cannot plus the errors resulting from the c:uttcr being able to move only 
feel that interfllcc. There is lialc agreement in lhc dental liter- in straight-line m.ovcmcnll from one specified point to the nm.. 
ll1liie abmlt what 11w to~ is. Indeed, them is little agm:- Ia the wimt case, all of these conlributionJ to error· can be 
m~nl about eoctly whal and how mcasun:meuts should be 111ade assumed to be independent so they arc additive, yjclding a total 
to qualitatively dclcrininc what lhc diniclan can sense [IJ. By. cnor CODlribution from lhe JlCW technplogy of 17.8 ,.m._ Bvcn 
ttanslating all of the measurements reponed into a ijingle set of in this worsl case, !here is the potential for aa:11flC)' greater 
geometric relationships, it appears ihat acceptable cast resto- lhan !hat cunendy available with the lost-wax ft:Chniquc. Res­
ralions generally achieve a fit of 40--60 p.m al the maigins (I}- ll>fations produced with thelost-wn teclmi_que an:, usually con­

[SJ. sidcted to be acceptable wilh marginal fit or abmn 40-(I() µm; 

Another interesting challenge is how to optjca!ly acquire ac- Based Oil a small sample 5jzc, IC5lorations produced with the 
curate data from real teeth. A prepared oooth lll,Bf be stained Minnesota CADfCAM syi;tcm call produce margins Qf0-49 }lm 
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TABLE II 
ila.ROR CoNntlBUTlONS FRO"' CAD/ 

CAM 

Imaging and Digitizing 
Sulflllll: Modeling 
CAO 
CAM: 

MiUing 
N/CPB!h 

:i.Sf'III 
IO.O,.m 
o.b,.m 

4.8f'III 
0.j,.m 

17.811m 

(average = 23 ,im. SD ... 23 ,.m) measun:d from the margin to 
300 jllJl from the margins in 20 11-!ll Increments [7]. Machining 
opeglions aJC more 1:ritlcaJly oontroUed vety close to the mar­
gins. For the first JOO pm, the fit rang«! Crom O to 37 11-m (av· 
era_ge = 12 p.m, SD = IS ,un). Should elfon be. expended to 
furthei- iedtll:e tbe enon; 10 reach the theoretical limil? What 
should be 1he standanl? Slated dilferently, is there any clinkal 
dilfcrenc:e between margim lhat fit to wilhi11. 40-60 p.m and those 
th.al fit to within 20 ,.m? 

Another surprising area of opportunity that has uise!l is spec­
ifi<:atioa of processing JllllilfflC'fCf. For any milling opeJal:ion, 
it is possible to vary spilldle speed, materfal feed rate, and depth 
of cut simuklneously. Di1ferent maleriills demaud di.lfen:nt val­
ues for lliese parametels, yel linli:1 has been published concem­
ing trus problem. Cutting panuueterS forde.otal ma1eqals do DOI 
appear in the Blandirrd machinists' llalldbook. The site of the 
cuttms llliCd for the geumetrles produced. by deuta! CAD/CAM 
,ysrems is much smaller than those used for typical industrial 
applications. LiltJe wort tdating materials propertielil to culling 
parameten at the scale reqllired for dentisll)' has been done. 
11te phy&ics of material iemoval wilh s01all cutten; awaits sci-
en1ifie inquiry. • 

Another qirestion which has •Jisen relate& to surface 6nish. 
The American Dental Association spe,ci6C11tion for !he finish of 
a metal crown requires an 8 p.m nns smoodmess criterion bul 
says IIIJtliiqg about reflectance or spectral fealwe. With cur­
rmd,y ptaeticed polishing opernlions, a surface lhat meets this 
slllOOtluJCSs crileri!ln is also shiny. With the mai:hiaing opera­
tion, ii is possible to oblilin this smoothness yet stiU be_ able to 
see the tracks of the tool p,th. Should a metal crown be smooth, 
or diiny, or both? 

The oppoltllDities and challenges to ~ dental materials in­
VQibgaton are tremendous. II is ROW possible to COD.rider an 
entirely new array of ma1erials-castabili1y or manipulation 
within lbc: on! cavity hi no longer a criterion for selection. The 
parameteB that make a maleriaI ideal for a denial restoration 
are not well qwuitified. When~ maierials are possible, ques­
tions we· llbou1 how lhe IOOlh should be piepared ro optimize 
lhe penomiance of the IOOlh-rcstoratilln system. 

SUMMARY 

The DentiCAD syslero can pwduce 1.fental restorations that 
fit at least 11!1 weD as tllo,e that are cast. The system speeds 
prodllClion, elhnillate8 the labor inlensive step& currendy re­
quired, ~ PJUVideii consistent quality. This CAD/CAM rech­
nology applied to the dental problem of designing ant:! fabrlcat• 
ing res1oratioas, has ereared some intefBSting engineering 
cballenges for acquiring dalll, eslabli:lhing tolerances for clini­
cal criterion, and managing e:,;isting dental materials. The 

future, however, will be more aod more ioteresting as we learn 
to iuk new 11nd dilfereot questions about what new possibilities 
the automation creates. 
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AIIS'l'RAC'l' 

Three techniques to obtain a high 
resolution (under 20 micron), complete, 3D 
surface map of an entire tooth surface are 
compared. Stereopbotogrammetric techniques 
can provide the required resolution bUt lens 
configurations that provide adequate spot 
size and MTF performance have depth of field 
substantially less than the length of the 
tooth. Triangulation digitizing can provide 
adequate resolution but time for data 
acquisition is excessive. Miniature 
iaecbanical linkages can provide a complete 
surface map in under 1 minute to a 
resolution of under 20 microns. 

DITRODUC'HOII 

High resolution mapping of an entire 
tooth surface in three-diJlensions is 
required for the solutions to an array of 
dental questions. These include deter­
:aination of complete deformation .aps of a 
tooth under load for finite element 
modeling, establishing geometries and space 
available for automated restoration design 
using expert systems and CAD/CAM, complete 
.characterization of c:hangea resulting fro■ 
wear, and others. 

The objective is to establish a three­
dillensional map of the entire surface of any 
single tooth to a resolution of under 20 
microns. This includes complete mapping of 
the mesial, distal, lingual, and buccal 
surfaces as well as the occlusal surface. 
Ideally .the data should·be acquired quickly 
with a device that could be used intra­
orally. Three data acquisition techniques 
have been investigated: stereo­
photogramaetry, triangulation optics, and 
mechanical digitizer. 

STBRBOPBOTOGRaMHB'nlY 

Investigations into stereophotogram­
metric techniques had two phases: (a) lens 

design for an intraoral lens and (b) · • 3D 
reconstruction from 2D !■ages with dispari-
ty. • 

The objective of the lens d~ign was to 
create a lens system that provided a lateral 
separation of. 10 microns over an object 
length, width, and depth of 10 -• This is 
approximately equivalent to 100 line 
pairs/- for points 7 11111 away from the axis. 
To maintain a 35 - format at the ca■era, 
magnification must be less than 2.sx. 

Lenses investigated included microscope 
objectives, ceaented triplets, ceaented 
doublet pairs, and a pair of double heliar 
l.enses placed back to back [1]. Lens _quali­
ty was assessed by both minimum :RMS value 
for the spot diagram and Modulation Transfer 
Function (IITF). Using either criterion, 
the beliar system performed best. J:t bad a 
111in:laum spot diameter of 26.6 :microns (aver­
age deviation of 5.9 11111). Tbe JITF stayed 
above a 1,51 response until approxilllately 60 

. line pairs/JIii and performs well past 200 
line pairs/Jllll, Off-axis performance was 
equally good for o~jects located 3-mm off­
axis. Only slight degradation was seen at 
7-- off-axis. Unfortunately, the depth of 
field was only 200 microns. 

Thr--dbaensional reconstruction fro■ 
2D images of tooth models was also investi­
gated. In order to obtain COJIIPlete dispari­
ty :mapping, edge t'inding algorithllls were 
first applied. This permitted first approx­
i:mation surface reconstructions . .Additional 
resolution was obtained by point :matching on 
illlages with a ~andoa pattern projected onto 
the surface during illlage acquisition. For 
images acquired at a 4000 x 4000 pixel 
resolution, the theoretical limit in the 
accuracy of z is 6.2 microns (2). Work with 
this technique bas been reported previously 
in greater detail [3] and is continuing. 

ftDUIGULA'l!J:OK OPTICS 

A system using triangulation optics was 
also investigated. An object is positioned 
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on a movable table l:!e~1;h a laser beaa. The 
laser light is ref].~(:ted from the B'Q;'f,ce 

lfw!:~e bleli~~.ill· inc,r•n\1sn;i: 
beams is used to calculate the distance 
between the laser and the object surface, 
giving the z coordinate of the surface. 

The position of the incident laser beam 
cannot be perpendicular to the lomJ axis of 
the tooth. In tba:t orientation, • iilich of the 
axial surfaces would be 11,i,dden ~y the crest 
of convexity of normal tQbtb •~~ol.ogy. By 
orienting the long axis of the tooth approx­
b1ately 60 degrees fr!)III the incident laser 
beam the bidden surfaces gingival to the 
convexity can be seen over the entire 
occlusal-gingival height of the tooth. 

The surface aap is generated point by 
point in cylindrical coordinates (b,y,z). 
Tbe values of bandy are obtained froa the 
position of stepper ■otors driving the 
movable stage upon which the tooth is mount­
ed. 

Resolution of the system is± 10 lli­
croris ln b, y, and z. Rectangular coordi­
nates are obtained frOJI the cylindrical 
coordinates through normal transformations. 

The major lblitation of this technique 
is the time required for data acquisition. 
Typical. scans with 20 •icron intervals be­
tween points in y and 1 degree increments of 
rotation require approxillately 1.s hours to 
obtain a complete surface map. 

• DCDJaCU. D:t8ffIIID 

A miniature -chanical digitizer bas 
been designed ( 4 J. This digitizer la saall 
enough to be used intraorall.y. A mounting 
fixture is attached to a tooth away fro■ the 
tooth to be digitized. 'l"he linkage snaps 
onto the ■ounting fixture. The oppoaite end 
of the linkage includes a small handle and 
a probe tip. Tbe· operator holds the handle 
and manually passes the probe tip over the 
surface of interest. sensors within the 
-links record relative link positions. These 
positions are used to calculate the location 
of the probe tip. 

Before the coaplete surface map is 
obtained, data points at the extremes of. the 
surface are obtained .. These define a space 
of interest, speeding data acquisition. 

. Approxi11.ately 10,0.00 points/second can b,:3 
digitized; per111itting . complete surface 
mapping of the tooth in under 1 minute. 
There are no constraints in the order that 
data must be acquired. Preoision of the 
digitizer is under 20 microns. 

· COifCLUBZOX 

for !f:in~~!-~ve0fl~tlma1:::f 
:maps of a tooth s11rface. Tli,eor-etiezt.l calcu­
lation of·t;he lhlita of rBSl)lution in z for 
JD reconstruc;tton frc:>a ~--eo pairs of, 
images with 4000 x 4000 pixel resolution 
using point by P!)int disparity aapping meets 
the design requireaent of resolution of • 
under 2l> microns. mifortliilately~ lens 
design ap~ to be a luii~tion. Lens 
confiF,aUons were .. fo.und tl;iat :ptovide both 
acceptable BJIS values in their spot diagrams 
and MTP :but have a depth of field limited to 
200 aicrons (vs. typical tooth length of 6-
10 111111). 

Triangulation digitizing provides 
sufficient reaoliftion but times for data 
acquisition are ex<:essiva. 

Miniature mechanical digitizing is 
feasible, provides the required resolution 
and access to the entire tooth surface, and 
can be accomplished quickly. 
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A ·review of the developments 
in dental _CAD/CAM systems 

E. Dianne Rekow; MSME, DDS, PhD 

Baltimore College of Dental Surgery, University of Maryland, Baltimore, Maryland, USA 

At least 1000 CAD/CAM (computer-aided design and computer-aided 
manufacturing) systems for producing restorations are in dental offices . 

. At least nine different systems have been described; the Cerec system 
(Siemens, Bensheim, FRG) is the best known and most widely used. 
Clinical results to date suggest that the automated CAD/CAM systems 
can provide restorations which perform at least as well as c~st 
restorations. There are some technique sensitivities that must be 
managed with the new technology. The importance of fit at the 
margins is a controversial issue that remains to be settled. Bond 
strength of composite-luted restorations is dependent on margin 
location and luting material properties, and on the combination of 
silanating, etching, and curing mechanism of the luting composite. 
Surface finishes equivalent to cast gold and ·glazed porcelain can be 
achieved for machinable CAD/CAM materials. • 

Prosthodontics and Endodontics 1992, 25-33 

Dental • CAD/CAM (computer-aided design and com~ 
puter-aided manufacturing) systems have become a 
reality. At lc:tst 1000 systems are alrc:tdy ln dental 
. practices. The most widely used is the Cerec sys­
tem (Siemens, Bensheim, FRG). Others include the 
Duret (Sopha Bioconcept; Inc., Los Angeles, CA), Den­
tiCAD (BEGO, Bremen, FRG) (Fig. 1), Procera (No­
belpharma, Goteborg, Sweden), Dl.DC (GIM-ALLDENT. 
Vorel, FRG), and Celay • (Mikrona Technologie, Spri­
etenbach, Switzerland) systems [l •-;•,6--8). At least 
three others are being developed in Japan [9•-11•]. Still 
another system is evolving that will apply CAD/CAM to 
removable dentures, automatically arranging the teeth 
and fabricating the occlusal surfaces [12). Clinical data 
at 5-year recall exist on some restorations. New. excit­
ing developments are unfolding rapidly. 

Some of the systems capitalize on the automation that 
is available from CAD/CAM techniques <Figs. 2 and 
3). Others include copying machines. and reproducing 
shapes from stone models or wax or acrylic patterns 
(Fig. 4). The types of restorations produced and mate­
rials used for fabrication vary widely. Table 1 provides 
a brief summary of the component pans of the systems 
and their capabilities. 

Rather than give descriptions of the systems, the objec­
tive of this review is to discuss developments reported 
in the literature during the past year. Specific focus will 
be placed on clinic-JI results, margin fit, other fa<.1ors 

affecting clinical performance, technique sensitivities, 
and a very brief comparison of new materials created 
specifically for CAD/CAM systems. The majority of the 
literJture published during this review period (Novem­
ber 1990-November 1991) focuses on the Cerec sys-

. tern. probably related to the International Symposium 
on Computer Restoration. State of the Art of the Cerec 
Method. which took place _in May of 1991 [13). 

Clinical results 

Among the first CAD/CA.i'vl restorations placed clini­
cally were eight Ceiec inlays which were placed in 
early 1986 (14••). After ; yea.rs. they were rated using 
the United States Public Health Service (USPHS) cri­
teria for contour. marginal integrity, marginal discol­
omtion. color match, and recurrent caries. All eight re­
ceived Alfa ratings for contour, color match. and recur­
rent caries .. Marginal integrity and discolorJtion were 
r,mked as Alfa for five of the restorations and Bravo 
for the remaining three. 

There a.re now clinical data on literally thousands 
of Cerec restorations that have been followed for at 
lea.st 2 years. Over.ill, their performance is excellent 
115-lll. There appears to be no difference between 
clinical acceptance or performance for restorations fab­
ricated from either Vita. porcelain (Vita Zahnfabrik, 

Abbreviations 
CAD/CAM-Computer-aided design. and computer-aided manufacturing; USPHS-United States Public Health Service. 
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Fig. 1._Left, The DentiCAD (BEGO, Bremen, FRG) digitizer and computer (the laboratory version). Right, The DentiCAD milling 

machine (also the laboratory version of the hardware). • 

Bad Saeckingen. FRG) or Dicor-MGC (Dentsply, York, PA) [15,22,23). Teeth restored with Cerec-produced mesioocclusodistal rest0rations were shown 10 be as strong as sound, unrestored teeth (24••) .. 
Problems reported with the Cerec restorations are hy­persensitivity (16-18.25••,26-:-ol}, fracture at the mar-

Fig. 2. A wireframe representation of a computer-designed full-coverage crown. • 

gins 118,25•• . .27.30.32}. hulk fracture (H .. ~16.18.27.30. 33•1. and recurrent caries (30). Hypersensich·ity usually occurs immeuiately upon placement and may or may not disappear over time. Incidence of the problem is reported in between 1% 125 .. I and 23% of restorations (261. although mosc often the rate appears to be ap­proximately 10%. A number of clinical and research re­sults show that gingiYal margins placed in at least 50% • enamel are far superior to those placed in dentin or cementum. with or without the use of dentin bond­ing agents 134 ... 35-38.39 .. ). It is hypothesized that. if postresror-.itive sensitivity is to be eliminated. the mar­gins must be in a minimum of 5~-& enamel :1round the entire periphery of the restor-.ition. 
Margin fracture was evident in 0. 5% of the restora­tions 118.25••,.27.30.321. Bulk fractures ocrnrred in :1p­proximately 1 % to 2.5% of the restorations.· generally due to insufficient reduction of the tooth. resulting in a material thickness less than 2 mm :1t the isthmus (14••.16,18.27,30.33•). Recurrent caries is r-.ire: in one clinical study it occurred in only two of 831 restora­tions (301. 

For the Procera system. one report of clinical results has been published. At 2 years, margin form r-.inked ex­cell~nt or acceptable (using USPHS r-.itings> in all cases, surface color ranked excellent or acceptable in 90.3% of the cases, and anatomic form was judged excellent or acceptable in 93.4% of the. cases HOI. Clinical results for other systems have not been reponed. 
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Fig. 3. A computer-generated crown_. 

Margin fit 

Fit at the margins has been reported for Cerec, Den­
tiCAD, and Procera restorations. Cerec restoration fit. 
without any luting material. averages approximately 
10_0 µm to 150 µm [19,41:42••,43-45). Comparative 
studies report marginal gaps averaging 5 µm for direct 
composites [35), 82 µm [351 to 97 µm (41) for laboratory­
produced inlays. 93 µm for indirectly fabricated com­
posite inlays, 139 µm for Cerec Dicor-MGC inlays, and 
209 µm for laboracory-produced ceramic inlays (35). 
The quality of the fit. however, may or may not be 
critical since the luting agent offers sealing advantages 

-which may compensate for any inadequacy in fit (45). 

The marginal gap is identified as a weakness of the 
Cerec system, because clinically the resins may result 
in wJsh-outs·and material collapses over the· long nin 
[39••). Wear at the margins in the composite luting ma­
terial is reported as r-Jnging from 10 µm at 16 months 
[45) to 88 µm at the end of the 1st year [33•1. An inter­
esting characteristic of the wear was reported by Isen­
berg et al. [33•]. In their study of 118 restorations, 39 
µm of vertical loss of luting material occurred in the 
first 6 months. By the end of the 1st year, a total of 88 
µm had been losr. This value, however, remained con­
stant over the next 12 months: no additional vertical 
loss ·was apparent. The authors theorize that the hori­
zontal and vertical wear values reach a maximum and 
then· become constant and that vertical loss of the ma­
terial in the interfacial region is linear throughout the 
1st year. then remains constant. 

For Cerec restorations, it is not clear what effect margin 
space has on the marginal integrity of the inlay rescora­
tions. Some investigators [46,47,48••] report that by re­
ducing the amount of composite which is needed for 
luting, a better marginal quality is obtained because 
polymerization contraction will play a less-important 
role in small amounts of composite material than in 
large bulk [48 .. J. However, Fett et al. [31) and Schmalz 
et al [48••) found no correlation between margin width 
of composite and micromorphologic margin quality. In 
fact, Schmalz et al. rep9rted that ceramic inlays with 
wide luting space showed less disintegration and loss 
of adhesion at the ceramic or luting composite inter­
face after thermal cycling and mechanical loading than 
did those with smaller luting spaces. What is impor-. 
tant, however, is that the luting cement have the same 
wear rate as posterior composites [31). Magne et al. [38) 
suggested that the thicker cerpent space is better if the 
restoration fits without friction, permitting deformation 
of the restorative material or dental_ tissues during poly­
meriz:uion shrinkage of the luting composite. Schmalz 
et al (48 .. J found dye penetration at inierproximal mar­
gins following thermal cycling combined with mechan­
ical loading to be less for ceramic inlays with wide lut­
ing spaces. 

Fit at the margins for DL"X-produced titanium crowns 
was reported to average 71 µm. with a range from 20 
µm to 150 µm (49••). For the DemiCAD system. margins 
of 23 µm ± 23 µm (range from ,1 µm to 49 µm) were re­
ported (50). Demands for fit on margins luted with non­
composite materials may be much higher than for fit for 
those where a chemical bond can form between the 
luting and restorative materials. Leakage. as measured 
by dye penetration following thermal and mechanical 
loading, is much greater for zinc phosphate cements 
than for composite materials 135). Clinical implications 
of fit for metal CAD/CAM restorations and copings. es­
pecially when used with noncomposite luting materi­
als; will probably be nearly equivalent to those for cast 
restorations. 

Perhaps the major implication in poor-fitting margins. 
with any system, is the potential for overhangs at the 

Fig. 4. Machining of a gold crown by a CAD/CAM system. 
(From Uchiyama et al. (851; with permission.) 



t· 

-..,. 

28 Prosthodontics 

/ •• - • ._ • .,_ -· • • ),,.·;...:. ........ ;- ~ I •••• :::~.--- :.=- ~ .r,_-il-. ·•. ·.- • • :·. : .. ;,}t:~~.- :·:·•,; . ., ... : .... t..;..~:.;_;~,.,ft':\'~.;,.;:.~j_,.-~~--: : Table 1 •. Companson of.featµres orvanous CAD/CMi sysJems.fr,-;,,•,,~_:;,f!t,;;;;::;~~r,:;-t_.-,~t~;.:-',i~:'.::1:-
• • 1· .,'.,. ••. •• ':"': •• • .;,i;. •• • -·,, .,: ._',,'•t _ ..... _'=!"''~- • ··.:;-:!

00

""•.;!'•·' .: _. ..... : .... '_·: -~ ~ .: , .••. .::.""'-:.~«:~.:.i• .• :, .. • • . .- _ -. _· • r:--=:~ ... ·-----: • -;r?.:,•~.1):':":::~ ... • 
CAD/CAM Data ac~ lntraoral .. ··--··----- ____ .·Fabri- .. ·- Restoration - .. • Material System capability quisition data "Design cation type choices 

Cerec Full Optical Yes Interactive Grinding Inlay, onlay, Vita porcelain, 
veneer Dicor-MCC Duret Full Optical Yes Interactive Milling Inlay, onlay, Vita porcelain, or automated crowns Dicor-MGC, Ariste, 

alloys, titanium DentiCAD Full Mechanical Yes Automated Milling Inlay, onlay, Vita porcelain, 
crowns, Dicor-MGC, titanium, 
copings alloys, composites Procera Copying Mechanical No Wax pattern Milling Copings, crowns. Titanium and stone die and EDM DUX Copying Mechanical No Automated Milling Copings Titanium Celay Copying Mechanical No Acrylic Milling Inlay, onlay Vita porcelain, pattern· 

Dicor-MGC Osaka Full Mechanical No Interactive Milling Crowns Unknown Hyogo Full Mechanical No Interactive Milling Crowns Unknown Kyoto Full Optical No Interactive Milling Crowns Porcelain, ceramics, 
titanium 

"Products and manufacturers are as foll9ws: Cerec, Siemens, Bensheim, FRG; Duret, Sopha Bioconcept Inc., Los Angeles, CA: DentiCAD, BEGO, Bremen, FRG; Procera, Nobelpharma, Goteborg, Sweden; DUX, GIM-ALLDENT, Vorel, FRG; Celay, Mikrona Technologie, Spreitenbach, Switzerland; Osaka, Osaka, Japan; Hyogo, Hyogo, Japan; Kyoto, Kyoto, Japan; Vita porcelain, Vita Zahnfabrik, Bad Saeckingen, FRG; Dicor-MCC, Dentsply, York, PA; Arisle, Spad. Dijon, France . . CAD-computer-aided design; CAM-computer-aided manufacturing; EDM-electric discharge machining (also known as spark erosion machining). 

cervic:il margin. These of course act as plaque retention sites. If the luting material is composite, it may fracture or chip, funher exacerbating the problem. Losche and Roulet (51) found that adding a colored varnish around the margins greatly reduces the danger of inadvenently reducing the enamel during contouring and finishing of the restoration. 11 also simplifies the finishing operation and reduces the probability of overhangs. Ano1her rec­ommenda1ion for minimizing overhangs is to use den­ial floss conditioned with glycerin gel to remove excess material before hardening the composite resin 1521. 

Other factors affecting clinical success 
In addi1ion to 1he fit at the margins, an array of other factors can influence the success of bonded ceramic restoration. These include cementing and bond-en­hancement 1echniques. material-propenies, surface fin­ish, cement r:ype, and etching lime. 

For Cerec Dicor-MGC restora1ions, bond slrengrh is improved by a combination of etching the ceramic. silanating 1he ceramic;. and using a low-viscosity, dual cure resin lu1ing agent [531. Unquestionably, silaniza­tion was seen us the process that uniformly improves the composite-res1oration bond 131.53.54). At least I minute's etching time is recommended but longer etch­ing has no effect (enhancing or deteriorating) on bond s1rength 153.551. For Vita porcelain, 5% hydrofluoric gel 

is recommended. For Dicor-MGC, either 5% hvdrotluo­ric gel or 10% ammonium hydrofluoric acid a;e recom­mended. The luting composite-dentin interface is best when dentin adhesive svstems are used without either base·s or liners (19). Dentin bonding generally enhances the bond but does nor preserve the restor-Jtion from ex-1ernal or internal leakage. especially when margins are not in enamel 1381. 

The type of luting material selected can also signif­icantly influence the success of restorations. For the Cerec system. submicron hybrid composi1es are most desirable 156••). Dual curing systems are bener than light-only or chemical-only curing since resin 1hick­nesses may be fairly large and ligh1 may not be able to pene1rate the resin 1hickness or the bulk of lhe ~estora­tion [;6••1. Luling-agent viscosity should provide maxi­mum compressive suppon. marginal integrity.-and easy margin molding. Heavy-10-medium viscosity is recom­mended for restor:11ions under heavy use (56••1. Fine hybrid composites are superior 119). Submicron com­posi1e resins are signific:intly more wear-resistant 1han any of their counterparts [44,57.581. An ul1r:isonic sys­tem. employed as pan of the insenion technique, al­lows the use of highly filled and wear-resistant com­posite resins as the luting material 1591. 

Surface finish of Cerec restoration_s is dependent upon ·finishing technique. Surfaces at least as· smooth as enamel can be obtained using any of si.~ different techniques: 1) fine finishing--(25 µm) high-speed di-
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(11, ,m.l bur with water spray, 2) fine finishing-high­
~pct:J c.li:.imond follo,;yed by GD Baker-Curson bur 
1 Dentsply) with water spray, 3) four sequential grades 
of aluminum-oxide-impregnated discs (Soflex discs, 
-\~I Dental Produces, Sr. Paul, MN), 4) fine finishing- • 
j1igh-speed· diamond with water spray followed by di­
_1111onc.l paste Onstaglaze, Taub Co., Jersey City, NJ) 
. • :, •<.I with a rotary bristle brush in an electric mo-
. ;~in<lpiece, ;) four sequential grades of aluminum­

. ;:,;iue-impregnated discs in an electric motor hand­
pic:c:e with water spray followed by diamond paste ap­
plit!tl with a rotary bristle_ b~sh m~unted in th~t same 
h:.inc.lpiece,_ or 6) fine fimshmg-h1gh-speed diamond 
followed by high-speed Baker-Curson bur followed 
bv diamond paste applied with a rotary bristle brush 
,~ounted in an electric µiotor handpiece (60••). Only 
, he: ,;ixth technique produces a finish equivalent to pol-

.d gold or glazed porcelain. In another study, ei­
tht!r diamond polishing pastes or Diafinish disks (Ren­
fortJ produced smoother surfaces _than aluminum-ox­
ic.le discs (61), However, it. was pointed out that the 

• pastes are more-likely to damage the bonding resin and 
are recomrnende~ only for extraoral finishing or shap­
ing operations. 

The fie of Cerec restorations can be influenced by the 
grinding wheel. Precision along the mesial-distal direc­
tion of the restoration is highly dependent on the num­
ber of restorations that have already been cut with that 
grinding wheel ( wear of the diamond or abrading sur­
face of the cutter) as well as on the feed rate of the ma­
terial into the cutter (62) (precision in the buccal-lingual 
and vertical dimensions of the restorations is largely in­
dependent of the cutter properties 1351). Grinding effi­
ciency for cutting Dicor-MGC glass ceramic is irlferior 
to that for Vita feldspathic porcelain (63); only one half 
as many Dicor restorations can be cut before damaging 
effects are seen on the surface or at the margins (64). 
With increasing wear. however, there is less extensive 
damage to the Dicor than there is to the Vita porcelain 
[64). 

• Te.chnique sensitivities 

Enough· Cerec S)-'steins are currently in ··use .that re­
ports of technique sensitivities are beginning to appear. 
These include powder application (required before the 

I 

Table 2. Comparison of various properties of Vita porcelain and Dkor-MGC m~terials• 
·-·-

Property Vita porcelain Dicor-MGC Study 

Biaxial flexure strength, MPa 
Fine grit grind 87±10 216±14 Grossmann 175) Sand blast 74±6 127±19 Grossmann l7S) 

- Flexure strength of machined f!laterial, MPa 
Control 77-7±8.3 184.2±24.3 Liithy et al. (711 Etched 73.5± 10.3 179.5±33.7- Luthy et al. (71 I Etched or silane treated 75.2±8.1 191.5± 18.9 Liithy et al. 171 J Etched or treated with silane or 84.1 ± 11.2 187.9±18.8 Luthy et al. 1711 a bonding agent 

Fracture toughness, MPa•m½ 1.8 1.5 Grossmann 172••1 

Knoop diamond hardness (110-g load) 520±20 330±20 Grossmann 172••1 

Wear 
Volume, mmJ 0.0701 (Mk I) 0.0306 (light> Grossmann 172••1 

0.0869 (Mk Ill 0.0379 (dark) Grossmann 172••) Vertical, µm 40 (Mk I) 27 (ligh0 Grossmann tn••1. Krejci 1761 
44 (Mk II) 24 (dark) Grossmann 172 .. 1, Krejci 176) 
24.3 (Mk Ill 88.0 Grossmann 1751, Krejci 1761 

Subsurface damage from machining 8.2±3.2 (Mk Ill 4.1±1.3 Grossmann 1751 operations, µm 12.4±5.1 (Mk I) 
Groove depth from machining, µm 8.3 ± 1.2 (Mk Ill 12.2±7.4 · Kelly et al. 177 .. ) 

15.5±0.9 (Mk I) 

Shear strength after thermal cycle 
and mechanical load, MPa 43.9-51.1 2.3-31.9 Ueberschar et al. (54] 

0 Vita porcelain is made by Vita Zahnfobrik, Bad Saeckingen, FRG, and Dicor-MGC is made by Dentsply, York, PA, USA. 
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optical "impression" is captured), cavity design, and finishing the ocdusal surface. • 

Probably the· most technique-sensitive process is pow­der application. Before an optical image can be at-• quired and processed, a thin layer of opaque powder must be applied to the entire prepared too~ surface. Meyer et al (651 !nvestigated alternative techniques for • delivering powder and discovered that, unless care was taken, up to_ 600 µm of powder could accumulate in some areas. No matter which powder application tech­nique, the cavity flocir collecrs a thicker layer of pow-· der than either th« proximal lateral wall or the ocdusal margins [651. An air-flow system was found to deliver ·an effective powder layer, without any chemical con­tamination of the room air [661. Even with that system, however, layer thicknesses were on the order of 20 µm to 56 µm (661. This layer was incorporated into the im­age acquired, as if it were the true surfa_ce of the prepa­ration (as if a layer of dye spacer had been added to the preparation, including the margins). At least some portion of any_ misfit . of Cerec restorations is a direct result of this powder layer. 

Precision is demanded when preparing the cavity preparation. Sharp cavity margins and smooth walls are required to capture the most accurate optical impres­sion possible and to permit milling (7,8,32}. 

• When incomplete seating occurs, the primary areas re~ sponsible are usually near the axiopulpal line angle and along the proximal gingival floor [671. Hickel and Kunzelmann [68} found that by rounding the gingival seat of any proximal box, slight improvement in seat­ing could be achieved. • 

Approximately ;0% of the time required to place a . Cerec restoration is involved in adaptation and pol­ishing [4•,26,69}. This is due to the need for the clini­cian to create and polish the occlusal surface. The tech­nique demands a sound understanding of proper oc­clusal morphology as well as proper instrumentation [60--,61, 701. • 

Material properties 

Two new materials were developed to work with machining and grinding operations Qf the Dental CAD/CAM systems. Vita porcelain is a feldspathic porcelain; Dicor-MGC is a glass-ceramic. Properties of the two materials are given in Table 2. Both materials are very brittle but Vita porcelain is more brittle than Dicor-MGC (71). Furthermore, because of its composi­tion, machined Dicor has a lower fracture probability for the same applied force (71,72 .. ). Surface damage for the porcelain is a network of cracks that could poten­tially propagate (731 whereas Dicor-MGC contains an array of mica crystals that form cleavable flakes, limit­ing the propagation of fractures (72 .. ). Material removal 

from the feldspathic porcelain appears to be caused by chipping and, in the Dicor-MGC, by o:ushing (74,77"). 
Under thermal cycling and mechanical loading, shear strength of machined Vita is greater than that of Dicor (551. Failures in shear-strength testS with Vita porcelain had cohesive failure within the composite. For Dicor, failure was at the composite or ceramic interf~ce (55). 

Conclusions 

The year 1991 was exciting for CAD/CAM develop­ments. The Cerec international symposium drew the attention of the dental community. The findings re­ported there were very positive-.:..automation can pro­duce restorations whose performance compares favor­ably with that of traditional cast restorations. The new materials produced for CAD/CAM are performing as expected. In most cases, even though the technol­ogy may be expensive to acquire,- it appears to be cost-effective in practices in a wide array of countries [28-30,78--82). While the capabilities of the Cerec sys­tem may be limited, some of the limitations are over­come ·by ·inventive designs. of restoration [79,83,84). More importantly, an array of other systems with more extensive potential are beginning to appear. Future de­velopments and changes in dentistry and the delivery of dentistry will be very exciting. • 
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cA01cA1\fi.~lP~lltiStty: A Hisilifi~t. 
PerspectiVe)a)ltliYiew ··of: the Flittfre'.:~ 

- > ?.It~~-- · • · ·?iti; 
r~~Im~r-aided d~~ign an~ manu- chairside, in September t'985;i_, \;;..-facturmg (CAD/CAM) evolved from· just seven years la~.· approx:imate 

e engineering demands of the aero- J ,000 clinicians use the CE~C,syste pace and automotive industries. Origi- m their private practices.
16

- /:±,;'. ally; the two functions were kept sepa- Designed as a •. direcdc:hairs i'tl 
ate. CAD was generally used in draft- CAD/CAM restorative method for tooth-:~ g, while CAM made it possible to pro-, , colored materials, the CERECisysteri\'isl? ~ am and drive numerically-controlled,: :< ,.· restricted ,to , inlays;:JonlayS~~i:i;d~e:;;' achine tools; · . ; neers, and relies on a three.:.diffierisU>ffifh!i 
;:; In the early 197Os, as the technol-.. , ·,;_ immediate optical impression method: It~i gy•~ability to increase productivity be-•'.' ;; provides rapid chairside CAD/CAM fab'-'~i came apparent, the two functions were··:, ': rication and uses adhesive ceinentatior& merged and combined CAD/CAM sys-.· ' ; techniques.17 • :. :,a.·_·.;: -.r· ·, terns started to appear commercially.' At The CEREC system 001-i'sisi:slo· about the same time, a number of dental three-dimensional intraoral -camera ~~ups began investigating the possi- , CAD software (now released ln-a,2.og bi11ty of developing a CAD/CAM system· Fig. ·J: The DentiCAD mechanical digitizer version), and a numerically-controlled'~ . for prosthodontic applications. Each and computer SJ1Stem. (Everything we're grinding unit. A new operating system?-: 

b 
doing now is PC based1• • l d • I group egan their investigations inde- ._, w~ re ease m ear y 1991, making the:· pendently, however, and were largely system extremely easy to use, much • .. unaware of their counterparts' activities Other Japanese teams have also more user friendly, and eliminating the • .until the mid 198Os. started to develop CAD/CAM systems. long learning curve that was inherent 

:,:, ·Altschuler et al. focused on develop- At Hyogo and Osaka, Kawanaka and with the original system. - , • , ,: •• 
'.~i~~:~;~q[r~~~~:y!ti:;1~h;~~~~~ r:~~::~ a~~~nv::~t~~~gc~i!~ii.~1~1~ ·,s·~· •t

1

:1:i~f~t} 
reliably, and with high precision.2-s This Hikito and Uchiyama, working at Hok-
group's work· has evolved into a 3-D. 'kaido University, use a coordinate 
_surface imaging system. A prototype of measuring machine to obtain 3-D sur-

: the device is now being used by the u.s. f~ data of a crown form and prepara-
·. Army and the u .S. Air Force. tion. CAD software is then used to de-
'· . In Japan, the earliest CAD/CAM re- sign a restoration, and CAM commands 
searc~ was undertaken by Tsutsumi are generated to fabricate the crown 
• and his team at Kyoto University. They through a combination of spark erosion 
developed an imaging system that pro- (also known as electric discharge ma-
jects multi-stripe coded patterns onto chining) and milling. 

13 
• 

.the surface being examined.9,10 The Other groups, lead by Kawabata at 
changes in the patterns that are re- Kagoshima University,14 Mikazaki at 

· ~ected off this surface (a dental cast, for Showa University, and Fujita at Kana-
. mstance) are then recorded by a video ~wa Dental College, are also develop-

·,, °:1mera, and these data are processed to mg protot;;ype systems. 
15 

,, y1el~ a 3-D surface map of the subject. The investigations· of three other 
_ .· ; · An mt~ractive CAD/CAM system is used teams, each of which began its work in 

to design a restoration, check for inter- the early 197Os, have also evolved into 
. ferences with proximal and occluding • modern dental CAD/CAM systems. 

· • teeth, and generate the machine tool Mormann and Brandestini's work led to 
. paths needed to fabricate the restora- the CEREC System (Siemens); Duret's tion. system is known by his name; and Re-
.. Tsutsumi's group is also investigat- kow's group, working at Minnesota 
1~g an array of new, machinable mate- was instrumental in the development of 
nals that could be used in dental pros- the DentiCAD System. 
~eses, and is attempting to establish an 
mdex of machinability for materials. 
Their system is currently in the proto­
type stage. 
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CEREC Developments 
The first CEREC inlay was computer 

generated from a block of porcelain, at 

T~ll\T 

Fig. 2: A DentiCAD designed crown. 

Clinical results, both in vivo and in 
~tro, were _reported in a CEREC sympo­
smm held m May 1991.16 Unquestion­
ably, the system is capable of producing 
restorations that are clinically accept­
able. However, these restorations 
should be limited to areas of enamel 
only, sii:ice bonds be~een the bonding 
compo~IJ:es and dentin are significantly 
more hkely to leak and fail. 18 The major 
proble~s. r~po~ed to date include hy­
persens1t1v1ty (m approximately 10 per 
cent of the cases), margin fracture over 
time (.05 per cent), bulk fracture, espe-

283 
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~!j~:,~~s).!~'.~:raaons • 1:t~~=!tt;~\~"4 
\-kt Develop~ents _ _ , _ )~CAD/CAMtechnologyhavealsobecome. The first crown produced with the _ available.: These include the Procera, ret system was plaGed during a dem- Dux; Celay,32 and Cicero systems.34 The onstration at the International Congress Procera, Dux,,and Celay ~stems all r~-of;the French Dental Association in quire an expert user (denast or techm-Paris :in November 1985. 27 Between . dan) to prepare a pattern of the shape 3,000 and 4,000 crowns have been pro- to ~~ • fab~cated. That _shape is then duced using this system in France and di~tized with a mechanical probe, ma-the United States.28 It uses an optical . chme to~l p~ths are_ generated, an~ the impression, an interactive CAD design restoration is- fabncated. Essentially, :system, and a micro-milling mai::hine.29 • these are 3-D ver~ions ofthe_copymill-Currently, work is under way to develop ing process used m reproducmg ke:rs .. a jaw motion tracker capable of captur- . ~th the Procera System,35

.36 a die IS • g functional motion i:lata that can be digi!JZed, electr~des are machined;-~d incorporated into the occlusal design of the mternal portion of a cro~n o_r copmg the r~storation.28 While this work ap- is pro_d~ced through electnc dis~ar~e ·pears to be progressing, and informa- machlillilg. Then a crown ~r copmg is ,tion concerning the long-term survival waxed ~d pla~ed on the die. The wax of restorations is possible, very little has pattern is digitized, el~ctro_des ai:e pro-been published on the performance of duced, ~d t!ie _restoration ~ fabn~ted. the Duret system (clinical survival of the '. ~ne ma1or luru~tion of this technique estorations, fit at the margins, etc.). IS that the matenal used for the restora­
tion must be electrically conductive. 
This means that very few dental ceram­
ics and porcelains can be fabricated by 

i entiCAD Developments 
fk The primary design criterion of the 
:pentiCAD system was that the final 

:' margin fit should be at least equivalent 
(to that of cast restorations (40-60 mi­
:. crons) .30.J1 A number of data acquisition 

,. : systems, including optically-based f 'stereophotogratnmetric and triangula­f. tion digitizing were investigated as this 
'; system evolved.32 Unfortunately, these 
' optically-based systems were not satis­
/factory, as it was impossible to obtain 

/ sufficiently high resolution of the data 
. : .: to ensure· margins of 40-60 micr9ns. 
·/ _ Furthermore, all optical systems de­

.,. mand excellent retraction of the tissue 
around the margins. 
· Now, however, the DentiCAD system 
incorporates a miniature mechanical 
probe for data acquisition.33 With this/ 
probe, no retraction is necessary, and 
the technique used for data collection is 
similar to that used during a clinical 

.: exam. 
\.i:. DentiCad is the newest system to 
: become available. The first clinical 
, crowns will be placed this year, with the 
; first public demonstration scheduled for 

April 1992 at the Cologne Dental Exhi­
bition. The DentiCAD system is capable 
of producing crowns and copings from 
titanium, alloys, machinable ceramics 
and porcelains, or composites. Its de­

·_ sign and machining processes are fully 
• automated, providing a crown within 30 

• .-.--. Aprill Avril 1992 Vol. 58 No. 4 

this process. . .. 
With the DUX system,37 a mechanical 

digitizer is used to capture data describ­
ing th~ preparatj,on from stone dies. The 
software designs a constant-thickness 
coping. Currently, copings are being 
produced from titanium, but there ap­
pears to be no limitation to the materials 
that could be used. The greatest limita­
_tion of this system is that it does not 
produce any occlusal surface informa- • 
tion; the copings are constant thickness 
only. 

The CELA Y system38 is used to create 
esthetic inlays and onlays. An acrylic 
pattern of the restoration is created by 
the clinician, working directly In the 
patient's mouth. The acrylic is removed, 
digitized, and reproduced in machinable 
ceramic or porcelain. This system's ma­
jor limitation concerns the extent of res­
torations that can be fabricated. 

The Cicero (Elephant) system is 
aimed at producing esthetic CAD/CAM 
restorations.34 It produces shells of ce­
ramic that are then bonded to another 
ceramic or metal substructure. An ex­
traoral laser digitizing scanner is used 
to collect information from a die. CAD 
software then recreates the mathemati­
cal model of the die, generates the oc­
clusal surface, and creates machine tool 
paths. A refractory die is milled, repro­
ducing the prepared tooth. Powdered 

·:•_:: . 
metallurgical or porce 
the die and milled 
Marginal fit-is between 

., crons. \';:i~1>!fl 
• I• -;°_ •_';}·~~-) :\:.f ',_ /-·: (• -~~• - . • 

Where Are We Goitig? •,;_;;;/.£;: 
An array of CAD/CAM systems have . 

evolved, but dental CAD/CAM systems~ 
are, without question, still 'ln'their:.1n..:·;,..,: 
fancy. Developments are continuing· ori' 1 
both existing and new systems.,,With·:t, 
each iteration, the capabilities of these \t, 
systems expand, and improvements in-~~;, 
technique sensitivities, user friendli-;J: 
ness, computing power, and the qualityW 
of the restorations are usually evident]~i 
as well. • • _~:.=~:~?t~:(i.!' 

But the excitement generatedtby\/ 
CAD/CAM is only beginning. Re~;;;­
searchers are now focusing on integrat---: ·" 
Ing automated techniques for obtaining,:-. 
jaw- motion data into the systems, so 
that functional paths can be incorpo­
rated into the occlusal designs. Others ":, . 
are investigating color and esthetic, is-,i;.. 
sues that, to date;. havec.:remaliied~ 
largely unresolved. ,.,"'_,.,,_,. _. .. ' 

One of the greatest advantages that 
CAD/CAM offers for the future will 
probably 9ccur in the development of 
new materials. Since materials do not • 

• need to be cast when CAD/CAM technol- . 
ogy is used, different materials become . 
alternatives. The most obvious of these 
is titanium. While difficult to cast, it can 
be machined with high precision. New 
materials are also being developed. Al­
ready, a machinable porcelain has been 
fabricated by Vita and a machinable 
glass ceramic has been created by 
Dentsply in collaboration with Coming . 
Other materials could potentially be en­
gineered to more nearly match the me­
chanical and esthetic properties of natu­
ral teeth. 
• Another major area for future devel­
opments will lnyolve the expansion of 
the technology to a broader array of 

• restoration types.39 Inlays, onlays, 
crowns, and copings have already been 
demonstrated clinically. Though some 
groups have been Investigating short­
span bridges, there have not been any 
reports in the literature describing their 
design or clinical success. Little work 
has been done in addressing the ques­
tion of how long a span is feasible with 
a CAD/CAM system. Are the difficulties 
associated with very long-span one­
piece bridges due to distortion in im­
pression materials or due to loading and 
minute tooth movements during func­
tion? 
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;ummary 
What can we look forward too? Lots 

,. with new CAD/CAM systems that 
!1hance dentistry, providing qual­

-. !storations quickly. The evolution 
>f ah array of new versions of already 
1vailable systems as well as altogether 
1ew systems will provide improved 
Juality, expanded capabilities, and in­
:reasing user friendliness. And new 
naterials will be more esthetic, wear 
nore nearly like enamel, and strong 
!nough for full crowns and bridges. 

We can also look forward to lots of · 
;hange. Because of the cost of 
::AD/CAM systems; many clinicians are 
ikely to collaborate by sharing a single 
,ystem. Laboratories and clinicians 
nay collaborate as well, with data being 
fclthered in the operatory and sent to a 
aboratory via modem. The fabrication 
.vould then be done by the laboratory. 

Other changes that we cannot even 
?redict are likely to occur in dentistry. 
Exciting times are here. Automation 
ilirough dental CAD/CAM systems will, 
most certainly, change the profession. 
rhe impact of that change will only be 
known in the future. But as the future 
approaches, the systems and materials 
available to us will continue to evolve, -
Improve, and enhance dentl$try. 
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Ava.~ tn cmn.]l'uter-aid.ed des(ga ~ computa­
aidcd. manufacwrin& (ChD/CAM} arc providing a ~ 
~ for d.aulitry~ m:-.ting a.a. a.ker~t tuhmqll!:: !or 
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THE h.ENCH SYSTEM 
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ltlinuta.1 

~ French lflU;n1, ril ~ ta.pab1e of ¢ru,d:r,g i.flla.y,1 

onb.y-11 thn-t--q,~mr Q'Olnl&. f\111 er-own.ii, thr~M~nit 
lixtd, _pa.c1i,J dentw"tt1 arul mmpeti: d.umui!1. 11'1.llled 

"f It-om a IOJid blod1. Crown. can lM: rabri.catt,d from gold, 
~he, Mnprei:jol.d rrma.11, ot ~k.' Ootnpltte 
'-l'"l)ymJ can \I<: crc:u;..d, and 11:111.ri..in • 5iDgl.c appclnl-
1"1.tnL 0n N11~r ~.1 191!;, ~t ~ l11~11t~ 

C~ -uf tiui Ft!i!i=ic:h Otntal Ali1od;rtit1J1.i Dr. Fr-U1c:oi1 
~m" ,dem.onmated-dw. autOb'l.lric IJ1lffll by ~IS(!: 
l potti:rl.cr crown rtllDratkm £.or hil- wife lri lm than t 
MM.it' ... 

11tl Jot,1-1.1¢.At. t.lF !l'll.091'HmC: D~Y 

212'$>824i"B2 

The .,-attm. ca be mnBp.tod iJI a inirl~y 
ftClfD. • ~ -~•aloti~ 'Vltc:11\ to multlp 
acqullidOl!I and YfflRcati-on snonit«'II bi each of cw.tal 
opentOrlel ~ to I llnl!lle , oo,mp,u~• i!lifll 
JDW)Ule O!tfflWUl.tlffl.) Svstetri Cl)Cb! ut- btlbivcd t r:anp 
frm 135,000 lO JW.000. Qomrner(ia\ p,od1.mi 
td\edwled. ID begin Ll'I. 19&7.' 

THE $WISS S\'S'IEM 
~ Swia: qtti=m, rrad!mH.ktd. u the 

Sya4!m. (Brain1. B:r&nd.Huni lnmumc:11u, 
Switaetland.)' -111.a llffl ln optkal t~-pognphit 
proecd,1.ll'C! and an cli:dr-ClrJ.ica:lly con.~rolled 
maddrit. u A. thtte,-dimtA!11onll oral ~ra 
k:aignc411 IIO reet d,a.t.l M In. h,teractive CAD !,,I 

aymm It etpable "1" maclunint: paral.ain inbyi 
d,ernamu-atod in Z..-rii:h Gl'I, May I, 1986," 

Wlth tht .S\llrin l)'.IWl'l.1 • noiu:ontacting scan. 
poritioacd ~ 1 prepared toOth. The ,c.e,n.ticr acoroo­
l"lftt -. ligh.H:bl.lttln, diode uid lcn1 sy,icm. tR ill 
'Che a.Yitr ot w ioodi. '.krott ~hms ilu! t"h, th~ 
Hp n.y• 1n ikRecled. ½' r~! from • rnlrtot1 

p,ermhtina: euy aueu m I padan.•1 moudt. c ray, 
p,• th:GIJl.h tetofNkd lln~und a.]1r.u 5J'8te . Light 
pauint; ~hn11,1gh cl11: ruled !inn cam a -pam·rn f ill!h.t 
Utd dltll :nrlpa Dfl the prepared. '8.vlty. The U.1ht i.a 
rcffrn.ed buk 111 die ..-.. hctd whi::t~ i~ is ,i.:n d C.t i:i 

dlffeRlll up) bJ a CCD 11~ with molt.i.~ or 2-;,6 
bf 2S6 plxets, nc: lnttntkv of' dut rdl.ecled lighl h 
rtt0rdtd u \/Oltqe: 'f'a!W!I proporticn.al to the in 'ty or 
dl, U11ht ~ bad: tc1 the CCD dup, Th vulta14= 
flluai Aft: rttotded h1 dlshaJ fGtm wart tn.n ·tt.ccl to 
du: ~r fw '1Jbftqt.1em a.rualy,1,.• The • t1r 

• dUI II Avhy requll'ff ~ 0.2 1«0lld■.' 
Tho wrlk!l\ dimcnJion of d\c Uptb ~r lhc 

detm:niil~d by tlu!! i.PPflTCht 1bUt 'oclwcm ~be 
:aw rdltctcd Upt; clecp:r pam of lh~ .cavi 
1DOfl!: apparent tb.1(1 man shallow arca.11, Abh 
~ i:if ~ rudinp: 1Qbt11,ne.d whh tile Kan d arc 
1t11etaUV aid11~quu:-1 they ca:i k hnptolled by tint !ht 
cavhy wlth • ta,e-r of whi.tt1 glart.,.{rte wbi (w.ch a1 

CA vtSON, S...-cdla Dffli.i fo.d.u,i:ry, Eribepi Swe-
den). CaUbn~ u required. to mahlbh pret:ht: 
rcale for inwid11 u a runc:uon. sf cal'ity likpth. m:,l'ili· 
1iOJ1 am 'e accomplillhed ~f tnapplfti I IWl~t 

tlia, ean 1110 be ~ with othtt -ainiPtnuo 
(nm a,i a caliper). nt row fid.d C:111 be rep.-
0.05- m111 tuttt units, r.:cw.ring 1. taud wlume 
tz..a by 12..a nun.• 

'l"he t«np<,&Ur u:d k • ~k-q, ~1 {1 
Appile ll ~Llh ~ memory board.I wppll!!d b 

~&11~ WK, •nr14.e,iO,,I 11,f;. J,,SNll!d aJ!A "f'p,ar <111 ~ 111.t 
(&lincuiH i,f .ci,,m-■kap&,11 l~lM!t$. U.S.. P:u!ru • 4.~,~~­

Minh U, l ,t(i, 
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Ltd., Quebeci Cmadil Put llGB 25&/4). Tbe COll'lpllttr 
cnmfonnl di.t l'Dltaga rtp,r-ci~ lmcJql,l'J t11 dcph 
..i~ rgt ,Mb ---- 1 :podUOlli of CM ca\'hy.• TtrlJ 1,-smn 

• lho lncotp,o.ntes 1. fnimi.tw that dhpl.a.fl 1h1 ~vlty/mla.y 
• betng flt"OUI~ by the ~• P'Jffltlttll'IS vina-1 
feriEia.lioft Gf the ~ua.Iky of 1ht data tieina; atq_\lfr!d. 11 

Inlay tabriericn, ii accomphhed wt!h. • tbrM-uu 
N/C m.Utias ~tie.'' Three trl.lllWOt)I platfcnn, are 
~ cm .a 111pponi,ng f~ to prcvul.c ir~ 1, and z 
pcahion aaa.trol (Mimi Cx-.,trtJI. type MJ...i0.2!i, pa,n. 
No. 3SHO4, M,C. Corp,1 Vltry...ur-~ Prance}. 
f.adt p.a,d'11mi. lt mc11ted by 1, ltcSlpcr ~ (Siaw,t. 
lnwwncnu nmd. N,o. 20-222.0 BD 200} Brab1a-a1 Md.) 
dri"Cll. by I lead mtw thu is contrnU~d by 'lbt tmcro. 
aomput-er. A~ t1,1,rl:i1Dc {Pan Na. "'4006_ 
Midwat AmtrlcaD, Melra-= l'arli; 111,) powws a 
clli11'a.on.d. b!.lr b ripdly co~ '° ~ y-~• plalf.Qmi. 
Th11: t\Ubhw hi ur driven all.d. aiolint I.I- ruJl. O\'V t~ put 
hebe mil1ed. durinl !he d..rill!nJ Opil-r1,-dozn. ■ 

InlaJ1 an suachmm from prda.brlca.\ed :rod.-wpcd 
blanks cf -rkn.tal po,tdam. n.c.: blanb rru: .. urc 
appruima,efy ·9 x 9 X tl mm llld arc £abrlca.ted by 
win.g c.ormntl.oMl de-i,.ta1 ponclain ter:hri!quq; Viwh,1,,-
353 N (Vha. Zahnf'abrlk, Ld !id4i:igen, Wen 
Ci:t'IIWl)'l mt :powder it m.1-.i with distilled WlW and. 
~ mt.ml.illy lnto J. 10 X 10 )( 15 mm. II.Cd dk. 
The QOll.dmRd. frl\ powd.cr b fin:d Utuht ~ ud. 
1lit ti:mp;111u.1n: b iilcn:ucd at a ra1e cE W C/mlD 10 
9SOC' C and. bdd &l ~ tmp:E'U.\NI fO(' t rnia1it~. Th, 
porcelain blr..nll■ ue bonded to. a 1tu.b, 1,1.lowbig the 
bln.lu to be li!C.ed imid.i: tht '11\ret,,uiJ mnli.nJ rn.du~ 
Milli.al of • d111 U pme1t.b, i.nb.y ~uim 5 Kl 7 

~--The mla'f1 &R 1eated wlt'n. a 1Dm.1hl.llmasl'y Ugb.t- atwl. 
chi=nuca1-eurm.g Ludni .aae,tt (~ ~wo-p11!1tt •!$­
teal, &pc Gm'bH1 Scc:fdd, Wc:1~ Gmnafiy).\1 The 
oei:lu.at Nrr:atet ne lht:o &!'OUM irato ~on. 1rJ th~ 
~- Al'lhoulh the ftl.l.Uillg ~ of ltl.- "'1.0titi.oo 
ha.I rm been rcpona:1, ch¢ mvgl.n•l Lmq:rity -of ,$li 
ratm'l.don ha bcc:n lhoWJ:i 10 be ~lenl. t.l( 

THI MINNESOTA Sl'STEM 

1lu: l)'itern a, ~he- Unlvcni.ty or MinnC110a \t mil 
\IMCr development. With thi1 IJl,lUll,, -data arc r-cq1;1!rcd 
Jl\ lh.c: d.enw office an4 lcilt \l.'I a.na~her )Deapon. £or 
proca.lml and. mad:iln\og, 'I'h1i ,pcttniu ~)'llm\ COltD tO 

the dentitit 'tCI be ke:pl at • r,,inim1,1m-. W1:1l be:fow $.SOOD. 
"5The l)'IU:Erl ,, bdr11 dtw:1.op,ed to be ¢!lplb~ of mim.111, a 
~full-~~- WI.en thn i• pa11bl1e, other 
mc,rr ccmm,a\ive ra:atoraUO'II.I wUl 'k eimpl.e imditia­
dor:ia... Pmtntillly the: syatem wiH llia be abll 1.0 mi.U 

• ~llll'I WH, 811111.da!ln.i M. MNMIII. I-IR lf!Nlr-.S ftir ~ 
l'Mcw:iitlo.q. -cif wttom•tlu,11'='1 implu-o .. U.S. Pllttl N,;, UP.i $-51 

~U.l"-6. 

.... 1 J. 

fruaeworb for partial aml'Utel and. complae d t1.1rc 
bu~ u well u m'!ialtiunlt f'iiu:rl :ptU'1ill dc:nfllJ'it1, Thi: 
majDr NCl,Ll-tn the 4avctopnx1l.t af this system h1 to 
it r:otnpktily au~ withoul my iAtc:rKtlgn 
111er ;iu:i To- date, ~ d.emonst.rttmnt ban been 
whh \his ly\elD, Tlw ciin:ip. tthll!l'iOD for th11 1 

h.oMver. ii di.al Fmal tr-CIWl\ ma?J\ns will fit to wit 
,:i:m. .i 1h.c mupn .... 

Da.t1 an: a.r:q,ui.Nd b)' I.HlJ\I _, ~•pb 
IJllall.- tn the~ -or chh group, toi~1incn ' 
fit i'1 1M liffl"f1'I marilm cp only Ill met whh 
tsolutiot.. uta ~~tlon Yd digllllfflB equ.i 
Al t,ha.t lffClution, h i• ft.(11; ~ po9al'bl1 to 
nal•tlrnt! dala btci.'llJC iw 1r1MC: chl.rl '!i\2 x 512 
Qt! bi: writu:ri co a comp'-l.l.CI' ruL rime Wllm e:,;tra 
bu.f a,i; Ml: a~.ID111bk1 wmch ln;rnmi ch, ~ D-

1ially, Data acq,~ted. md-d.c the ,utfate ot t ~ 
prepa.ttd ic.... fl. tl'1nm. Wi ~in.al :aq1mll:II bath 
adj~t tmhi -a.nd the a,,uface tMrpholagy r the 
oppalq rootk or ~. Tbe: poehiQQ o£ 1he c1up ·~ cif 

me DppOll.nc untld.oo. ui:: a'llwi:ied rd.atiY1 w 
nna.a: of the: ~ l«llli. wt-.h w 1~ :In 
«dulbz, wcrld.n1 ind balwina: patiliofl.1, IM 

tla11i. 
D,,1,1. 1h acq_Wftd with I IWld.a.rd.· ,s mm 

.throu15h a 10 p;1JQ dwMtcr alra,1c-rod. km m 
laryngopbarpgo«opi11 (lt.imatd Wolf Wed~ 
ment1, ~~ m.), -whim aHacll.el m , 1t 
mm. hi111, A pri.en:i 1ptem at d-vt di,:a.tal end or lhc 
pemuu dl.c 6cld. of v.1~ to b~ 90 ~1 Ctam 
am or lM lerat. Dejtlb of 6dd is CUffllla1 l}I i~ 
~re ~ prcpatal:iol'l cari be wiew!d Crom 
Jmi.tum apprwuma~ 25 mm ~ th~ •!1-ci 
~. A nu:n.btr of 'fl.i;wJ 1,11: !Ded. tm,.,e.,cr. 
Lh1i1 c:omplm ~ 11 Htained and to lrflJ.IUll..~ 

lh~ Ji.kdihuoci 1d blur ca. by tht patk~~ movi . The i 
~ b Wumina~ wi1h • ~1 wl&ith ~lld 't' 
tht ltru:, A three-dU"a.Cn.liMal ca.Ul1u,tion d.mc~ ill the ~ 
fidd Df llirw af C¥Cn'- il'NI~, -permmlug i 'tNol,1.1 -! 

callbntkn of tM bl.Ip wl~, bnl)Oliris O)C)-

llr1iint1 o.i the posltic:a. of lht kril tdl'titt 1.!! Lh~ h or 
in uy way CODIIJ'llnln, th~ paii~r:ir• h.c■.d.Y 

Tl:l' pmni.t '11n:e.-dllneNi«itl Nna« ~im uafon 
Ind rec:onmucuon of lM ~ti of ~he jaw It l.ca1t 
q th.t ~fl wh=t the tutti. lfC m -t'OD 

pain. er imapa ate ma.ti:. The im.age, au r:: 
l1;lnd&td Nm (E,c1a.chtcme, ASA 400), The u: 
11 d.efl\cpcd b'i ~ prawtm. 

'!'he color .lliilea are dlgicilcd by using ill'I El nlx lC 
8-SO (Eilmab:: Corp.. Bedford, Mus,) digiddn l)'ltun 

:Lntafag;d wi.h • PD:P t l/« \'lid. :;.s,< 11- -PLUS 
tp;~ ,y.tern. (D\glw Eq~ Corsi.). bi! digl­
tiaer llu 1 -resolutlcn. ot 4006 X 4096 p,l.11:d1, T I im:;ige 
of the ttlCldi ru111 lh11: cndre field. at ~w er the lgitlur 1 

p.tmdlrig a li.rniml: re111h,1tlan of 7.-U ,-.m (f ,ar 10 mm 
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•IIDl,ttU iu:.age 'brokc11 Into -4096 pb:tb br 4096 pilcet1). 
hpcau.bl\it~ or the dip.i&e:r ii 1 p~. Eadl pbel ha• 

• an XJ image aarua.. The disitlttr Wlltt lhe ~ 
d lq;hl panb"I thrwsh, ead\ pl.xd mi writa that ..-a.h,c:, 
.aloal w'lth me a.ddreu, lG du: ~piJ~r. INICI -an ~ 
_..ipcd in p:y ..te .. -wdl u in rt.cl, bl~. and, green.. 
Di,l11 i!lJif ae la 10 to 90 ._II.Ch rt ,1idc, &p:ndlng 
.,._ the tolar acale beina: wed. 

Two teCMi\~• an ~! iw,utipttd for th.rec■ 
dlmtlUli.onaJ ruon1tr11cdon. The 6nt u 1:1\f: m.elhod of' 
illti:ct ]i.n,esr traMf"~iori.1" Jctott due,e~i~ 

•:rsl• (:&ft bqm. each of'lhe pomu In. OllC :9~ I.masc 
a:m.1• be matdi~ with !ta o:inupaad,i:IJ point tn. di, 
Clllm:r' half 9'. the .w-eo pair, To prcmdc migmal 
aJlpmem, 1trOn1 asn (lie the: martin,;, w pnpue.t 
klllth) u, tad\ lm.&,F are fu.md b-,, -u1lna: lljDrl~ 

dwelopd b), C:aMy" Cor robot ,hrce--dirncrulonal ohs,1:1~ 

de lWll.d,,-nee ~ tobot vision. The weaker cdp:1 {ll&di 

• bu ICt'lkh.cs OD. dlf: pn:pved 1urf aoe:) IR rour.d by 
ui1:11 lllorhhm.J dniM by H=lnllchn and Mur and 
Htldr.et.b. ... Corrda.tioll tec:hnlq UA!:!11 I.ft Eb.en \,I~ UI 

alnai:i the DI.Oil Ukdy relatlw: orientatil.ul et the rwn, 

Im.apt. When the camtpaadetlOII! be:twc=, pol.nu lla:i; 

botn uetblb.h.cd, the: .aircct-Uz,w nnt11rotmadoa. Is 
applied tel rd.'ORI~ thi:: mrct-Gmeruimui.1 lmqe. 
Accuracy ,,rhh tllL, AK'Ch" I• 1,1:lldqo\ng mva,qpdon. 
G~" propoted 11-'1 llttmadw: t~thniq,uc to the 

alrtct•llriear tr-.n.1!&:inn...uon, Kc ~ that for- uiy 

II• iet of ed.pi (for uy lmagt-1 an4 lllltemhh11 thm:: 
a\,u Ofte l.alliq..- tu.tfui::. 'Iru: a,CC\lr&ey of ~ 
11.om w~ thi• ~lqw= an: bdns C'l'alintm. 

Thtu-dlmenaLanal coordlna.tn ptOYldc: t11~ campuw­
bucd eq_ulY&lmt aE pafCQ!y mo~ CMt:I on ao 
lnfi.ftltdy :MijulllabJt udNJ:uor. Tbt bltem11I NmCi: of 
<be. ttowl!I la ddifti:d liiy the rco,mt.ueled thne-dlmet1-
lion&l coordina«:11 o( the: p:rep,attd tooth :!lu.rf•..c· 

When 'INi m,u..dhn.rn,lou,I mcirdin1.lC1 rrom all of 
me~ have ben nc:cmttl&acd, lhc. pethll af ~ 
Qf the oppotln,: d.mtirion u mey pu. ~r th!! :pr!!pared 
tooth ue emb1i.shcd.. Th\1 i1 d.ne ,uis:g \mema.tlc: 
in:dylls of th,!! f50lili11na of" the Clttludlfll teuh rcb.ti•~ "' 
,- pn:pan:d tooth.• TIM u.ttmal surfl!icc ot w: crown I• 
~alih:al\)' -~ A dau. bate mat gmtaim. ,he 
~don of a<:'h. or tM ~ forms in ,heir kh:al 

·,.;. ~on bu *" ucau:d.~ fw any UOWII­

;•. dietiped whh thlJ aiimputu tyu.am, the ideal form J, 
•• 'but it i:a: 1.11.tomllically mod.Hied to .fit the uniqu.~ 
~ of tm: mc:91:•\-d.isial Uld biaual-liagual 

Ilia. mlLJ1ina,. u.d acduaat £unct1Qll of the patltm belq 
.tre..a~ .. 

The mwt1al and i:r.tttnal turfacc.a of lhe computu. 
('9pd am,,n are ma.Ou1matically ~crlbed by B~ 
~ llld/Of Bmer-~W'facd. pcmdttlng lhlhHqll.c;\L 

IQldiinln11,0 The CAD/CAM aym:m ud k the 

lctM-DDN ~ (huesc-:ated C'.anl.f1Utcr-Alde4 

11111 JOUIUfAl OJ nQfj11tlllC 'DIIN'ftnl.T 

Eiiglnccrln, udl Ma.chiruiig--Daip, Ottfdn 
N~cal Con.ttol. Conud 01U1 Ocrp,1 Min 
M~MI.). Tlw (ll)Q'lputer•d.ctian IW'ta.t:i:, are 
pc:ra,c: inachinc:-too& P'1 M ror ~l!q lKll~ 

wlth • fiw--axi1 JI. /C ma~. 

QUESTIONS :f()a COM'PAIUSON Of 
SYSTIIMS 

To !Yiluatt: thf; -valul of any IJIU:l'tl.1 a ll. 

qu,utlom mun b: a11"d. Each daidst m\lsi f'<lal 

&d.nntri:ga md. dbadvuuage:1 ih&'l ~lie tym:l\'I bt 
hi1 O!f hci pracdot. 11' :addidoa, the 11,uaUty 
CAl)/QAM :aymin u.d t,ie ltiltp'lty oC the re1 
di.at 1t pn,ducet m.mt be aml.llly comldcrcd. 

COMPAIUSON8 AND 51JMMARY 

1'hl'R g,wp1 ue 1;dvely tr,gaatt in hu 
CAD/CAY ~q,w!1 tmo t.h-i d.enlopment 

t"" • .l ...: 

ml~ ~ for predurtio11. or d.en.t1l rest 
~ of th, Preridl 1n.d. Swi.31 ')"Jt hlve 
bcltil held. BCJ)i ,yl!lEma \\,tic. GplinHaa:nd. r,; l•timc; 
d&u-ac,qwtltlim lkiLm. D•~• .acq,uimtl.on wi1h th. Min­
~ l)"i&l!:m \I.HI photll1lf'lllPh1 and • h~-tcl 1u.tlan 
mpLKr, 
~ Minne!Klta and FffnCh ~ An! dA!: 

~c.att ~ u,d to integrlU! the 'IUllquc 
mtnt.1 t:if ea.di :,.omi"I ottlusal c,.uudgn. T 

lf!'m\ LI dc:lipd to r.l»icalc btlll}l'I onl1 
oQ:\1.ual mrfact I.I crcatd. by CM dl!ndM after" du: 

twcd. 
A].1 cif lhese systc:nu uN rc&te-ef-tli.e-ut l-i!ie!hnl 

.wlgnln1 thc-ft:lh)ra.tion. All three mm l'UIOl'ati 
~1 pnemd. by a. CAM packap:, ho 
&whi •mi f'rtndl ttl'f on • dircc-.xi1 ndlling 
the Mbmc:.01.a ay1wn uJet ii fi,;,e_~ macbin~, 
Lns pea111:r rn~ -in~Y.driJ ~u!rcd 
~n.taun. 

C01ttt of th~ ~ C&MGt. aa 'ft'C be: pared 
buawe onl~ th~ Old ot the Fmu:b. ~lilimt h 1 ;c~n 
publl.lhed. Br llinl,ting thi:: amau.nt tJ .,or.k do.n in. du 
dental Gffitt:, ~ cq,wpmmi i11i me offii:t wtll t the 

1cm: wlth fhi= M111Mt0t111 ,yuan. 
All tlinc: tytte rM 01!' u an 1.lttmuiw: t1:1 Ilic: 

pt&C11otd im.pn! ulmi..die-lott Wli.1(--Ci.l~lnl 

Pnten.delly each can 13\i'C the: dend..1t time liy 
ftSteratlon. lhat aw.ir,ucly fi1 l:hi: pati-e:nt 
re.quiring ~lntlie ad,lu&1:~L la, a.dd!tiori, 
]:iro'J'loi: ff'6r.e: i:onelate.ncy in resti:;iradon desi1:n cipl!n. 

th.a ~l'f of • who\e a.my or dUfcri:tu re e.tive 
ma\erlah, lnd11diq. madimabl, UM:1di-niwrd cc::ain• 
l~. 

llFEJ.'aNCES 
1- bap hnm,~.-1, ':wf-1.dtl!\t Dt11lp lff6;Aprl~,H 

i. ,.,p,-..~u1111H- M.i. !rliad~inc T••:r 1~u;ti•. 

au 
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,. D,,a,,u, f. Va-. 11M pl'(llMte ill';m,llitet. 1-1 l"5;Nflr.!I~ 
1. 

•• Cl.II~ l.T. CAD -rn- tmnt - ~ !11 SO m,l11-1,11;a. 
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Abstract 

A system capable of automating the production of 

dental restorations has been created in the investigtations 

·reported_ here. The significance of an automated system 

crosses an array of boundaries, offering advantages to 

the dental patient, clinician, and researchers. 

The automated system consists of a data acquisition 

system, data and image processing functioni, and 

fabrication system. The data acquisition system and image 

processing is unique, permitting intraoral data to be 

~btained directly from the patient's mouth to be 

reconstructed in the computer. Custom designed computer­

aided design and manufacturing (CAD/CAM) software then 

designs a restoration that is morphologically correct yet 

fits the unique configuration requirements for each 

patient. The CAD/CAM software generates tool paths, 

creating a file to drive a micromilling machine. The 

restoration is milled from a solid block of material. 

The system integrates .technologies and techniques from 

stereophotogrammetry, computer and machine vision, image 

processing, manufacturing, CAD/CAM, material science, and 

clinical dentistry. It has posed some new questions and 

has suggested some exciting new research avenues. 
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Chapter 1. Introduction 

Dental restorations have been produced sinc·e the fifth 

century a.c. 

metalsmiths. 

(169). In early times, they were created by 

Not until the 1700°s did dentists become 

actively involved in their production. Through this 

entire time, fabrication techniques have remained 

essentially unchanged. 

With the advent of the new design and fabrication 

techniques of computer-aided design and manufacturing 

(CAD/CAM), it seemed reasonable to investigate the 

possibility o.f applying those techniques to modernize the 

production of dental restorations. The particular focus of 

this investigation is on the feasiblity of automating the 

.production of a single full-coverage posterior cast metal 

crown. 

Applying state-of-the-art CAD/CAM techniques to this 

dental application has some particularly interesting 

of access. challenges. 

Posterior 

First is the problem 

teeth are difficult to see; 

and saliva all impeed a clear view. 

amount of opening possible is limited. 

cheeks, tongue, 

Additionally, the 

Typically, the 

maximum clearance between upper and lower posterior teeth 

is approximately 25 mm. It is also important to remember 
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that the patient is not delighted about being subjected to 

the manipulations of the dentist and wiggles 

regularity but unpredictably (125). 

A tooth needs a restoration for a variety of 
) 

with 

reasons 

but the two most prevalent are decay and fracture. A 

dentist cuts the crown of the tooth, removing decay and 

creating a configuration which can adequately support a 

restoration yet provides sufficient bulk of material to 

prevent distorations and deflections under load during 

chewing functicns. The resulting configuration will be 

unique to each patient: no standard, predictable shape can 

be determined. The size and shape of teeth varies 

dramatically between-patients (and even in contralateral 

positions in the same mouth). The p_repared • .tooth shape 

will also depend upon the history of decay, fracture, and 

previously completed restorative work that has been done on 

that tooth. 

The periphery of the interface between the restoration 

and the remaining prepared tooth structure is called the. 

margin. The fit of the restoration at the margin is more 

critical than in any other area. The location of the 

margin is generally near the gum line, though it can lie 

beneath the gum line. This position, of course, further 

complicates the problem of access since not only are 

~iss~es potentially in the.way, there is often associated 

bleeding (though minimal) resulting from trauma to the 

2 
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tissue from the burr during the preparation of the tooth 

for the restora.tion. 

Another interesting challenge for applying CAD/CAM. 

"techniques· is the tolerance required for restoration fit. 

To be clinically acceptable, the gap at the margi-n between 

the tooth and the restoration must not exceed 20 rn_icrons 

(44, 101, 103, and 192). 

Yet another interesting challenge to automating 

production of dental restoration relates-to the complexity 

of the configuration. The chewing surface (occlusal 

surface), especially on posterior teeth, is extremely 

complex and defies definition by straightfo:;ward 

mathematics. The morphology of the tooth must be restored 

for function yet the size and specifics of the absolute 

position of cusp tips and fossae must be unique for each 

patient. Additionally, the relative orientation of the 

internal and external surfaces of the restoration must be 

preserved. 

The objective of this investigation is to establish 

the feasibility of automating the production of dental 

restorations; particularly a posterior full-coverage metal 

crown on a mandibular first • molar. The techniques 

currently used to produce restorations are described in 

Chapter 2. The motivation for automating their production 

is discussed in Chapter 3. Requirements and design 

specifications for an automated system are specified in 

Chapter 4. 

3 
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Basically, any system to automate the production of 

dental restorations consists of three subsystems: data 

acquisition, 

fabrication. 

data analysis and image processing, and 

Aiternative technologies co~sidered ·tor each 

of these subsystems, as well as those ul"timately selected, 

are described in Chapters 5 and 6 respectively. Chapter 6 

also discusses the precision and accuracy of the system. 

The significance of an automated system and unique 

contributions from 

Chapters 7 and 8. 

this investigation are addressed in 

The final chapter briefly identifies 

future directions for system development. 

4 
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Chapter 2- Current Restoration Production Techniques 

The current state of the art in the production of 

dental restorations revolves around the centuries old lost 

wax casting technique. Table 1 itemizes -the steps 

involved, lists the time required for each, and the level 

of training required for each. 

After a dentist has prepared a tooth for a 

restoration, removing all the decay and ensuring the 

integrity of the remaining structure, an impression of the 

remaining structure and the other teeth in that same dental 

arch is taken. Usually an impression is also made of the 

teeth in the opposing dental arch. 

The impression is made using an elastomeric material 

(51). The material is mixed, placed in a mouth-shaped tray 

to support the material (which has a consistency close to 

that of mashed potatoes or silly putty), placed in the 

patient's mouth over the teeth and surrounding tissues and 

held in place until it "sets". Setting times vary with 

materials but generally range from 2 to 12 

minutes/impression (51). When the material is set, it has 

a consistency similar to that of modeling clay but retains 

an elastomeric property so· that it can slide past the crest 

of convexity of normal teeth without being permanently 

5 



Table 1. Current Steps for Restoration Production(*) 

Step Time Required 
(in minutes) 

1. Impressicn both dental arches 10 
2. Make temporary restoration 10 
3. Pour impression - first pour 5 
4. First pour setting time 45 
5. Place pins 5 
6. Second pour 5 
7. Second pour setting time 45 
a. Trim die and mark margin 10 
9~ Mount on articulator, plaster 

set 30 - 45 
10. Place separating medium 1 
11. Create wax pattern 20 
12. Sprue pattern 5 
13. lnvest pattern 10 
14. Investment setting time 45 
15. Burn out time 60 
16. Cast 10 
17. Recover casting 10 
18. Remove sprue, finish, polish 45 
19. Remove temporary and try in mouth 5 
20. Modify contacts and occlusion 10 ~ 30 
21. Seat permanently 10 
22. Remove excess cement 5 
23. Final check 5 

* 

Personnel Required 
(+) 

D and A 
D and A 
Dor A or L 

L 
L 

L 

L 
L 
L 
L 

·L 

L 
L 
L 
D 
D 
D 

D 

Assumes full coverage posterior gold ·restoration being fabricated b~ 

experienced technician 
+ 

D = dentist 
A= dental assistant 
L = laboratory technician 

( re fence 78) . 
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distorted. When removed from the mouth, it creates a 

three-dimensional negative of the teeth and their relative 

positions to each other. 

After the impressions bave been made, dental stone 

(plaster) is poured into the impressions and allowed to 

The impression material is removed and harden. 

discarded. The subsequent restoration production 

techniques may be accomplished in the dental clinic or may 

be done in a dental laboratory. 

Pins are set into the bottom of the arch containing 

the tooth to be restored in the area of the prepared tooth. 

A base of plaster is poured over the pins. When this has 

hardened, the area of stone supporting the prepared tooth 

is sectioned out. The pins and the holes in 

second pour of stone serve as guides, permitting the 

of the prepared tooth ( ca11·ed a die) to be removed 

reinserted into the plaster cast. 

the 

cast 

and 

Excess plaster around the base of the die is removed 

and the position of the margin of the restoration marked. 

A separating medium is applied to the die. 

is then prepared directly on.the die. 

A wax pattern 

If jaw interrelationships have been recorded, the 

models are mounted on an articulator. The articulator is 

used as a device to represent the relative positions of the 

dental arches to each other and to represent the motion of 

the teeth to each other. Rarely do they accomplish· this 

(167, 169). 
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After the wax pattern is complete~, it is sprued and 

invested for casting. When the investment material has 

set, the investment and pattern are placed in an oven where 

tlie wax is burned away. The remaining cavity in the 

investment is then filled with molten metal. (Some 

differences, of course, are necessary for handling 

materials like cast ceramic.) 

The casting is quinched and recovered .. The· sprue. is 

removed and the _casting is finished. Finishing operations 

involve removing all remaining investment material and 

polishing the surface. Surface polish .is done by hand 

using an array of burrs and stones of increasingly finer 

quality. Final finishing is done with rouge on a soft 

bristle brush or rag wheet. 

for the patient. 

The restoration is now ready 

The patient returns to the dental office. The 

temporary restoration is removed and debris from the 

cementing agent removed. The cast restoration is placed on 

the tooth and the occlusal, functional, and proximal 

contacts are checked. The quality of the margins is also 

evaluated. Clinical criterion for acceptance are gLven in 

detail in Appendix 1 but are summarized here: 

1. Marginal fit: A dental explorer is passed from 

restoration to tooth and fr.om tooth to restoration with the 

tip of t_he explorer held perpendicular to the surfaces. If 

the interface between the restoration and tooth can be 

detected, the res~oration should not be permanently seated 
8 
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but instead should ·be remade. (Depending on the location 

of the margin relative to the gum tissue, a gap of 20 to 

100 microns can be detected, see reference 44.) 

2. Occlusal fit: A mark· should be made when the 

teeth tap together with a piece of occlusal marking paper 

placed between the teeth. The· patient should not detect 

excessive pressure on that tooth or report any discomfort. 

All other teeth which contact without the restorati_on in 

place must also contact with the restoration_ in place 

(55, 135). 

3. Interproximal fit: A piece of dental floss should 

"snap" as it- passes between the restoration and the 

adjacent contact tooth. (None of.the dental floss supply 

companies can provide a measure of the thickness of floss 

as it distorts and "snaps" through the contact.) (111) 

4. Functional fit: As the teeth move through their 

normal excursions, the restoration should not contact 

prematurely (88, 165). 

The den:tist makes whatever modifications are 

necessary. If the restoration can be modified to pass 

these acceptance criterion, it is cemented in plac~. If 

not, a new impression is made and the process begins 

again. 

9 
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Chapter 3. Motivation 

The 

feasibility 

inital motivation for investigating the 

of automating the production of dental 

restorations was simply to modernize an ancient technique. 

This was further motivated by personal experience (and 

sometimes frustration} with casting dental restorations· as 

part of the dental training. At times, casting faifures 

resulted in late night marathons to have a restoration 

ready for a next day patient's appointment. Casting 

failures could result from inadequacies in the material, 

inclusions in casting, shrinkage leaving insufficient 

margins or porosities in the finish (99). Additionally, 

there was a personal frustration with the labor intensive, 

slow process of waxing and casting (though finishing the 

gold is a nice reward). 

The feasibility of a CAD/CAM system to automate 

production of dental restorations has been of interest for 

years. Some of the earliest published work-on acquiring 

data directly from the mouth was done by Altschuler et.al. 

(3-7) in the mid 1970's. Curry and Baumrind perplexed 

about the problem of three-dimensional data- acquisition 

directly from the mouth and created a camera which provided 

10 



stereo pairs of photographs from which a three-dimensional 

computer-based arch could be reconstructed (8). 

Developments in automated prosthesis design which 

occurred during the investigations further strengthened the 

resolve to succeed (56, 117, and 187, for instance). 

Advances bY investigators in France, Switzerland, and 

elsewhere have focused on dental· applications. At first 

blush, discovering those activities was depressing but it 

served as a further impetus to create a system capable of 

producing excellent. dental restorations automatically. 

3.1 FRENCH DEVELOPMENTS 

A system under development in France is probably the 

most nearly like the Minnesota system with respect to its 

overall capabilities (67). It uses a laser scanner to 

produce images of the patient's mouth (60, 63). This data 

is processed by shape-recognition software, visualized on a 

video display, and transferred to a CAD/CAM software 

package which creates a three-dimensional model of the 

environment where the restoration ultimately will be 

placed. The interactive capability of the CAD/CAM software 

allows the dentist to access a library describing 

theoretical teeth, adapt them to the patient's oral 

environment, and design a three-dimensional model of the 

restoration on the computer screen. _The CAD/CAM software 

11 
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t the tool paths needed and. a micromilling machine compu es 

cuts the tooth (97). 

Before the image is acquired, the tooth mµst be coated· 

to ensure that the color is uniform. A coating of titanium 

oxide suspension in a film forming polymer is painted on 

the tooth. (It is neutralized and removed with ammonium). 

This coating increases the ratio of light reflected 

compared with the incident light on the preparation, 

tending to convert the tooth to a lambertian body (140). 

A hand-held optical probe measures the three-

dimensisonal coordinates of the tooth prepared for a 

restoration and of the adjacent teeth (182). The scanner 

probe uses a modified Moire fringe technique (68) and has a 

theoretical resolution of 20 microns (61).- However, 

to ensure that the entire preparation is visible, multiple 

images must be made and the correlation between any two 

views has a resolution of only 40 to 60 microns (66). 

The probe consists principally of a laser-diode 

source and a charge-coupled-device (CCD) photoreceptor with 

256 by 256 pixel resolution (68). The signal created by 

the laser light reflected by the teeth is picked up by the 

CCD arrays, converted to a digital signal, and relayed to 

the computer (62). It is then processed and displayed on a 

video monitor (a process which requires between 2 and 4 

minutes). A foot pedal permits the image to be fixed for 

further examination so that it can be accepted or rejected. 

The probe must pass over the teeth four times and four 
12 



acceptable images must be obtained. In expert hands, data 

of the prepared tooth, the adjacent teeth, and the opposing 

dentition can be acquired in less than 3 minutes (61). 

The CAD/CAM system used is built around Euclid, from 

Katra Datavision (66), running on a Digital Equipment 

Corporation (DEC) MicroVAX II (62), Euclid is used to 

create a solid model of the area where the restoration is 

fitted (182), Precision in the CAD/CAM system is said to 

be 2.s microns (66). 

A library of tooth forms has been created, Using 

routines available in Euclid, the system user interactively 

designs the restoration on the display (182), The scan 

recording the required data from the patient's mouth can be 

made before the preparation has been cut, permitting the 

exiting tooth morphology to be exactly reproduced or, in 

the case of severely damaged teeth, the morphology of the 

replacement tooth can be generated from the library of 

tooth forms. Complete modeling on the screen requires 

between 2 and 10 minutes (61, 166). The user is required 

to identify the location of the margin interactively; it is 

not found automatically with the software (68). 

When the restoration design is completed, the CAM 

commands in Euclid permit the tool paths for numerical 

controlled machiriing to be generated. 

one-half axis micro-milling machine 

A three 

cuts 

and 

the 

restoration (68). The accuracy of the machine itself is 20 

microns. 13 
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Accuracy of the whole process, however, is, at best, 

the sum of the component errors, which total at least 80 

microns. However, a premolar was fabricated using only 

400 points distributed in 26 cross-sections. 

an accuracy of only 200 microns (62). 

This yields 

More recent 

restorations are reported to be precise to approximately 

100 microns J68). 

3.2 SWISS DEVELOPMENTS 

The Swiss system was originally trademarked as the 

CEREC-System (145) but is now licensed to Siemans 

Corporation (157). Like the French system, it also uses an 

optical topographic scanning procedure and electronically 

controlled milling machine (i43). With the system, the 

tooth must be coated to minimize the effects of 

discoloration and differential reflection. A three-

dimensional mouth camera has been designed (144) to 

feed data to an interactive computer-aided design unit. 

The system is capable of machining porcelain inlays only 

(145) . 

With this system, a non-contacting scan-head is 

positioned over a prepared tooth. The scanner incorporates 

a light-emitting diode and lens system to illu~inate the 

cavity of the tooth. Before reaching the tooth, the light 

rays are deflected by reflections off a mirror, permitting 

14 



easy access in a patient's mouth. The rays pass through a 

set of ruled lines and a lens system. Light passing 

through the ruled lines casts a pattern of light a:nd dark 

stripes on the p~epared cavity. The.light is reflected 

back to the scan-head where it is sensed (at a different 

angle) by a CCD sensor with resolutions of 256 x 256 

pixels. Scanning a typical prepared toot~ requires only 

0.2 seconds (145). 

The computer used is a desk-top computer (e.g., an 

Apple II with two memory boards supplied by Matrox Ltd., 

Canada, Part RGB 206/4). The computer 

transforms the voltages representing intensity to depth 

values for each. x,y position of the cavity of the 

prepared tooth (144). This system also incorporates a 

video monitor which displays the data being processed by 

the system (145), permitting visual verification of quality 

of the data being acquired (143). With this system, the 

user is required to interactively indicate the positions of 

the margins of the preparation. 

Inlay fabrication is accomplished with a three-axis 

numerically controlled milling machine (145). Three 

translatory platforms are mounted on a supporting frame to 

provide x, y and z position control (Micro-Control type MR-

00.20, 

France). 

part No. 338404, MC Corp., Vitry-sur-Seine, 

Each platform is moved by a stepper motor 

(Sigma Instruments mod. 20-1720 BD 200), driven by a-lead 

screw which is controlled by the microcomputer. 

l c; 



speed turbine (Midwest American, Melrose Park, Ill., part 

No. 364006) powering a diamond burr is rigidly connected to 

the y-axis platform. The turbine is air driven and coolant 

is run over the part being milled during the drilling 

operations (144). 

Inlays are machined from prefabricated rod-shaped 

blanks of dental porcelain. These blanks measu::::-e 

approximately 9 x 9 x 13 mm and are fabricated using 

conventional dental porcelain techniques. The porcelain 

blanks are bonded to a stub, allowing the blanks to be 

fixed inside the milling machine. Milling of a typical 

porcelain inlay requires from 5 to 7 minutes (145). But 

only the tooth interface side of the restoration is 

automatically machined. 

The inlays are bonded to the tooth with a 

simultaneously light- and chemically-cured material (143). 

The occlusal surfaces are then configured by the dentist. 

While the milling accuracy of the restoration has not been 

reported in the literature but has been suggested to be 

between 100 and 200 microns (25, 33, 139). 

3.3 OTHER WORK IN PROGRESS 

Other 

production 

preliminary 

of dental 

work relating 

restorations 

to 

is 

automating 

underway. 

Investigations have begun at the University of Alabama, 

Foster-Miller Corpo·ration in collaboration with Tufts 
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University, and in Japan. 

Work at the University of Alabama has been underway 

for approximately two years. Reggie Caudell, ME Robotics,· 

and Earl Hydrick, D. D.S., are the two· primary inv.estigators 

(42)- To date, much of thei~ work has evolved around 

quantifying potential sources of error in the CAD/CAM 

processes. They are beginning investigations into the 

application of tactile imaging of the surface using a 

con(luctive, silicone-based gel (43). They are also 

investigating optic.al sensors with accuracy in the 2s.:.. 

micron range. 

Foster-Miller Corporation and Tufts University have 

been working on developing a tactile pencil-type sensor 

under SBlR grant (127). They have completed phase one; 

phase two was undergoing evaluation in September 1987. 

date, they have profiled a mandibular lower incisor and 

reproduced it using SDRC software·. They have also created 

a generic tooth using an ARIES solids modeler. 

The Dental School at Kanagawa University and the 

Kanagawa Dental Laboratory have created a CAD/CAM system to 

create parallel paths on already cast crowns (for partial 

denture frameworks) (102). 

the Roland CAMM-3 hardware. 

point contact digitizer. 

Their system is built around 

It can be used as a point-to­

There have also been some 

preliminary dev~lopments underway for approximately two 

years at the Osaka University Dental School. 

about that work are yet available. 

17 
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Chapter 4. Design Requirements for An 

Automated System 

Design requirements can be specified for both the 

system itself and for the_product produced by the system. 

Both can significantly impact the technologies selected for 

system feasibility. Requirements that apply to an 

automated system relate largely to user interface. Product 

related requirements are independent of whether it is 

produced. by a casting or an automated sy·stem. 

4.1 SYSTEM DESIGN REQUIREMENTS 

The underlying philosophy in considering a system to 

automate production of dental restorations is that the 

system must be reasonable for use in a typical clinical 

dental practice. 

objectives including: 

This translates into more specific 

1. Data must be obtained from a patient's mouth. 

This data includes the shape of a tooth prepared for a 

restoration, the positions of the adjacent teeth, and the 

position of the opposing teeth in both static closed 

position and dynamic positions associated with chewing and 

speaking. 
18 
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2, Data must be obtained in no more time than is 

currently required with impression materials and jaw_ 

registration techniques (less than 10 minutes). 

3. The system must be simple to use, requiring no 

special training on the part of the dental staff. This 

requires that the system be intelligent, fully automated, 

and essentially fool-proof. 

4, The quality of the restoration produced must be at 

least equivalent to that possible with current clinically 

practiced state of the art. 

4,2 RESTORATION QUALITY 

Unquestionably one of the most critical design 

requirements for the system is that it must produce a 

product that at least matches the quality of the product 

produced by the currently practiced impression-lost wax 

casting technique. This quality relates to fit at the 

margins, interproximal fit, occlusal fit, and surface 

finish. 

Poor fit at the margins includes cases that are either 

over~extended or too short (44,111). When the margin is 

over-extended, debris collects more easily around the 

periphery of the restoration. This results in 

increased probability of 'inflammatory response to the 
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surrounding soft tissue which can cause severe tissue 

damage and associated bone loss. In both cases (over­

extended and short margins), the margin is not well closed 

and leakage of saliva (with its full array of 

microorganisms) occurs. Many dental cements are water-

soluble so over time this leakage results in a pooling of 

salivary products leading to decay beneath the restoration. 

If the fit ·between the restoration and the pro:cimal 

teeth is not sufficient two things can occur (111). First, 

the teeth may drift to a new position which provides 

contact; potentially placing them in a position where the 

loads of occluslon are not properly supported by the 

ligaments supporting the teeth and resulting in loss of 

boney support for the tooth and, in some cases, loss of the 

tooth itself. Secondly, without proper contact, food is 

more likely to impact between the teeth. In addition to 

simply being bothersome, this can lead to increased 

bacterial growth and concomitant tissue destruction. 

The occlusal fit of a restoration is also important 

(165). If a restoration is excessively high or interferes 

with opposing teeth during functional movements, trauma to 

the interferring teeth can result. This trauma can be 

manifest as discomfort which may be tolerable but it can 

also lead to some irreversible etiologies. It can result 

in loss o-f boney support of the tooth, compromising the 

itrength of the tooth and potentially resulting in loss of 

the tooth. It can result in endodontitis where the nerve 

20 
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within the tooth chamber becomes inf lammed, causing 

pressure against the nerve (since the tooth will not expand 

to compensate for the increased size), requiring the·nerve 

and blood vessels to be removed from the tooth (a ~cot 

canal.treatment) for relief of the pain. Poor occlusal fit 

has also been implicated as one of the causative agents in 

temporomandibular joint disease (55). 

The· surface finish of a restoration is important for 

both cleanliness and function (47). If the surface finish 

is excessively rough, bacterial accumulati9ns will increase 

and increased plaque may form on the restoration. 

This results in increased probability of tissue 

inflammation and breakdown in both the tooth itself and the 

surrounding soft tissues. Additionally, if the 

surface finish ·is excessively rough, there is the 

potential for excessive wear of the opposing teeth. 

To quantify these characteristics which are important 

in the quality of a restoration and its clinical 

performance, then, the following parameters for restoration 

quality are used: 

1. Fit at the margins: The margins must fit to within 

50 microns. The design objective for the development work 

has been 20 microns; 50 microns would probably be 

acceptable (44, 70). 

2. Interproximal fit: The restoration must contact 

the adjacent teeth (111). 

21 
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current 

Occlusal 

clinical 

fit: The restoration must 

tests fo~ occlusal fit: at 

meet the 

least one 

contact mark must appear from the opposing teeth when the 

teeth are in maximal intercuspation and no interferences 

must cccur when the.teeth move through their excursive 

functional movements (165). 

Surface finish: The surface must have an rms 

surface finish of 8 microns (47). 

22 



Chapter 5. Alternatives Considered 

Throughout the investigations into ·the feasibility of 

automating the production of dental restorations attention 

has been focused on alternatives to accomplish the tasks of 

acquiring the data from the mouth, data analysis and image 

processing, and-fabricating the restoration. Each of these 

areas will be addressed and the feasibility of the 

alternatives identified. The advantages and disadvantages 

of each will be addressed and the Justification for their 

not being selected for incorporation into the system design 

will be identified. 

5.1 DATA ACQUISITION 

Data acquisition involves both imaging an object and 

converting that image into a form that is usable for 

subsequent operations (in this case, digitizing it). An 

array of different types of data acquisition are described. 

Both real time and photographic based data acquisition are 

possibilities; the tradeoffs of the choices is discussed. 
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5.1.1 Data Acquisition Techniques 

Advances in imaging technology have provided an array 

of possibilities for acquiring three-dimensional data 

(183). These include: holography, computed tomography 

(both CT scan and magnetic resonance imaging), ultrasound, 

contact digitizers (magnetic, servo arm, and force), and 

optical techniques. Table 2 summarizes these comparisons. 

5.1.1.1 HOLOGRAPHY. Holography promises excellent 

resolution and quick acquisition times (36). Data 

recording motion can be obtained by pulsing the laser and 

recording the data with each pulse. Two drawbacks exist-, 

however. First, data acquisition may be reasonable but 

reduction of the data to a digital form is difficult (153). 

Secondly, minor movements (as low as 1/4 wavelength) can 

create distortions (114). For very high precision 

recordings, isolation from vibration (even those internal 

to a building) are critical (190). In the clinical 

setting, such complex elimination of movement when a live 

patient is involved is unrealistic. 
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Technique 

Table 2. Comparison of 

Three-,.Dimensional Data Acquisition Techniques 

Data 
Resc;>lution 

Acquisition 
Time 

Equipment 
Cost 

·Operational 
Probler.is 

--------------------------------------------------------------------· --
Holography 

CT 

MRI 

Ultrasound 

Mechanical Contact 
Digitizers 

Geometric 

Structured 
light 

Stereophoto­
grammetric 

Moire 

Time of Flight 

Interferometry 

Diffraction 

Shape from 
Shading 

5-50 microns nanoseconds 

375 microns seconds 
with 1.5 mm slice 

600 microns minutes 
with 1 mm slice 

600 microns 

1 micron 

microns 

microns 

2-50 microns 

2-50 microns 

2 cm 

microns 

mm 

microns 

seconds 

minutes 

seconds 

seconds 

seconds 

seconds 

minutes 

seconds 

seconds 

seconds 

For further details, see Reference 168. 
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High 

High 

Mid 

Vibration 

Radiation 

Artifacts 

Heat 

Mid - High Slow 

Low 

Low 

Low 

Low­

Low 

Low 

Low 

Low 

Occluded 
Views 

Ambiguity 

Comutatior. 
Expense 

Ambiguity 

Poor SNR 

Ambiguity 

Ambiguity 

Light 
Changes 
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5.1-1.2 COMPUTED TOMOGRAPHY. Computed tomography (CT) 

scans and magnetic resonance _imaging (MRI) are advancing 

exc~edingly rapidly. Unfortunately, neither offers 

sufficient resolution for an image representing a prepared 

tooth and neither are fast enough to permit quantification 

of the jaw in motion (28,-74). Both of these techniques 

are expensive and require large, isolated environments for 

operation. 

5.1-1-2.1 CT Scans. Using CT image data, three-

dimensional shape information is determined to plan 

corrective surgery and directly manufacture prostheses 

(171). Slice thickness are approximately 1.5 mm minimum 

(171), above the limit permitted by the tolerances of 

dental restoration fit. A CT scan uses a radiographically 

obtained All of the data required for a 

restoration is visible, without radiation, however, making 

radiographic exposur~ unnecessary and inappropriate. 

CT has found one dental application, however, ( 56). 

For subperiosteal implants for the mandible, a CT scan is 

made of the mandible, a model of the mandible is 

reconstructed and machined from wax, and a· custom implant 

is fabricated to that model. 

surgery for the im~lantation. 

The patient then undergoes 

Before this technique was 

devised, preliminary surgery .was required to expose and 
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impression the mandible: a model was then made -from the 

impression, the custom implant fabricated to the model. 

Then the patient was subjected to a second surgical 

procedure_ to implant the prothesis. 

MRI. To obtain an MRI image, a pati-ent is 

placed in a large magnetic field. That field reorients the 

nuclei of hydrogen, carbon, nitrogen and phosphorus, 

placing them all in alignment with the magnetic field. • A 

radio field is applied, altering the alignment. When the 

radio field is removed, the nuclei shift again to realign 

with the magneic field. Different tissues realign at 

different rates, emitting some of the absorbed energy at 

radio frequency. That energy is used to create 

computer-generated images (199). 

MRI spatial and contrast resolution is better than is 

possible with CT (128). Current resolution is Q.08 to 0.1 

mm with 1 mm between slices. Recent experiments with in-

vivo MRI ·spectroscopy suggest that the ultimate resolution 

of an image is limited by the signal to noise ratio but 

approaches 10 microns in all three dimensions ( 118). 

Advantages of this technology include absence of_ any 

harmful biological effects within current diagnostic 

ra-nges, ability to direct image in any plane, and the 

simultaneous acquisition of multiple tomographic slices 

( 128) . With this technology, soft tissues are more easily 
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imaged than hard tissues: making its value for imaging 

teeth questionable. 
·--....: 

s.1.1.3 ULTRASOUND. Three-dimensional reconstruction in 

spatial location with ultrasound uses a spark that is 

in air across a small gap between two discharged 

electrodes. The spark generates a shock wave the speed of 

sound. The wave is detected with a microphone. The 

distance to the spark gap is computed from the transit time 

of the shock wave and the local speed of sound. Three 

spark-gaps fixed to a probe of known relationship 

sequentially fired provide the 3-D position (148). 

The resolution with this techniques is Q.3 to 0.5 mm. 

Real-time 2-D doppler echocardiography has been used to 

provide information of blood flow from small sample 

volumes. The ultrasound beam can record on-line velocity 

profiles along the beam line at discrete time intervals 

during one cardiac cycle so non-invasive intracardiac 

blood flow images in real time can be obtained (152). 

Resolution in ultrasound is still low though it does 

potentially provide the option of acquring data concerning 

the jaw as it moves (148). Unfortunately, scattering at 

interfaces of different tissue types can distort the 

image. In the mouth, of course, there are a great many 

different tissue interfaces. 
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s.1.1-4 CONTACT DIGITIZERS. Of the currently available 

contact digitizers; including coordinate measurement 

machines, instrumented linkagesJ and tactile sensors, only 

the mechanical type offers sufficient resolution for the 

precise imaging _of prepared teeth (15, 141, 154) .. 

Unfortunately, none are able to provide data as the jaw 

moves. All are very slow; data acquisition would require 

nearly an hour/tooth for sufficiently high resolution. 

Microcontrol Systems (Vernon, CT) has introduced a 

mechanical contact 3-D digitizer called the· Space Tablet 

and Perceptor. The stylus at the end of the Perceptor's 

arm is tracked over a solid object. Precision 

potentiometers housed in the extension arm computes the x, 

y, z coordinates of each point based on the angle of 

rotation and the known arm length. Seven points per 

second can be recorded. Resolution ranges are between 

0.1778 and 0.254 mm (0.007 and 0.010 inch). 

Polhemus Navigational Sciences Division of McDonnel 

Douglas (Colchester, VT) has a_ 3-Space Digitizer. It 

relies on a set of mag~etic transducers for point position 

measurements. A probe moves freely in space o.ver an 

object placed on a table. 

digitized. 

Only nonmetallic objects can be 
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s.1.1.s OPTICAL TECHNIQUES. Optical techniqt:es are among 

the oldest used to acquire data. There are four basic 

technologies used: georaetric, time of flight, 

interferometric, and diffraction techniques. 

s.1.1.s.1 . Geometric Range Measurement. The most common 

optical techniques utilize geometric range measurement 

which is a generaliza-tion of the triangulation concept. 

This technique was probably first used by the Egyptians in 

construction of the pyramids (184). 

With this measurement technique; a pair of similar 

triangles are established -- one between an object and the 

measurement fulcrum 

fulcrum 

and 

and one between the image and 

measurement 

linearization 

(see Figure 1 ) . With proper 

processing, 

part/1OO,OOO are possible (122). 

limited by the detection system. 

and is best for small distances, 

depth of field problems. 

resolutions of one 

Measurement range is 

Accuracy is nonuniform 

posing some potential 

Computationally this technique is one of the simpl-est 

and most straightforward to implement. It can be scaled 

_over a large range. It does, however, suffer from a 

generic problem of missing data from occluded views. 

Furthermore, the data must be acquired one line or point at 

a time so there are some limitations -in potential speed. 
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S~ructured (active) light can provide the illumination 

required with this technique. Al terna ti ve.l y, 

stereophotograrnrnetry and Moire also utilize the geometric 

range measruement principles for measuring depth (from 

which a three-dimensional surface map can be completed). 

s.1.1.s.2 Structured Light. Str1:1ctured light 

illumination is one of the simplest applications of 

geometr_ic range finding techniques. ~ single point of 

light is projected on a surface and subsequently imaged on 

a detector. Displacement of the image point relative to a 

known reference is proportional to the distance to the 

object. The projected point scans over ·the surface (or 

the surface moves beneath the light) to image the entire 

surface. Structured light is probably the most commonly 

used technique for 3-D vision systems because it currently 

has the greatest potential for fast, accurate, and 

inexpensive high resolution measurements (110). This is 

the technology utilized by _the Cyber-Optics Systems (54, 

110). A Vidicon laser-based system, developed by Cyber-

ware Labs (Pacific Grove, CA), is another. 

objects placed on a stationa·ry platform. 

It digitizes 

An arm that 

rotates around the platf6rm requires 15 seconds to record 

250 points in three dimensions. The imaging device has 

been shown to be able to image complex .surfaces, including 

the human head. 
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...... mu::; c. oovious extension of this single -source 

structured light technqiue is the,_ projection of a single 

line with line by line detectors. The image of each point 

on the line is displaced in a direction orthogonal to· the 

line by an amount related to the range ( 184) . 

The next extension is to an array of parallel lines 

(195}. This increases the potential data rate but 

introduces range ambiguity factors since- one cannot in 

general uniquely identify particular projecied lines in an 

image. By .imposing constraints, the problems can be 

avoided or resolved (184). One techn•ique proposed by 

Altschuler et al. (7), is a form of grid coding which 

minimizes the number of measurements required and potential 

ambiguities~ The object is illuminated by a grid 

produced by a series of shutters. A series of 

illumination patterns uniquely codes each angular position. 

The detector also ascribes a specific angular coordinate to 

each object point. Intersection of back projection of 

these two coordinates gives the 3-D location of the object 

point. 

In tiiangulation systems, the key parameter is 

displacement of an image point from a reference point in 

the detector plane. With structured light illumination, 

that reference point is a virtual point which is determined 

by system geometry. 
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s.1.1.s.3 Stereophotogrammetry. Stereophotograrnmetry is 

a passive technique using ambient lighting. It is more 

flexible than structured light but creates a greater post-

detection processing burden (184). 

stereo-pairs of images are created. 

With this.technique, 

The stereo method 

uses parallax between two images to measure range. Views 

of the same object by the two cameras will have an apparent 

translation and objects closer than the parallax 

intersection will appear to move relative to more distant 

objects (83, 122, 197). 

The mai_n problem associated with this technique is 

locating matching points in each of the two views. One 

way to simplify this is to _preceed matching with edge 

detection to reduce the number of points required~ Another 

is a heirarchical approach to first match images at coarse 

resolutions and then proceed through progressively finer 

scales. 

Stereophotogrammetry was selected for the automated 

system for production of dental restorations. A detailed 

description of the technique .implemented is given in. 

Chapter 6. 

Moire. An alternative approach to topographic 

measurement is the Moire technique. rn: Moire (57, 136), the 

object is illuminated with grid and a second grid is placed 
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in the measurement plane. The ·second grid, in effect, 

provides a physical set of r~ference point in the detector 

plane. Moire generally provides differential range rather 

than absolute ra~ge. 

Moire is a full-field, non-contact measurement 

technique ( 92, 93) . A Moire patt_ern is made by forming a 

subject·grating (by projecting, shadowing, or contacting) 

on the object to be measured and comparing this grating 

with a reference grating (57, 136). This comparison is 

done. by overlapping the two gratings. If the two 

interfere, a dark interference fringe is formed. What is 

actually monitored however, is not the phase shift between 

the two gratings but rather a beat freq~ency (184). 

Surface· configuration is determined by the number· and 

orientation of the fringes. Each fringe represents a 

uniform hei·ght or distance to the object of interest. 

Since Moire is a full-field technique, the contour of 

the entire visibl~ surface of an object can be mapped at 

one time. Unfortunately, classical systems have an 

ambiguity_ as to the sign of the slopes of the surface 

contour ( 89). Without significant apriori knowledge 

concerning tooth anatomy, especially around the margins, 

this could pose a substantial problem; a small dip that 

should be a rise could easily exceed the tolerance limits 

at the margin. 

With the Moire technique, system geometry must be very 

specific or true contours will not 
34 
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Recently, to enhance automation of the technique, 

measurements have been based o~ phase modulation (89). 

Using fast Fourier transform analysis to digitially 

modulate deformed grating images has further enhanced the 

technique. However, measurement of steep object slopes 

-(like those at the axial walls of a prepared tooth) is one 

of the limitations with this method. 

s.1.1.s.s Time of Flight. Time of flight range 

measurements techniques are based on the principal that the. 

signal carrier (either acoustic· or optical) travels with 

known velocity (184). A signal is sent by the.measurement 

system, it is reflected off an object surface, and returns 

to the measurement system. The elapsed time from signal 

emission to reception provides distance measurement. To 

obtain three-dimensional information, the entlre scene must 

be scanned. 

One of the difficulties with this technique is that it 

is not easily scaled to different measurement ranges. It 

does, however, eliminate the problem of missing points that 

is implicit in geometric techniques. Uniform sensitivity 

is available throughout the entire measurement range. It 

is slow and usually suffers from poor signal to noise 

ratio. There are some depth of field restrictions. 
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Within this type of technology, there are two types of 

signal pulsing techniques. The.first is a single pulse 

technique. 

pulses. 

Generally, a - solid-state laser emits short 

Range accuracy is on the order of 1 to 2 cm for a 

2.s to 4 meter field (95 and 119). Alternatively, chirp 

signals_ are· emitted wfth a radar·or sonar system. The 

chirp that is transmitted has a frequency which varies 

!in.early over the duration of the .transmission. This is 

the technique used in the Polaroid camera ultrasonic 

ranging system (184). 

5.1.LS.6 Interfereometry. Range finding using 

interferometric techniques relies on the fact that waves 

have a certain fixed wavelength which can, in effect, be 

used as a m~asuring device. A signal beam is split· into 

two components (184). One component is sent to the object 

and reflected back onto the surface. There it is compared 

with the second component which has tranversed known 

reference path (serving the function of a local 

oscillator). The relative shift between the two beams is 

measured in terms of wavelength. Depth, z, is given by: 

z =(A/2 )cos [{I-1)/a] 

where A is wavelength of the illumination 

I is the intensity ready by the detector 

a is a constant 

36 



.:since z is a function of" light intensity, which is· 

periodic, single measurements are infinitely degenerate. 

Therefore, this technique is only useful in obtaining­

absolute range measurements over a finite and small range. 

Within that range, measure~ents are extremely accurate. 

In typical two-beam interferograms, the· fringes 

represent lines of constant optical path difference between 

the wavefront under test and the reference wavefront. 

Adjacent fringes differ in opical path by a constant 

contour interval. The traditional means of analysis is to 

digitize the fringe center positions. At these locations, 

the phase can be determined to be either an even or odd 

integtral number of pi. The center coordinates along a 

fringe are assigned an order number which represents the 

multiple of two-pi phase difference between the wavefronts 

being tested. lnput data from an interferograrn consists 

of triplets of numbers (x, y, m) where mis the fringe 

order number and x,y are the coordinates of the fringe 

center (26, 112). 

The spatial resolution of the interferogram is 

determined by the fringes themselves. High sampling 

resolution is possible along the fringes, but in the 

direction normal to the fringe, the sampling is limited to 

one data point per fringe. For general interferograrns 

where noise and variations in intensity (as would likely be 

the case in a tooth with discoloration or underlying base 

materials) across the interferograrn may exist, 
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at the fringe centers where the phase value may be 

confidently determined (112). For an ideal interferogram, 

several interferograms must be taker. for each test and· 

their results averaged to reduce random digitization error 

as well as the effects of air turbtilenece, vibration, and 

other noise-generation mechanisms pres.ent in an individual 

interferogram (112). 

Interferometry has been used for measurements since 

Michelson's time (77). Accuracies in the range of 1:200 

to 1:300 times the fringe period are possible (89). The 

technique is also significantly (10-100 times) more 

accurate than fringe counting or simple triangulation. 

Measurements of 10 microns or better are possible (89). 

Because the sensitivity of the interferometer is so great 

however; results can be affected, causing a shift of 

several fringes, by simply warming the -air in the light 

path of one portion of the instrument (77). lt is not 

difficult to hypothesize a situation of that sort 

developing in a human mouth. 

5.1.1.5.7 Diffraction Range. If a spot on an. object is 

coherently illuminated, scattered light forms a speckle 

pattern on a screen. The size of the speckles is a 

function of the distance between the object and the screen. 

This technique is easily scaled and has no missing points 

problem. However, contrast is a periodic function of 
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depth, so this technique suffers from the same difficulties 

with potential ambiguities as interferometric techniques. 

ln general, the accuracy possible with this technique is• 

quite low. 

5 .1. 2 Photographic vs. Real 'fime Data Acquisition 

Real-time data acquisition provides a significant 

advantage over photographic-based systems since it 

eliminates one step, and thus, one potential for errors to 

be added. Unfortunately, analog to digital A/D conversion 

rates are too slow to convert more than 512 x 512 pixels of 

data in real time without exceeding the limit posed by the 

Nyquist sampling theorem (48). That theorem states that 

analog to digital conversion must occur at not less than 

twice the overall system bandwidth to avoid loss of 

information and to pervent degredation of harmonic 

distortion (aliasing). 

In current systems, bandwidths fall below 500 kHz. 

As a rule of thumb, analog to digltal conversion rates 

should be 1.5 to 2 times the Nyquist rate. For good 

performance, then, A/D conversion rates of at least 1 

Msample/second with 20-16 bit accuracy are the limit. A 

new 110 Msample/second 8-bit chip has been developed and 

prototyped, but is not yet commercially available (48). 

With the addition of frame buffei:s; it may be possible 

to increase real time data acquisiton to 1024 x 1024 . 
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Unfortunately even that is insufficient for image 

acquisition for high quality restoration fit ( for· complete 

discussion of required resolution, see Appendix 2). 

5.2 DATA ANALYSIS AND IMAGE PROCESSING 

The goql of image analysis is the construction of 

scene descriptions on the basis of information extracted 

from images or image sequences (1750, This requires first 

that features be extracted from the image. Then surface 

orientation clues can be ·derived from those features. 

The computational theory for recovering scene geometry 

from images is based on one of four paradigms: stereo, 

motion, shading, or texture (76)~ From a mathematical 

. perspective, recovering shape from stereo or motion are 

essentially equivalent. Motion can be considered a 

special case of stereo where the separation between cameras 

(for sequential images) becomes very small. For motion 

analysis, since separation is small, spatial disparity is 

small, making any trigonomtric method of depth estimation 

extremely vulnerable to error. Further scene depth is 

restricted to pure translation only (76 and 119). It is 

unlikely that this could be accomplished successfully in 

the mouth. 

Shape from shading 

information in one view, 

techniques provide 

by observing the 
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variations which occur due to the varying angle of 

incidence that directional lighting has on varying surface 

slopes. Great care must be taken with this technique to 

take into account-variations in the illumination light and 

variations in surface reflectivity, both· of which can 

produce erroneous errors ( 29). -The Swiss system 

capitalizes on this technique and relies on coating the 

tooth surface to minimize shading variations which 

naturally occur in teeth (144). 

Stereo .is a primary method for modelling three­

dimensional scene geometry for both humans and machines 

{76). It requires matching localized features 

intensity patches in two images to determine the shift 

position between corresponding scene points in each of 

images. 

or 

in 

the 

There 

stereo. 

are two central problems in computational 

The first is matching corresponding points. The 

second is obtaining scene depth at image locations where 

feature matching fails (as in featureless areas). 

A modified stereophotogrammetric system was developed 

for acquiring data in the atuomated system for dental 

restorations. In order to extract the three-dimensional 

image from the stereo pairs containing that information, 

two distinct operations are required. The first relates to 

solving the correspondence problem. For each point· in the 

left stereo image, the corresponding_point.in the right 

image must be identified. To ease the problem of 
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matching, and to provide a technique for disregrading 

unnecessary information in the image (gum tissue position, 

for instance) features are extracted. 

The most useful feature is an edge. Surfaces are 

assumed (and have been shown) to·be fairly continuous over 

their entirety (83, 84, 130) .• At the edge of any .surface, 

however, light intensity changes dramatically relativ~ to 

any changes on the surface. Since the margin of the 

prepared tooth is most critical and since the margin is a 

well defined edge, edge finding feature extraction 

algorithms were investigated. 

After the correspondence problem has been solved 

(specifics of how this is accomplished are given in Chapter 

6), the reconstruction of the three-dimensional surfa-ee 

coordinates 

investigated 

stereometric 

can progress. Alternative techniques 

for surface reconstruction include 

techniques (the direct linear transform, 

collinearity equations, and an algorithm devised by 

Grimson) and reconstruction from Moire fringes. 

Correspondence Solutions 

Correspondence is unquestionably the most. difficult 

step to automate in stereo vision~ The existing methods 

for solving 

categories: 

this problem can be grouped into two 

area-based and feature-based. 
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techniques (106, 191, and 1~3), an area around each point 

is used to constrain the search for a matching point in the 

other view that maximizes a correlation function. These· 

techniques rely on the assumption that intensity value over 

the image is continuous, except at a few discontinuities in 

depth. The main defi·ciency of this method is that it fails 

to find a match in areas with low information content and 

can be easily confused in ambiguous situations. In 

_addition, 

disparity 

it is sensitive to photometric variations since 

is based only on intensity changes. 

Unfortunately, intensities often vary from one view to 

another due to lighting conditions of the scene, and 

reflectivity of objects which may change from one image to 

the next. 

In the feature-based techniques (29, 84, 137, 138, 

andl61), features representing meaningful properties of the 

scene (edges, corners, lines, or regions, for instance) in 

the two views are found. An attempt is made to match 

corresponding features based on their properties. One 

advantage·provided by feature-based methods over area-based 

methods is that they work on- fewer elements (since -there 

are less features in images than total pixels). Thus, the 

feature-based methods generally produce faster algorithms. 

They are aiso generally less sensitive to photometric 

variations since features are ex_tracted based on geometric 

properties rather than lighting conditions. These 

techniques, however do not produce the full disparity maps 
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that are possible with area-based techniques. 

disparity, 

techniques. 

however, can be obtained by interpolation 

Most of the methods currently used for solving the 

correspondence problem are feature-based. One of these was 

suggested by Price and Reddy (163) where matching is. 

performed over regions. A similarity measure based on 

characteristics of the regions (size, iocation, 

orlentation, color) is usedw Each characteristic is 

normalized ·by a predetermined ·weight so 

contribution to the similarity function 

characteristic is of the same scale. 

that 

0£ 

the 

each 

Barnard and Thompson ( 21 ). propose a matching technique 

by first selecting candidate points from two views. These 

are selected by the Moravec interest operator which 

computes the minimal directional variance taken in four 

directions over a small window. Matching points from the 

two candidate sets are determined, assuming a maximum 

disparity value, giving an initial probability based on the 

heuristic 

similar. 

relaxation 

that matching neighborhoods of point.s are 

Next, the probabilities are updated in a 

scheme. Consistent disparities within a 

neighborhood are given higher probabilities. Good matches 

have high probabilities and incorrect matches have low 

probability values. The process continues until a certain 

threshold of acceptable probabilitiei is reached. 
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Marr and Poggio (130) suggest a computational theory· 

of the human stereo vision. They match selected 

located at the zero crossings of the Laplacian 

Gaussian operator filtered images. Their theory 

points 

of a 

works 

only on random-dot stereograms. Modified versions of- the 

algorithm have been suggested. One of these is proposed by 

Grirnson (83). He notes that·most incorrect matches in the 

original method occur at discontinuities in depth (like 

occluding boundaries). He associates this to the 

continuity of the disparity over ~n area imposed in the 

original algorithm. His algorithm imposes the continuity 

of the disparity along contours. He also allows for small 

vertical disparities and uses a coarse to fine filtering 

approach in convolving the images. His method works· on 

some images but fails in complex scenes. Unfortunately, 

both bad and good matches propagate from the lower 

resolutions to the higher resolutions. 

Medioni and Nevatia (137) match lines representing 

connected edge points with similar orientations and 

strength. Matching segments are assumed to lie within a 

parallelogram 

parallelogram 

window centered at the segment. 

sides are parallel to 

Two of the 

the segment 

orientation. The other two are horizontal and of length 

twice the maximum allowed disparity. In addition, they 

must have similar orientation and strength. Matches are 

evaluated by a minimal differential di_spari ty function that 

represents the consistency of a match with respect to those 
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of its neighborhood. The disparity used is the average of 

the disparities over overlapping points in the matching 

segments . The process is repeated iteratively,. and during 

.each iteration, matches are reevaluated. The match with 

the lowest differential disparity is selected. 

Webb and Aggarwal! ( 193) _suggest a shape-directed area 

based algorithm.· They assume a starting match point, and 

use this information to estimate the shape (surface· normal) 

at this point. The shape is then used to guide the 

matching process for adjacent points, until the entire 

image is matched. The method "deals reasonably" (193) with 

low contrast regions but the overall results are 

insufficient. 

The image registration system designed by Goshtasby 

(81) uses gradient information in region extraction, and a 

probabilistic relaxati·on scheme in matching regions. 

Regions in one image are assumed objects and regions in the 

other image are assumed labels. A similarity measure 

derived from the geometric shape of regions is used in this 

technique. 

The stereo system proposed by Arnold (16-18) matches 

edges using a modified Viterbi dynamic programming 

algorithm adapted to stereo. Constraints on occluding 

edges, intervals between adjacent edges, and angles of 

edges are inciuded. The algorithm basically matches edges 

along epipolar lines (horizontal reference lines in each 

half of a stereo pair, used for horizontal alignment for 
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~atching points) by finding a path of rniximum cost, where 

the cost 

properties. 

Herman 

is a 

and 

similarity measure derived from edge 

Kanade (98) use stereo and monocular 

analysis to extract three-dimensional information from a 

scene. They use lines arid junctions as primitives in 

matching. 

Gool ·et. al. (80) propose an algorithm to describe a 

polyhedral scene. They ex1;.ract edges and verticies and 

perform matching on these features. 

Waxman and Duncan (191) proposed a ·combined motion­

stereo analysis with one fixed camera and one moving 

camera. Motion is used first, allowing for 

correspondence between analytic flow regions. 

gross 

Next a 

correlation between binocular difference flow (flow 

difference in the two views) and stereo disparity is used 

to establish correspondence between previous unmatched 

features. The ratio of the rate of change of the disparity 

value plays an important role in this method. 

Two_ similar three-view stereo techniques were 

developed by Ito and Ashii (106) and Pietikainen and 

Harwood ( 158) . Three-view stereo uses three images of the 

scene, with the matching performed over two combinations of 

two. images. In Ito and Ashii's technique, matching of 

edges from image 1 is done over image 2 along epipolar 

lines. 

point in 

For each candidate from image 2, a corresponding 

image 3 is derived analytically 
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intersection of epipolar lines defined by the candidate 

point and the original point in image 3. These later 

points are correllated with the original point in the 

first image to select the best match. Ideally, 

corresponding points (from image 1 and 3) have similar 

neighborhoods. 

In the other three-view stereo technique (158), the 

three images must be coplanar. The horizontal and 

vertical images are equidistant from and aligned parallel 

to the base image. This geometry allows for corresponding 

points in the base-horizontal and base-vertical images to 

have the same disparity. Edge points are used in the 

matching. An edge point from the ba~e image is selected 

and based on its orientation (closer to horizontal 

vertical) a search is made in the vertical or horizontal 

image respectively. Next, another search is carried out in 

the third image to select the corresponding edge. The 

res·ulting 

matchings. 

triplets constitute a preliminary set of 

Final matches are determined from the local 

properties (orientation and gray level on both sides of the 

edge). Finally, a contour connectivity procedure is used 

to eliminate false matches. 

Stereo correspondence is one of the most studied 

problems in computer vision. The many feature-based 

methods that have been developed use different basic 

primitives as tokens for match. These range from point 

features (corners and edges) to linear features (lin~s, 
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curves, junctions), to area features (regions). The 

They 
I 

methods vary in the way the features are extraced. 

all integrate the fundamental problems in computer vision· 

of edge detection and image segmentation techniques. 

s.2.2 Edge-Finding Techniques 

For both biologic systems and machines, vision begins 

with a huge array of measurements of light in an 

environment. The goal of vision (either for man or 

machine) is to recover information about an object. Ma·ny 

steps are required to accomplish this. One of the first 

clues about physical properties is provided by the changes 

of intensities in an image (100). 

Intensities change quickly at edges. Physical edges 

·are one of the most important properties of objects since 

they correspond to object boundaries or changes in surface 

orientation or material properties (185). Edge detection 

serves to simplify the analysis of images by drastically 

reducing the amount of data to be processed, while at the 

same time preserving useful structural information about 

the object boundaries (40). 

A vast array of edge finding techniqu~s have been 

developed (see reference 173). Generally, the intensity 

value of adjacent pixels jumps dramatically at an edge 

( 45) . The direction of that jump (low to high or vice 
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versa) depends upon the image and the direction of the 

scan. 

Rosenfeld (174) and Schowengerdt (177) point out that 

most common class of edge detection is· basad on the 

application of loc·a1 difference operators (a gradient) at 

. every pixel. An edge is detected by a sudden change in 

gray level from one pixel to the next when the magnitude of 

a gradient·exceeds a threshold (150). Many operators take 

the differences of gray levels in two orthogonal directions 

and use either root mean square or maximum absolute value 

as an estimate of edge steepness and the inverse tangent of 

the change in x divided by the change in y as an estimate 

of edge direction. 

Differences taken at every pixel are convolution 

operators. With them, .magnitude and direction are 

determined (by a non-linear process of multiplication and 

division to find the tangent). Early edge detectors 

generally embodied a specific edge model designed to locate 

step edges or intensity gradients. These operators were 

usually of fixed size (often 2 by 2 or 3 by 3) and failed 

to address the issues of edge width or resolution. The 

Roberts, Sobel, and Laplacian operators fall into this 

category. For the Roberts operator, the image is convolved 

with: 

0 
-1 

1 
0 

and 1 0 
0 -1 

and the 3 by 3 Sobel operator where the image is co·nvolved 
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with: 

.:..1 0 1 1 2· 1 
-2 0 2 and 0 0 0 
-1 0 -1 -1 -2 -1 

The Sobel operator corresponds to edges in two positions. 

It is less sensitive to noise than the Roberts because it 

combines differencing across the edge with averaging along 

the edge. 

The Laplacian operator can be used as a difference 

operator but it responds more strongly to isolated points 

than it does to lines or edges. The·digital version of the 

Laplacian convolves the image with: 

0 -1 0 
-1 4 -1 

0 -1 0 

It is not a good choice if the image is noisey. If 

edge is represented by a ramp function of gray levels, 

the 

the 

Laplacian operator yields non-zero magnitude at the top and 

bottom but is zero along the ramp itself. 

An alternative technique proposed by Rosenfeld (174) 

is to define a difference operator by fitting polynomial 

surfaces to gray levels in the neighborhood of a given 

• pixel and take the gradient of the polynomial as an 

estimate of the image gradient. The parital derivates with 

re~pect to x and y of the polynomial can be expressed 

directly in terms of gray levels, precluding the necessity 

of actuabsurface fitting. If a plane is fit by least 

squares. to a 2 x 2 neighborhood, the magnitude of the 

gradient of that plane turns out to be the same as the 
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ma-J1u.1..uut: u.i: -c.ne 1<ooerts operator. If a quadratic surface 

is fit to a 3 x 3 neighborhood, the x and y partial 

derivates are proportional to the results of convolving the 

image with the Prewitt operator: 

-1 
-1 
-.1 

0 
0 
0 

1 
1 
1 

1 1 1 
and o o -o· 

-1 -1 -1 

Still another technique is·template matching. In 

this approach, the image is convolved with a set of 

patterns (masks) representing step edges in the principal 

directions. The maximum of the magnitude of the results at 

a given pixel is then taken as the edge magnitude and the 

orientation· of the mask giving this maximum defined the 

edge direction. This template matching approach is 

described in detail by Yakimovsky and Cunningham ( 108·, 

197). Their masks are specially configured (rays and 

concentrlc diamonds) rather than rectangular windows. The 

major application of the masks, however, is for finding 

correlations for point catching. 

The choice of mask size is important. A large mask 

averages more noise so lower contrast edges can be 

detected. The "cost" however, is in lower precision in 

locating the position of the edge and greater computational 

overhead (150)°. 

Another 

capitalizes 

m~thod for detecting intensity changes 

three on derivatives. It incorporates 

essential elemen~s: smoothing, differentiating, and 

feature extra~tion (100). Smoothing serves two functions. 
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First it reduces the effects of noise. Secondly, it 

establishes the resolution or scale at which the changes 

are to be detected. 

The resolution for detecting edges can substantially 

alter th_e _ subsequent interpretation of the image. 

Hildreth (100) uses an example of an image of a leapord. 

At fine resolution, rapid intensity changes might delineate 

individual hairs in its coat: at a coarser resolution they 

might delineate its spots. Changes from one resolution t;.o 

another can be detected by smoothing image intensities by 

different amounts. 

Differentiation accentuates intensity changes. It 

transforms the image into a form from which properties can 

be extracted more readily. A substantial image change gives 

rise to a peak in the first derivative and a zero-crossing 

in the second. A zero-crossing an easily be detected. 

The detection and description of these features in the 

smoothed and differentiated surface provides a compact 

representation, capturing meaningful information in the 

image. Marr refers to this represe_ntation as the pri~al 

sketch of the image (132). This primal sketch is a 

primitive but rich description of the gray-level changes 

present in an image (129-132). This description is based 

on a vocabulary of kinds of intensity chages, 

edges and modifying parameters specifying 

orientation, termination points, contrast, 

fuzziness. 
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From this basis, Marr and Hildreth (131}, created 

another theory of edge detection. In their analysis, 

intensity changes are detected separately at different 

scales to detect the wide range of scales of changes which 

occur in natural images. No single filter can be optimal 

simultaneously at all scales. By taking local averages of 

the image at various resolutions and then detecting the 

changes in intensity that occur in each one, more nearly 

ideal edge finding can be accomplished. This necessitates 

determination of an optimal smoothing fiiter and detection 

of intensity changes as a function of scale~ 

There are two physical considerations that combine to 

determine the appropriate smoothing fiiter. First, the 

motivation for filtering the image is to reduce the range 

of scales over which intensity changes take place. The 

filter's spectrum should be smooth and roughly band-limited 

in the frequency domain. Secondly., there must be a 

constraint of spatial localization. Things that give rise 

to intensity changes (illumination changes, changes in 

orientation, surface reflectance, edges, etc.} are 

spatially localized. The consequence of this is that the 

contribution to each point of the filtered image should 

arise from a smooth average of nearby points rather than 

from an average of widely scattered points~ The only 

distribution that optimizes the relationship of these two 

localization requirements is the Gaussian. 



,. 
The Gaussian, convolved with the intensities of the 

images on a point by point basis gives a measure of 

correla~ion between the central point and a specified size· 

of an adjacent area (called the kernel of the Gaussian). 

Grimson (83) reports that four kerr.el sizes, 

to four octaves, are needed. 

corresponding. 

Whenever an intensity change occurs as an edge is 

cross.ed, for instance, there is a corres_ond.ing peak in the 

first directional derivatlve (or equivalently a zero­

crossing in the second directional der.ivative of the 

intensity). So the task of detecting intensity changes is 

reduced to finding the zero-crossings of the second 

derivates of intensity. To avoid computational expensive 

checks of all orientations, the Laplacian ( V 2 were V 2 = 

o'fax2 + o3oy 2 ) can be convolved with a two-dimensionai" 

Gaussian operator. Intensity changes for a given s·cale 

(kernel size), then are best detected by finding the zero 

values of V2G(x,y)*I(x,y) for image I(x,y) where G(x,y) is 

• a two-dimensional Gaussian distribution and V 2 
is the 

Laplacian. The intensity changes established by each 

kernel is represented by oriented primitives called zero-

crossing segments. Even with these concerns 

computation efficiency, processing is very slow. 

about 

With the 

Marr-Hildreth theory, calculation of coarse zero-crossings 

for a 512 x 512 image took three hours on the MIT Lisp 

machine ( 103). (With special customized hardware; 

calculations were repeated in 0.25 seconds, however!) 
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Shanmugami, Dickey, and Green (17~a} • derived an 

optimal frequency filter domain for detecting changes based 

on the following criterion: The operator must (1) have 

maximum energy in the vicinity of an edge, (2) be limited 

in frequency bandwidth, (3) have small output when input is 

constant or slowly varying, and ( 4) be- an even function in 

space. When step changes of intensity are detected, this 

operator, though devised to be an optimal frequency. domain 

f-ilter, is essentially equivalent to a spatial derivative 

(the second derivative of a Gaussian) (100). This. detector 

performs poorly on localization. It· also has the 

intrinsic feature of giving two maxima in the output of the 

response to an edge, yielding an ambiguous result (185). 

Another approach to smoothing is to find an anaytic 

function which best models or approximates the local 

intensity 

type was 

methods 

pattern. One of the first approaches to this 

the Hueckel .operator (100). Surface fitting 

use a variety of basis functions (iriclliding planar 

and quadratic functions) as the operator. The surface is 

approximated by expansion into the first nine coefficients 

of a radial Fourier series. This operator was quite popular 

in the 1970's but subsequent analysis has found serious 

deficiencies in the Fourier approximation (150). 

More recently; Haralich (90 and 91) used the discrete 

Chebychev polynomial to approximate image intensities with 

a. facet model . With the Haralick operator, edges are 

detected by locating the local maximum in the image 



gradient. The gradient is estimated by fitting a series 

of polynomial basis functions. This analytically models a 

patch of the intensity surface and deduces the presence of 

edges from the coefficients of the model (76). In the one 

dimensional case, this is equivalent to convolving the 

image with a filter whose shape is described by a cubic. 

polynomial and which resembles the first derivative of a 

Gaussian (185). The Haralick algorithm convolves: 
2 2 2 2 

A ( 1-k r + c ) C ( r + c ) ] a2 exp 2a2 

with the image. (A is an arbitrary scale factor, is kernel 

size}. The Marr-Hildreth algorithm convolves: 

x2.._y2_ 2 0'2 -(x2+y2) 
q4 exp 20'2 

with the image. If k = 0.5 and a= 1.4, the two are 

equivalent (for an 11 x 11 non-zero kernel). At O' = 5, 

the Marr-Hildreth has a non-zero support diameter of 49 

pixels. 

A smoothing operator derived from regularization 

theory of mathematical physics has also been proposed 

(159). It begins with the hypthesis that numerical 

differentiation of an image is a mathematically ill-posed 

problem since its so.lution does not depend continuously on 

input intensities (the equivalent of saying that the 

solution is not robust against noise) ( 100). The 

smoothing regularizes the image, permitting well-posed 

differentiation. 

The operacor is given by S(x} where s(x) minimizes: 
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n - 2 _C, 2 
k~

1
(I(xk) - S(xk)} + A:JIS"(xl I dx 

The first term is a measure of how well S(x) fits the 

sampled intensities. The second term measures t~e 

smoothness of S(x). The constant A controls the relative 

weight of each of the terms (100). Pogglo et.al. (159) 

showed that the solution of this minimization is equivalent 

to the convolution of· the image intensities with a cubic 

spline that is very similar to a Gaussian. 

Shen and Castan (41 and 197) argue that in general, 

derivates are sensitive to noise so some low-pass 

preprocessing is often necessary. The problem of edge 

finding is further complicated by the fact that derivates 

and their functions are local features of the image so, 

when applied to three-dimensional image reconstruction, for 

one pixel in an image there may exist mor·e than one 

candidate in the other image which has similar local 

distributions of gray levels. 

This problem was also addressed by Marr and Canny and 

is the problem of ambiguities and false positives. 

Ideally, when three-dimensional reconstructions are done, 

characteristics of points which are relatively stable and 

insensitive to noise are needed. These points can be 

established by contours (the application for which Canny 

developed his techniques), zero-crossings of Laplacians 

(the Marr-Hildreth solution, for instance), and 

characteristic points found by use of the Moravec operator 

( 146 and 147). Wi~h the Moravec operator, interesting 

· ... -. 



pixels are often limited to isolated points, making 

difficult .. to find three-dimensional information of 

whole scene from disparities of isolated points. 

..... 
l. '-

the 

The contour and Laplacian zero-crossing techniques 

usually locate some continuous lines or curves, making 

three-dimensional reconstruction easier. However, the 

gradient thresholding used in edge detection often causes 

some missed contour points so contours which are found are 

often broken into several discontinuous parts, creating 

difficulties in matching. 

avoids this problem. 

The zero-crossing technique 

Unfortunately, by itself, the 

Laplacian of gray levels is sensitive to noise so a band­

limited Laplacian, such as a Lapiacian of a Gaussian is 

more useful since it eliminates the noise sensitivity. 

Because of the .contradiction between insensitivity to noise 

and precision of localization of zero-crossings with a 

Gaussian filter, different Gaussian channels should be used 

(as p·roposed by Marr and Hildreth). 

requires long computation times. 

But that technique 

Shen and Castan (179) have created an algorithm for 

detecting 

precision. 

band-limited Laplacian zero-crossings with 

For them, a binary Laplacian image is created 

which enhances subsequent stereo reconstructions. Band-

limited Laplacian zero-crossings are sparse, corresponding 

to pixels with important changes in gray level (like an 

edge or boundary). 

formed by defining: 

The binary Laplacian image (BLI) is 

if a pixel has a positive Laplacian 

59 



value, the BLI value is equal to 1. If the Laplacian is 

zero or negative, the BLI value is equal to 0. The 

precision of the algorithm results from the precision of 

algorithm results from the precision of the Gaussian. 

There is less ·noH;e with this filter, giving increasing 

precision in localization of zero-crossings. 

computational complexity is low since the 

Further, the 

algorithm 

requires only four multiplications and nine additions for 

each pixel. 

Even with this technique, at the BLI Level some noise 

remains. To suppress that noise, before three-dimensional 

reconstruction is attempted, spatial continuity is used to 

suppress "isolated zones of small surfaces. This process is 

calied area size thresholding. Zones in • the BLI are 

relatively independent of gr_ay level of surfaces, a fact 

that may be important for the relatively flat color 

differences observed in imaging the teeth. 

There has been considerable energy 

developing suitable edge-finding algorithms. 

expended in 

Many of these 

investigations (both theoretical and applied) have addressed 

the question of which operators are most appropriate for 

performing the required operations. Certainly a better 

understanding of the advantages and disadvantages of 

various operators is emerging (100, 123, and 124). 

It is unlikely, however, that a single method is the 
most appropriate for all tasks. Mastin (133) shows some 
interesting results emphasizing this point. 
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image, consisting· of four parita-1 images (which are 

dramatically different types - lines, continuous tone, 

solid gray, and text), was subjected to six different· 

smoothing filters. Results of different algorthirns are 

dramatically different for different types of images. 

Because of this, a number of edge-finding algorithms were 

applied to images of the teeth. The relatively simple 

Roberts and Sobel operators give no useful information. 

Even looking at the edges found with the operators and 

knowing what the original image looked like provided no 

useful information. Adding and subtracting the edge image 

from the original image provided no useful information. 

Figure 2 is an original image. Figure 3 is the raw 

digitized image at resolution of 480 lines with 640 

pixels/line. Figure 4 is the edges found ~ith the Marr-

Hildreth algorithm. Figure 5 gives the edges found with 

the Haralick algorithm. Figure 6 is with the Canny edge 

finding algorithm and Figure 7 is the same image with a 

strong edge criterion applied to the Canny operator. 

Because of its significantly improved performance compared 

with the others, the Canny edge _finding algorithm was 

selected for use with the automated system. 

described in Chapter 6. 

5.2.3 Surface Reconstruction 
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The major goal in ima9ing is to establish the three­

dimensional coordinates describing the object of interest. 

A number of techniques· have been devised. Some come from 

photograrnrnetric applications ( see re·ferences 1, 125, and 

126 general discussion), others have been derfved from 

image processing ( see reference 83, -foi- instance), others 

have come from applications in• robotics and artificial 

intelligence (see reference 31 for instance). The 

techniques associated with the direct linear transformation 

(DLT), the Collinearity Condition, the Grimson algorithms, 

and Moire reconstruction were considered as feasible 

alternatives for incorporation into the automated system 

for production of dental restorations. 

s.2.a.1 DIRECT LINEAR TRANSFORMATION. The direct: ·1in_ear 

transformation (DLT) technique is based on the principles 

of the projective transformation. Given an arbitrary 

X,Y,Z object coordinate system, the x,y and z image .space 

coordinate system can be· found using basic linear 

transformations (1). Transformations from one arbitrary 

coordinate system to another are made through a finite 

series of rotations and translations which include 

perspective by the following equations:. 

[X, Y, Z, l] 
Ll 
L2 
L3 
L4 

LS Rl 
LG R2 
L7 R3 
LB R4 

L9 
LIO 
Lll 
Ll2 
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where x,Y,Z represents the coordinates of a point in the 

object··-coordinate system (an actual point in space· to be 

digitized). The coordinates x, y, z represent the· 

coordinates of that same point in the image plane (the 

photograph). L9, LIO, and Lll contain the information for 

s, the perspective scaling.· . L4, L8, and R4 represent 

translations. The upper left 3 x 3 matrix contains the 

concatinated rotations required to align the arbitary axis 

of the image and object coordinate systems. When the image 

plane. is flat {as in a photograph), z = 0 for all X,Y, Z 

and Rl = R2 = R3 = R4 = Q. By rearranging, the standard 

form of the DLT is obtained: 

where: 

The L's, 

x = {Ll * X + L2 * Y + L3 * Z + L4)/s 

y =(LS* x + L6 * Y + L7 * Z + L8)/s 

s = (L9 * X +LIO* Y + Lll * Z + 1.0) 

called the calibration coefficients, 

incorporate information about the geometry of the image 

acquisition, the internal configuration .of the camera 

system, including orientation parameters of the camera to 

the object space (distance from the object, rotation of the 

camera/film coordinate axis to the coordinate axis of the 

object space), orientation of the internal parameters of 

the camera (focal length of the lens, orientation of the 

film coordinate axis), parameters modeling lens 

distoration, and parameters modeling film distoration (1, 

14, 189, and 196). 
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The elegance of this technique, however, is that the 

equations can be solved without apriori knowledge of this 

array of variables. Instead,· if the object coordinates 

and image coordinates of at least six points (on a 

calibration devices of some sort usually) are known, the 

values of the L's can be found. These same L's are then 

used to solve for the object coordinates of u·nknown points. 

From . work that has been done using this technique in tJ 

.Department of Orthodontics at the University of Minnesota, 

resolution is insufficient to meet the strict requirements 

for imaging the teeth. Resolution with this 

reconstruction has been shown to be on the order of 1/2 mm 

94, 113, 116, and 156): sufficient for the applications for 

which it was developed but inadequate for 

restorations. 

automated 

5.2.3-2 COLLINEARITY CONDITION. Three-dimensional 

coordinates from planar stereo pairs of information can be 

•obtained using the collinearity condition equations for 

rays, developed by Anderson (14) and Brown (35). 

collinearity condition can be expressed as: 

and 

~j= -c[(Xj-XOi)r11+ (Yj ...:Yai)r2t (Zj-Zoj)r31]/_[(Xj-~i)r13 

+ (Yj -Y0 i )r2 t (Zj -Z0i)r3J 

Toe 

Y,( -c[(Xj -x 0;r12+ (Yj -Y0 j)r22 (z1 -Z0 i)r
3
~/[(Xj-Xoi)r

13 

+ (Yj -Y0 i)~3+ (Zj_-Z0 i)r3:i) 
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·where: 

X•-,Y·1 IJ I 
= image coordinate points ion photo j 

c = calibrated focal length 

(X,Y,Z)j = object coordinates of point j 

(X,Y,Z)
0 i= camera station coordinates of photo i 

r11 I:i2 r13 I 
r21 r22 r23 = 
r31 r32 r33 

rotation matrix R 

Curry (53) uses this technique in his work creatin~ a 

point location and tracking system using digital images for 

biostereometrics. It requires that information about 

camera station parameters, camera calibration (principal 

distance, principal point location, coefficients fo~ 

symmetric radial lens distortion) be included. It does, 

however,. yield accuracies of 0.2 to Q.3 mm in x, y, and z 

coordinates ( 24). Unfortunately, these are not 

substantially improved over those found using the DLT. 

s.2.3.3 GRIMSON ALGORITHM. The Grimson algorithm (83) 

uses the Laplacian of the Gaussian (G) convolved with the 

image to determine three-dimensional coordinates of the 

positions on the object at which the zero-crossings occur. 

This technique provides information where ever edges occur. 

However, it gives no explicit information about the 

remainder of the surface. By capitalizing on the physical 

constraint of surface consistency, 
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1n~erpo~a~ion algorithm to complete the· surface 

represent~:tion. 

The interpolation algorithm relies on the basic· 

hypothesis that in order for a surface to be consistent 

with a given set of zero-crossings, not only must it give 

rise to a zero-crossing in the convolved irradiances at 

those points, but it must also not give rise to zero­

crossings el.sewhere. He states and proves a surface 

consistency theorem, describing the probability of a zero­

crossing as a function of the shape of the surface. The 

importance of this theory is that it leads to a method for 

measuring the probability of a particular surface being 

inconsistent with the zero-crossing information~ yielding a 
technique for determining the best possible surface to fit 

the known information. 

MOIRE FRINGE TECHNIQUE. From Moire fringe 

information, a surface reconstruction can be accomplished. 

Each fringe represents an equal height on the surface. 

Thus, the third dimension (z) for each point on the image 

(x,y) can be calculated (120): 

z = A/B 

where: 

B = P9 [ xm(x 0 k 1 - :•0 k 2 + a,nk3 ) - apPm( >::0 k 4 + y0 K5+ amKs)J 
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wnere: 

5.3 

a~ lens - film distan~e in imaging camera 

P = period of grid (lines/mm) 

P = period of film image grid (lines/mm) 

a = grid-lens distance in projection system. 

k1= cos6sin(,& 

k = 2 . sin6 

k3= cos6~ostp 

k4= cos6=os'fj + sir.6sin~sinJ3 

ks= cos/isir:p 

k
6= sin6~os~sinB sin./kosp 

6 = viewing angle 

~ = angie of grid projection to image projection 

p = rotation of grid relative to film piane 

(x,y,z}9 = grid coodinates 

(x,y,z)m= film coordinates 

FABRICATION TECHNIQUES 

Both traditional and non-traditional techniques for 

fabricating the restoration were investigated. Two factors 

play heavily into any selection, however. First, the 

intent is that the automated system should be feasible for 

installation in a typical dental office. Secondly, only 

one shaping technique should be used for the entire 

process. It is possible that additional techniques could 

complement euch other; bringing advantages in time of 
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production, for instance. However, in an attempt to keep 

system design as simple as possible, the shaping technique 

selected must be able to produce both internal and external 

surface geometry of a dental restoration. Traditional 

milling provides this capability and is described in 

_Chapter 6. Other techniques investigated include electric 

discharge machining, laser beam machining, abrasive jet 

machining, water jet cutting, stereolithography, • and 

ultrasonic machining. Table 3 compares various parameters 

relating to the alternative techniques. 

5.3.1 Electrical Discharge Machining 

Electrical Discharge Machining (EDM) dates back to the 

1940's; Material is removed by thermal energy generating a· 

spark ( 194) . A dielectric fluid provides a path for 

discharge of the fluid between the electrode tool and the 

workpiece. When sufficient voltage is applied, the 

dielectric ionizes, passing current. The discharge area 

is focused, creating a local t~mperature above the melting 

point of the metal workpiece. 

to 130 microns remains after EDM. 

A heat-affected layer of 2 

The part may or may not 

show evidence of any metallurgical changes. Tool wear is 

an important consideration and in order to control 

tolerances and minimize cost, material removal rates must 

be kept low (51). 
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Because thermal energy is utilized, hardness is 

irrelevant for cutting capabilities. However, 

electrically conductive materials can be machined by 

only. 

EDM. 

Therefore, it is not a rea·sonable choice for the production 

of dental retorations which often are fabricated from 

.ceramic, porcelain, and composite materials. 

5.3.2 Laser Beam Machining 

Laser·beam machining has been used for high precision 

fabrication of complex geometries with high tolerance 

(104). 

( 194). 

Basically it ,is a high-speed ablation process 

The workpiece is heated, causing surface 

Evaporation occurs in the small focus area of 

melting. 

the laser 

beam. Cutting is further-enhanced by liquid material 

flowing from the area. While the heat-affected zone is 

shallow, very high thermal stresses may be applied and 

residual stresses may result. Sharp corners (like margins 

of restorations) may create.some problems. Usually this 

technique is not employed for mass material removal. It 

will cut hard, soft, tough, brittle, stiff and resilient 

materials. 

In most applications, cuts are made all the way 

through plates of material; it is difficult to precisely 

control the depth of a cut. Since depth of cut is 
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critical for both. the internal and external surfaces of a 

dental restoration, this technique is not indicated. 

5.3.3 Abrasive Jet Machining 

Abrasive jet machining removes material by abrasive 

particles in a high-velocity gas stream impinging on the 
. 

workpiece. This differs from conventional sandblasting 

since it uses finer process parameters and cutting actions 

are more carefully controlled. Hard brittle materials, 

including glass and ceramic, can be cut. Diamonds have been 

cut using diamond abrasives (194). lt is not recommended 

for mass material.removal processes, and thus, is not 

optimal for the dental restoration application where a 

rather large bulk of n1aterial must be removed from the area 

into which. the prepared tooth will fit. 

5.3.4 Water Jet Cutting 

Water jet cutting was first patented in 1961. Water 

pressure, at 60,000 psi, is accelerated through an orifice 

to create a stream traveling at more then twice the speed. 

of sound (96). This high velocity, high pressure water jet 

cuts the material. Numerically controlled systems do 

exist. With this jet it is possible to cut graphite, 

glass, epoxy and other non-metals. 
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cut highly brittle materials. Unfortunately, workpiece 

material removal rates are minimal and depth of the cuts 

are difficult to control (194). 

5.3.5 Ul trasoni.c Machining 

Ultrasonic mach1ning is performed by a cutting tool 

which osciilates at high frequency, typically 20,000 cpm, 

in an abrasive slurry. The shape of the tool corresponds 

to the shape to be produced by the workpiece (a custom tool 

would have to be fabricated before beginning material 

removal). 

abrasive 

High· speed reciprocal motion of the tool drives 

grains across a gap into the workpiece, 

mechanically removing the material. Soft and ductile 

materials are easier to cut; hard and brittle materials, 

including ceramics (155), are possible. It is probably 

the best alternative for hard and brittle materials (23). 

The first patent for ultrasonic machining was issued in 

1945 (194). This technique can produce complex shapes but 

it does not compete with conventional material removal 

operations of the basis of stock removal rates. 

5.3.6 Stereolithography 

Stereolithography is a new technique and the basis of 

a newly formed company called 3-D Systems (34). 
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technique, a precisely focused beam of UV-"light scans a 

pool of liquid plastic, solidifying the material and 

building up complex shapes, layer by layer or point by· 

point. 

The method is not·capable of producing parts from. 

materials other than UV cured plastics. Few, if any, of 

the currently used dental materials fall into this 

category. In the future·, however, new materials or 

different light sources could feasibly be useful with this 

technqiue. ln the near term, however, it is not 

appropriate for further consideration. This technique may 

be excessively restricting. 



Chapter 6. System Description 

The system to automate production of dental 

restorations acquires data directly from a patient's mouth,· 

reconstructs a true three-dimensional model of that data, 

designs a restoration which fits the unique requirements of 

the shape and size for the patient while preserving the 

important morphological characteristics of° the tooth being 

restored, and then produces a milled restoration. 

Understandably, a number of elements are required to 

accomplish this. These include the techniques involved and 

required to acquire the data, to convert the data into 

digital form, and then to recreate the three-dimensional 

surfaces representing the teeth. Table 4 compares current 

and automated processes. A data base was created to 

establish the ideal morphology of each of the teeth in the 

}1uman mouth. A CAD/CAM package has been developed to 

create the design of the restoration and to generate the 

milling machine commands to produce it. Special filtering 

algorithms have ben developed to represent the teeth in a 

form which is compatible with the CAD/CAM software 
C 

requirements. Special fixturing has been created to permit·' 

restorations to be created. Each of these elements, as 

well as with a discussion of materials from 
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Table 4. Current vs. Automated Restoraton Production 

Current Technique Automated System 

--------------------------------------- ·---------------------------

DATA ACQUISITION 

DATA PROCESSING 

AND 

ANLYSIS 

FABRICATION 

• Impressions 

• Hinge axis location 

• Face bow transfer 

• Pour models 

• Place pins 

• Pour base 

• Mount in articulator 

• Trim dies 

• Mark margins 

• Wax pattern 

• Sprue 

• Invest 

• Burnout 

• Cast 

• Polish 
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• Stereo pairs of 
images 

• Digitizing 

• Edge finding 

• 1:1 correspondence 

• Disparity 

• 3~D reconstruction 

• CAD/CAM 

• Mill 
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restoration have been fabricated, will be covered. Figure 

a summarizes the activities involved in an automated system 

to fabricate dental restorations. 

DATA ACQUISITION 

Data acquisition is the first step in restoration 

production - with either an automated or traditional 

system. Each patient presents with a unique set of 

characteristic shapes- and sizes of teeth: a restoration 

will have a.unique form, depending upon the history of 

decay and/or fracture that necessitates that the 

restoration be placed. The data required includes: (1) the 

configuration of the tooth prepared by the dentist to. 

receive the restoration, (2) the shape of the proximal 

surfaces and heights of the adjacent teeth, (3) the surface 

configuration of the opposing teeth with which the 

restoration must occlude, and (4) motion of the mandible 

relative to the maxilla during function (in the areas where 

any of the teeth remain in contact and· therefore guide the 

motion of the jaws). In general terms, some technique must 

be devised to create a representation of the teeth. 

It is important to remember that the data must be 

obtained from a living patient who is unconstrained. They 

wiggle and have only a limited amount of opening possible 
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· between their teeth (usually on the order of 40 to 60 mm 

between their front teeth but only 25 to 30 mm in the 

posterior regions of their mouth). They also have cheeks,· 

saliva, and tongues that are often in the way. The oral 

environment is essentially at 100 percent humidity. 

For the automated system investigated, a • film-based 

stereophotogrammetric system has been developed. The 

film-based system was selected for two major reasons. 

First, it permits quick data acquisition for the 

information required for shape reconstruction of the 

prepared tooth, minimizing the effects of any patient 

movement. Perhaps more importantly, the intent is to 

create a system which is feasible for use in a normal 

dental office. Thus, the cost of the in-office system 

must be reasonable low and· it must be able to be operated 

with only minimal training. 

The data acquisition system created is unique. Teeth 

are relatively featureless, providing little color 

variation and long horizontal and vertical areas of nearly 

flat profile. This creates substantial difficulties for 

subsequent image processing. In order to alleviate this 

problem, the data acquisition system design synthesizes 

structured light and conventional stereophotogrammetry. 

Data is acquired so that advantages from both techniques 

can· be utilized for subsequent image processi~g and data 

analysis. Developments for the data acquisition system 

are the basis for a patent application now in process. 
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Because of potential difficulties resulting from 

disclosure, an in-depth description of the system cannot be 

provided here. Instead, the general principles and· 

approaches are outlined. 

6.1.1 Data Acquisition System 

The data acquisition system, in its current 

configuration, consists of a standard Nikon N2000 35-mm 

camera body with a special rod lens (Figure 9). The lens 

is a combination of 100-mm Vivitar 11 Macro telephoto lens 

(Part 22702350) to which is attached magnifying larygngo-

pharynog6scope by v. Stuckard (Richard Wolf Medical 

Instruments Corp. part number 4450.47 attached with quick­

mount stepdown ring part number 5220. 00). . The· laryngo-· 

pharynogoscope (an endoscope) lens is a 5.85 mm diameter 

rod lens with prism system mounted at the distal end, 

permitting the field of view to be at 90 degrees to the 

long axis of the lens. A total distance of 25 mm between 

the top of the surface being imaged and the top of the lens 

is required. Depth of field is essentially infinite. 

Figure 10 is a view of the teeth as seen through this 

lens. 

'l'o obtain three-dimensional data from planar 

photographs, stereo pairs of images are required. The 

stereo pairs have been made by moving the camera from one 
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position to another. Images have been recorded using 

standard Kodachrome KM-135 film with ASA 400. Development 
) 

has been done by commercial processors (Black Photography· 

or National Camera Exchange, Minneapolis, MN). 

Data was acquired through the experimental setup shown 

in Figure 11. Light source (1) illuminates a Ronchi grating 

(2) with 500 .cycles/inch (Rolyn Optics Part No. 70.3010). 

Lens 3 focuses the grating onto the tooth (4). The image 

is recorded by camera (5) with a standard 100-mm lens plus 

endoscope. Figures 12 and 13 are views of the result~ng 

image pairs. The dark line crossing the tooth serves as an 

epipolar line for alignment of scan lines (to be discussed 

in sections 6.2.1.2 and 6.2.1.3 on auto-correspondence and 

surface reconstruction). 

6.1.2 Digitizing 

To convert the photographic images to digital images, 

an Eikonix EC-850 digitizer (Eikonix Corporation, Waltham, 

MA) has been used (see Figure 14 and reference 72). 

The resolution of this digitizer is 4096 by 4096 pixels. 

The system uses a linear CCD array to acquire each row of 

data and a high-resolution stepper motor to move from one 

row to the next. The digitizing work station includes the 

CCD-camera mounted on a column which permits the camera to 

be raised or lowered relative to the working table top. 
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Thi's, combined with the lenses, permits different sizes of 

film and objects to be digitized. 

The primary device of the system is a linear array of 

4096 photodetectors. Center to center diode separation is 

7.5 microns {72). During a scan, the a:rray is stepped­

repea'tedly in a direction at right angles to its length. 

Each step is 7 microns. 

Each photodiodes is connnected across -a capacitor 

which is initially charged by the scanning circuits. Each 

time the photodiodes are accessed• by the scanning circuits, 

the capacitors discharge through the photodiode at a rate 

which is determined by four factors; {l) average light 

intensity of the light focused on the photodiode, (2) time 

between scans, (3) dark current of the photodetector, and 

(4) individual gain of the photodiodes (72). 

The time between scans is the sum of two factors: (l} 

active time to scan the accuracy (fixed by clock rate} and 

(2) integration time (a pause time} (72). Integration 

time is controlled by exposure time which can be set at the 

console (see Figure 15). 

Each time a photode-tector cell is accessed by the 

scanning circuits, its output, which is the remaining 

charge on its capacitor, is fed as voltage to an analog 

sample and hold circuit. The capacitor is recharged for 

the next period. When all cells have been read, the pause 

period is taken before a new scan can begin. At the start 

of a pause period, during a normal scan, the stage carrying 
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the array shifts one. or more steps, depending upon software 

commands. 

The sample and hold circuit contents (the output of 

each cell) are clocked into an A/D converter. The output 

is a digital representation of the gray (or color) levels 

sen·sed. 

Both transmissive and reflected light sources are 

available so transparent films, photographs, or solid 

objects can be digitized. The transmissive light source 

uses filters to provide red, blue, • and green light in 

addition to a white light source. The intensity of 

the transmissive light can be manually adjusted to optimize 

integration time (the time allowed for light-to impinge on 

a given CCD sensor cell). Camera signals are monitored 

through an oscilloscope which provides instanteous 

histogram plots o_f light intensity. The histogram is 

useful in establishing proper light intensity. Both 

optical (the equivalent of through the lens viewing in 35-

mrn cameras) and electronic (maximum intensity levels) 

focusing a.re possible (but .cannot be achieved 

simultaneously). 

The digitizer can sense up to eight bits of color and 

can digitize in levels of gray, red, green, or blue. Scan 

times vary from 4 to 30 seconds/frame of film, depending on 

the color being digitized. Blue is the slowest due to 

idiosynchrocies of CCD-chip technology (75). 
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are further slowed by filtering the data at input to the 

computer rather than recording all of the input. 

The digitizer hardware drive and the camera control 

software· were both obtained from Eikonix Corporation. 

Additional programs for camera control were developed by 

the Department of Orthodontics at the- University of 

Minnesota. 

The digitizer precision is within 1/20 pixel (0.37 

microns} between pixels and better than 1 pixel (7.5 

microns} across the full diagonal (72). Its repeatability 

has been shown to be~ 1/2 pixel. For a 10-mm diameter 

image, a typical large tooth size, the 4096 x 4096 

resolution 9ives a limiting image acquisition resol~tion of 
,_ 

2.44 microns. (Appendix 2 gives a discussion of errors, 

sources of errors, and the implications of those errors on 

probability of producing quality restcrations.) 

Experiments conducted with 16-mrn film format used a 

lens system consisting of a Tamron MC Teleconverter (2x), 

120 mm of extender tubes, and a Micrc-Nikkor 105 mm lens 

(2:2.8). An optical grid with 1-mrn by 1- mm spacing (Rolyn 

Optics part 70.0275) was placed in the field of view. 

With this lens system, a total of 382 pixels between grid 

markers was measured, yielding a total of 2.6 microns of 

actual movements in space, essentially. varify_ing the 

theoretical resolution. 

Some special problems are related to digitizing at 

very high resolutions. The first relates to vibration and 
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movement 

the next, 

of the camera as it moves form one scan line to 

especially when a very long lens arrangement is 

required. Without any modification, pixel positions varied 

dramatically for repeated scans of the same frame of film 

(by up to 10 pixels). By adding a fixture which ties the 

lens system to the camera support column, the variatio"n is 

·reduced to 1/2 pixel (see Figure 16). 

Another problem (blooming) is implicit in CCD camera 

technology. Blooming 'is defined as a phenomenon whereby 

streaks fan out in the image around an area of intense 

illumination. Blooming occurs when excess charge in a 

sensor cell overflows into neighborlng CCD registers (38). 

This phenomenon is particulary bothersome in areas of high 

contrast, which, 

edges. 

unfortunately, occurs most often around 

DATA ANALYSIS AND IMAGE PROCESSING 

After data has been acquired and digitized, it must be 

manipulated, creating a restoration design which can then 

be fabricated. This process requires first that the 

stereophotograrnmetric data be analyzed to reconstruct the 

three-dimensional surface information defining the teeth. 

A patient needs a restoration because normal too~h 

structure has been destroyed (through decay or fracture 

usually). lt is unlikely, then, 
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data about the original morphology of the tooth needing the 

restoration remains when the patient.arrives in the dental 

office. Yet restorations that are placed must preserve the 

original anatomy of the tooth, providing cusp·s, grooves, 

and fossae in their original relative positions. That is, 

all mandibular first molar full crown restorations, for 

instance, have five cusps, three buccal and two lingual, a 

central groove which crosses both the mesial and distal 

marginal ridges, etc. Since it is unlikely· that this 

morphology data will always be available directly from the 

patient, a data base of ideal tooth forms was created. It 

contains the ideal morphology. Specifics for cusp height 

and contour, width, and depth of fossae must be determined 

from data unique for each patient and extracted from the 

stereo images. 

First the three-dimensional surface must be 

reconstructed. This requires that edges be found and that 

the auto correspondence and disparity problem be solve.a. A 

data base of ideal tooth forms has been found, forming the 

foundation of the design for the final· unique tooth form. 

An artificial intelligence program contains the required 

tooth to tooth relationships. That data, together with the 

ideal tooth forms is used by the CAD/CAM software to 

design the restoration. When the design is complete, 

fabrication begins. Each of these elements is discussed 

separately in the next sections. 
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Three-Dimensiorial Surface Reconstruction 

After the stereo pairs have been digitized, a three­

dimensional representation of the surface imaged in those 

pairs can be reconstructed. The photographic basis for 

stereoscopy· can be found in the principles of image 

displacement and stereoscopic parallax (73). The change in 

position of an image from one photograph to another caused 

by motion of the camera (or object) is defined as 

stereoscopic parallax or disparity. It is the apparent 

displacement of the position of an object, with respect 

to a frame of reference, caused by a shift in the position 

of the observer (in this case a camera). Differential 

disparity is the element that is used to determine 

elevations of surfaces (see reference 83 for a detailed 

description). If corresponding points in the images 

can be found and image acquisition geometry is known, the 

depth of the points can be determined. When combined with 

planar x,y coordinates, the depth map provides a complete 

three-dimensional representation of the surface. 

Matching performance is improved if features are used 

to establish the matches rather than itensity values over 

the whole surface (176). One approach to automate 

stereomapping is based on applying a set of edge operators, 

having a range of sizes, to the image: matching first 

coarse and then progressively finer resolutions (83). 
94' 



After matching has been completed, the stereo 

reconstruction can begin. For the.automated system for 

dental restorations, .a unique comJ:?ination of 

stereophotograrnrnetry and str~ctured light have been 

integrated into the data acquisition system. With this 

combination, two images are essentially contained in each 

st_ereo view. The st_ructured light (and the projected grid} 

add apparent features to the images. 

underlying image can also be detected. 

Additionally, the 

The traditional 

stereo image information is used to ·extract information 

about the margin. Because the margin is continuous, 

without interruption in the image, it can be reconstructed 

with high precision. 

The structured light image. is used to extract data 

defining the remaining surfaces, away from the margins. 

These require less precise reconstruction, without 

compromising the quality of the final restoration fit. In 

both cases, data is extracted by first filtering the raw 

data to find the edges (either the margins directly or the 

grid pattern}. The edges are found using. the Canny 

algorithm which is described in detail in the next section. 

The descriptions of auto-correspondence and disparity 

algorithms and of the surface reconstruction then follow. 
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CANNY· EDGE FINDING. Both smoothed local 

symmetries and the computation of three-dimensional shape 

from two-dimensional contours depend on the availability of 

good edge data. An early implementation of smoothed local 

symmetries used the difference of Gaussians operator 

proposed by Marr and Hildreth (131}. That algorithm, 

however, is highly susceptible to noise. The set of zero-

crossings varies considerable with noise as does the 

contour tangent directions determined by it. 

Canny (39 and 40} made noise a central concern in his 

investigation of edge finding. He has created what is 

generally proported to be one of the best performing 

variations of the many proposed zero-cossing 

implementations (76). He uses the calculus of variations 

to derive an operator from a precise formulation of 

detection and localization; finding that the optimal shape 

is (approximately) the first derivative of a Gaussian (30). 

The edge finder is directional. In one dimension, it 

optimizes the product of a measure of detectability of an 

edge (signal to noise ratio and the requirement of a single 

response to a single step) ~nd a measrire of localization 

(the variance in the position of a zero 

Specifically, Canny sets the following criterion: 
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1. Good detection (no false positives or negatives): 

.There should be a low probability of failing to' detect a 

real edge point, and low probability of falsely marking an 

edge point. This criteria~ corres~onds to maximizing 

signal to noise ratio (SNR). 

2. Good localization: The points marked as edges by 

the operator must be as close as possible to the center of 

the true edge. 

3. One response to one edge: This is implicitly.· 

captured in the first criterion since when two nearby 

operators respond to the same edge one of them must be 

considered to have marked a false positive. 

Signal to noise is frequently used as the design 

criterion for an optimal detector. However, tne ability of 

the edg_e detectbr to localize an edge is often either 

ignored or only indirectly treated ( 30) . Canny's 

derivation consists of three steps. First, the design is 

restricted to one-dimensional linear operators. A closed 

form solution is found to the variational problem of 

finding a filter "f" that maximizes the product of measures 

of detection and localization. The optimal filter is 

approximated by (but is not exactly) the first derivative 

of a Gaussian. Second, the optimal iinear operators 

are combined non~linearly in a way that is again optimal 

with respect to the criteria of detection and localization. 
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Finally, the edge points output from the non-linear 

detector are processed by a line-following procedure which 

. assigns labels to the segments of contour and to each· 

segment a set of parameters that describe the type of edge 

transition (amplitude of the s:tep, uncertainty in 

amplitude,· and uncertainty in position) . 

The impulse response of the desired operator can be 

re~resented by the function f(x). 

to antisymmetric functions "f". 

Attention is restricted 

This is because. an 

arbitrary function can always be split into symmetric and 

antisymmetric components. The symmetric component adds 

nothing. to detector or localization~ it does contribute to 

the noise components that affect both. 

The amplitude of a step can be given by A and the 
2 

amplitude has a mean-squared noise of n 0 • 

signal I(x), then, can be represented by (39): 

The input 

I(x) =Au (x) + n(x) 
2 2 

with n 0 = < n (xJ> for all x. Then the output 

convolution of the signal with f is given 

convolution integral: 

Jr(,-) f(x -11 d 

of 

by 

The output SNR is defined as the quotient 

the 

the 

of 

the output due solely to the step input and the root mean 

squared response to the noise of the signal: 

-- A x) dx 

To formulate a localization criterion, the uncertainty 
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in the position of the edge is defined to be the standard 

deviation· in the distance of the position of the output 

maximum from the origin (the true position of the edge)." 

At the maximum, there is a corresponding zero-crossing in 

the derivative of the output. By the derivative theorem 

for convolutions, the position x of the zero-crossing. 

corresponds to the position of the zero-crossing in the 

output .of the convolution of the signal with their first· 

derivative f' of the function f(x). The variance of the 

zero-crossing is given by: 

LO) 

n 2 ,• 2 <x2>= o, o (x) dx 
o A2 ,. 2 

(o) 

Since localization improves as the variance of x 

decreases, the localization criterion 

reciprocal of d .r0 : 

r A f'(o) 

Having developed criteria 

is defined as the 

for detection and 

localization, the problem arises of combining them. Canny 

elects to use the product of the two. This choice is 

somewhat arbitrary, but has the property of being invariant 

under changes of scale or amplitude. The product is given 

by: 

EI' 

If xis replaced by x/w (a change of scale), where w 

is a space constant which describes the "width" of the 
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function f, there is no affect in the value of the 

expression for Er. aut the relative contributions from 

SNR and localization does change. The width of the 

operator determines the tradeoff in output SNR versus 
. 

localization. 

but poorer SNR. 

A narrow operator gives better localization 

To handle variations in the SNR in the 

image, operatbrs of several widths are used. Where several 

opera~ors respond to the same edge, the operator with the 

lowest width is selected, giving the best localization 

while preserving an acceptable SNR. 

The problem of maximizing the product Er can be 

posed as a variational problem with general solution of the 

form: 

f(x) = a 1exp( ax) sinwx + a 2 exp( ax) cos wx 

subject to the boundary conditions: 

-f(O) = 0 f(-W) = 0 f"(O) = s and f"(-W) = O 

where sis an unknown constant equal to the slope of the 

function "f" at the origin. The form of this function 

suggests that is could be approximated by ·a 

derivative of a Gaussian (G') where: 
2 

G(x) = exp[-x / 
2 

2 u ] 

first 

The major reason for this approximation is the efficient 

ways to compute the two dimensonal extension of the filter 

if it can be represented as some derivative of a Gaussian. 
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The automatic switching between operators requires 

local esti~ation of the noise energy in the operator 

outputs. This is difficult because there is little 

information available at the operator outputs to indicate 

whether a response is due to an edge or to nolse. Canny 

has developed a scheme that uses a model of an edge to 

predict the response of each operator. He then removes 

responses of this type to leave the response due to noise 

only. The noise estimation is done from the outputs of the 

operators rather than direc~ly from the image. 

In two dimensions, an edge also has an orientation 

which is normal to the contour that the edge defines in two 

dimensions. To detect edges of a particular 6rientation, a 

two-dimensional mask for this orientation is created by 

convolving a. linear edge operator aligned with the edge 

direction with a projection operator normal to the edge 

direction. A substantial savings in computational eff.ort 

is possible if the projection operator is a Gaussian and 

the same as the Gaussian used in the edge direction. It is 

possible to create such operators by first convolving the 

image with a symmetric two-dimensional Gaussian and then 

differentiating in the direction of the edge. 

After the image has been convolved with a symmetric 

Gaussian, the edge direction is estimated from the gradient 

of the smoothed image intensity surface. The gradient 

magnitude 

direction. 

is then non-maximum suppressed in that 

The directional non-maximum suppression is 
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equivalent to the application of the following non-linear. 

differential operator: 

V £ • V ( Vf • V f > = o 

This operator locates zero-crossings in -the second 

derivative in the edge direction. The dot product of the 

second term with f gives the component of the second term 

in the gradient direction. The second term is the gradient 

of the squared slope. The zero value implies a maximum or. 

minimum in the slope itself. 

It is interesting to compare the performance of the 

Canny operator with the Laplacian. The two-dimensional 

Laplacian can be decomposed into components of second 

derivatives in two arbitrary orthogonal directions. If one 

of the derivatives is in the direction· of the principal 

gradient, the operator output will contain one contribution 

that is essentially the same as the operator described 

above, and also one from a detector that is aligned with 

' 
the direction of the edge contour. The second component 

contributes nothing to localization or detection and is 

worse by ../2 in localization and detection than the Canny 

operator. 

Stereo pairs of digital images w~re subjected to the 

C:tnny edge finding algorithm {installed in the Sun 

Workstation in the Artifical lntelligence Laboratory of the 

Department o-f Computer Science . at the University of 
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-.....,, Minnesota) . Filter· width of 2, space constant sigma of 

2.s, and threshold of 1.0 where used. Only a single width 

has been applied since Canny has shown that most features 

are detected at the finest scale and relatively few are 

added from coarser scales (39). Figures 12 and 13 are the 

original stereo pairs. Figures 17 and 18 are the set of 

images after the Canny edge finding algorithm is applied. 

Since only edges are found (in this case grating lines and 

preparation margins), the image is binary. 

After edges have been identified, a stereo pair of 

binary images exists. These irnagl;!s are then used to 

recreate the surface of the thooth. The first step in that 

process is to automatically solve the 1:1 correspondence 

problem and then to establish the disparity between points 

in -the two halves of the stereo pair. 

AUTO CORRESPONDENCE AND DISPARITY. One of the 

major challenges in all stereo reconstruction techniques is 

to establish unambiguous, accurate correspondence between 

points in the two halves of the stereo paris of images. A 

number of attempts have recently been made to solve this 

problem. Smoothness has been used as an important matching 

constraint. Smoothness. sugg~sts the continuity rule which 

stipulates that image points that are. near to each other 

are projections of three-dimensional points that are close 

to each other (162). Since depth usually varies smoothly 
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across a surface, the disparity given by correct matches 

should also vary smoothly except at surface boundaries or 

edges {79,130). This general property has been translated 

into a number of ·specific constraints used in matching 

algorithms, including continuity (130), figural continuity 

{16, 134), dispariti gradient limit (17, 37, 115), stereo 

correspondence equation systems (46) and coherence (162). 

The· technique integrated into the system to automate 

production of dental restorations capitalizes on two basic 

principles: smoothness and analyticity. The two are 

somewhat similar. Smoothness or continuity suggest that 

depth changes smoothly over a surface and is discontinuous 

at. edges. Analyticity suggests that any line describing 

the surface is fairly well behaved and derivatives, at 

least to second order, exist over the surface (81). 

Unfortunately, rarely will images provide views of surfaces 

which meet these criterion over the entire image. 

The principal of coherence, as defined by Prazdny 

(162) states: "A discontinuous disparity field 

superimposition of several interlaced continuous 

may be a 

disparity 

fields, each corresponding to a piecewise smooth surface." 

That is, disparity (and therefore depth) can be-modeled as 

overlapping analytic regions with singularities at opaque 

occluding boundaries or sharp changes in orientation. This 

property of piecewise analyticity of disparity permits 

.examination of a small neighborhood of an image point. 
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Thus, the disparity field can be -represented as 

pieces. The piecewise analyticity of disparity permits 

description of the transformation of a neighborhood in one· 

image into its corresponding neighborhood in the other half 

of the stereo pair. I~ one defines neighborhoods which are 

sufficiently small, any surface can be considered to be 

locally planar. The disparity, then, can also be modeled 

as locally planar. 

The objective is to define the disparity for small 

neighborhoods in the left image of a stereo pair and to 

relate to local image deformations and underlying surface 

structure. The ima_ges are obtained with a parallel optic 

axis and coincident images planes (see Figure 19). The 

focal point of the left camera (with center at xl' yl·) is 

at the origin: the right camera (with center at xR, yR) is 

displaced (along the x axis) by an amount B. (Upper case 

variables represent.world coordinates: lower case is used 

for image coordinates.) 

A single point in (X,Y,Z) coordinates projects to:. 

This yields equations for horizontal and vertical disparity 

(relative to the left image coordinates) of: 

Because of the geometry from which the images are 

obtained, there can be no shift in.the vertical plane of 

the image. The coordinates of the centers of the two 
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images can only shift along the horizontal axis. That is, 

the epipolar alignment is preserved. The importance of 

this alignment is that it reduces the search required to 

find matching points from a two-dimensional problem·to a 

one~dimensional problem. Thus, to find a match for a point 

along one epipolar line in one image it is .only necessary 

to search along the corresponding epipolar line in the 

other imag·e { 27) . Furthermore, it ensures that for any 

given point in one image, we can determine a line- segment 

in the other that must contain the point {unless it is 

occluded from view by other points on the three-dimensional 

scan line. 

Each neighborhood independently undergoes a search for 

the disparity that best fits a subset·of the zero-crossing 

matches in the neighborhood. A neighborhood in the left 

image is positioned over the right image at each possible 

disparity offset, and those zero-crossing matches that are 

closest to this constant di.spari ty, and do not differ from 

the constant disparity by more than a threshold, are 

accepted. 

A square window is selected in one half of the image 

pair {the left half). The window size is set 

interactively; current values is set at 5 x 5 pixels with 

an image resolution of 256 x 256 pixels. The initial 

position of the window is set at address (0,0) at the upper 

left hand corner of- the window. A second window is set in 

the right half of the stereo pair. It is of identical size 
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to the window in the left half. The values and patterns of 

the light intensity with the windows are compared. If they 

match, the windows in the left image advance·s by 1 pixel in 

the horizontal direction and the process begins again. 

If the values of the light intensity do not match, the 

right window advances sequentially one pixel at a·time. At 

each position, the match of the· light intensities is 

checked. When a match is found, the i"eft window advances 

by 1 pixel in the horizontal direction and the process 

begins again. {Figure 20 gives a flow chart of the steps 

in the matching process.) 

Two attributes are used to evaluate the existance and 

quality of a match: angle threshold and maximum disparity. 

The edge pixels within- each window are used to form a best 

fit l.ine. The angle of that line should be similar in both 

halves of the image pair. If the angle between the two 

lines being considered as a potential match is above a 

specified threshold, no match is defined to have occurred. 

The current threshold is set at 30 degrees. 

The second criterion (maximum disparity) is also 

imposed to ensure that a valid match has occurred. Since 

the images now consist of binary images of edges (the grid 

and the margin of the prepared tooth) and non-edges, the 

nth edge marker in the right half of the pair should be the· 

displaced equivalent of the nth edge mark in the left half 

of the image pair. Furthermore, -the disparity from one 

half of the image to the other should be within a threshold 
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limit (because the surface is continuous). If it exceeds 

that threshold, it is defined to not be a match. The 

current theshold for disparity shift maximum is 9 pixels.­

If a match is not found, the.right window advances 

sequentially one pixel at a time. At each position, the 

possibilities of matches is checked. When a match is 

found, the left window shifts and the process begins again. 

The output of this stage is a disparity map D(i,j) 

where shift of the contour line/gird line from the left 

image to the right image is defined as disparity. 

fact, gives right side edge position in left 

It, in 

side 

coordinates. Since the epipolar constraint has been 

applied, the only shift/disparity that can occur is in the 

horizontal direction. 

Since surfaces are assumed to be smooth, except at 

discontinuities, the configuration of the tooth surface 

which lies between grid lines is assumed to be smooth. The 

expection (in keeping with piecewise analyticity in 

neighborhoods assumption and shown by Duncan in (59)) is 

that the surface change is linear. Thus, the disparity 

b~,tween grid lines is calculated using the slope between 

the two proximal grid lines, giving: 

D(l,m) = (1-i)[D(i+l,j)-D(i,j)]/n 

where: 

l,m are pixel addresses where grids do not fall 

i,j are x,y position of adjacent grid lines 
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n is the number of pixels between proximal grid 

lines n = X (j+l) - X ( j) 

The margins are the most critical element of the 

restoration, requiring the greatest degree of precision in 

data and three-dimensional reconstruction. The margins are 

found with the Canny ·edge finding algorithms then 

reconstructed separately for each pixel. 

3-D SURFACE RECONSTRUCTION. Based on the 

geometry from which stereo image pairs are obtained, depth 

is proportional to the inverse of the disparity. Thus: 

z = H - k/D = H - (B f)/D 

where His the distance from the object to the focal point 

of the lens system of the data acquisition device, k is a 

function of the lens focal length (f) and (B), the 

separation of the images along the baseline between the 

two camera positions. Dis the disparity value obtained 

from the 1:1 corre•pondence solution technique described in 

the previous section. ,-, 

The values of H, B, and fare known for the data 

system. So the entire surface can be acquisition 

reconstructed. 

image pair. 

The x,y values are the values in the left 

For each x,y, the associated z value is 

obtained from the disparity value. 
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As expected, the output of the reconstruction ·contains 

noise. The noise can be filtered out, again calling upon 

the assumptions of a smooth surface. The smoothing 

algorithm applied assumes that within.the surface area 

there will be no sudden cha_nges in surface height. Thus, 

if the depth of the image at any pixel is greater than some 

theshold value different from that of its eight-surrounding 

neighboring pixels, the depth value is replaced with the 

average value of the neighboring pixels. The filtering 

process is iterative and continues until no depth 

difference is greater than the threshold value or 25 

iterations have been performed. For current development, a 

threshold of three units has been ~sed. 

Figure _2la is the noisey 3-D surface reconstructed 

from the images is Figure 17 and 18. After successive 

iterations, the smooth surface can be retrieved (see 

Figures 2lb-f). 

6.2.2 Data Base of Ideal Tooth Forms 

A data base containing the ideal morphology of each 

tooth has been created. 

forms were digitized. 

Each of the fourteen unique tooth 

The tooth forms used were plaster 

models used to teach dental morphology to first year dental 

students at the University of Minnesota. They were created 

by and are available from Dr. Fred Nobel, Department of 
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Opera~ive Dentistry, University of Minnesota. Third molars 

(wisdom teeth) were not digitized or included since they 

(1) are often congenitally missing, ( 2) often are 

extracted, and (3) are rarely in occlusion and, hence, _do 

not contribute to. normal function and are only rarely 

restorated . 

. A mechanical contact digitizer was used to create the 

data ba~e. Models of each tooth (at 2.5 times scale) were 

digitized with a three~dimensional surface digitizer 

(CAMSCAN) made available by CAMAX Corporation (Minneapolis, 

MN). ( See Figures 22 and 23. ,) The three-dimensional 

coordinates of each point were recorded to 0.0002 inch 

(0.005 mm) accuracy and written to a PDP 11/23 computer and 

then to magnetic tape. 

The raw data fil.es were converted to a format 

acceptable to the computers and graphic equipment available 

in the Mechanical Engineering Department at the University 

of Minnesota. The data base coordinates were transferred 

to a VAX 11/70. The data files were filtered using 

Fortran programs for the Vax in conjunction with the Evans 

and Sutherland PS300 to remove obviously noisey points, 

usually resulting from difficulty in controlling the 

pointer of the digitizer as it crossed from the.top to the 

sides of the teeth. Subsequent filtering was also done to 

eliminate unncessary points; when three points lie on a 

straight line, for instance, the middle one can be 

eliminated without loosing any data. 
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...,l done to eliminate points which doubled back on themselves 

or created excessively sharp peaks. 

Bicubic uniform a-splines with multiple knots for the 

boundaries are used to approximate the surface (22 and 

· 198). This provides a number of possibilities. First, 

the a-spline geometry ensures continuity of the surface 

without sudden changes (to second order derivatives). This 

property is important from two aspects. It ensures 

machining. aesthetics and facilitates subsequent 

Traditionally produced dental restorations are smooth and 

continuous. •All external surfaces can·be polished with 

round burrs (they·are blended surfaces). Thus, there are 

no sharp points on the surface. These aesthetics are 

preserved with the B-spline representation. 

When machining begins, it is important to avoid sudden 

accelerations. Otherwise machine tools are damaged or 

broken, workpiece materials are gouged or torn, or the 

machine can be damaged. By ensuring continuity to second 

order derivatives over the entire surface, these problems 

can be eliminated. 

The data f.iles defining the configuration of the 

mandibular first molar concisors are described by just over 

6,000 data points. Lower central incisors contain 

approximately 4,000 data points. Figure 24 is an example 

of the configuration of a tooth as recorded in the data 

.base. 
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Artificial Intellige?ce for Occlusion 

Static and dynamic· occlusal contact relationships 

(centric occlusion, working and balancing occlusion, anc 

protrusion) were incorporated into a data base for an 

expert system for occlusion. The data base was created 

with TurboProlog on a~ lBM-PC~AT with 20 MBytes memory. 

Contact points between teeth and paths of motion of 

contacting c~sps as they move in funciton are included in 

the data. When queried, the system identifies all contacts 

and motion paths for any specified tooth and motion 

combination. To date; no graphical output has yet· been 

included nor·has it yet been integrated into the sofware 

of the CAD/CAM system. Figure 25 - 27 show examples of the 

sequential screen responses to menu-selected options. 

6.3 CAD/CAM 

After three-dimensional surface reconstruction of the 

patient data is complete, the.restoration design process 

can begin. The CAD/CAM. software manipulates the surfaces, 

creating a restoration which fits into the space available. 

The internal configuration of the· restoration is determined 

directly from the three-dimensional configuration of the 

prepared tooth. The external surface is manipulated to 
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meet the space available in the patient's ·mouth. Each 

surface can be described as a series of points on a scan or 

profile line plus a series of profile lines at different· 

increments.· Thus, each scan line functions as a planar 

projection of the three-dimensional surface. 

When the surface is complete, it is divided into 

segments so that undercuts (and their associated 

interferences} can be avoided. Three segments are defined: 

(1) the prepared tooth, (2) the external occlusal surface 

and sides of the restoration to the crests Qf convexity 

(the two maximum horizontal points in any given scan line), 

and (3) the external surface below the crest of convexity 

and the internal surface. 

The CAD/CAM package selected for early development was 

CAMAX's CAMANO program which was installed and operating on 

a Silicon Graphics lRlS 2400 in the Department of 

Mechanical Engineering at- the University of Minnesota. 

This software was selected because of it availability and 

its.capability of managing complex surfaces. 

As work progressed, however, limitations were found 

for the dental application. In particular, the commands 

to offset the cutter were not capable of handling the scale 

and thinness of the dental restoration margins and would 

cut parts of _them away as subsequent areas were cut. 

A custom CAD/CAM package was developed. Work was done 

on a Silicone Graphics 2400 Turbo Iris Workstation. 

Figure 28 is a flow chart summarizing the capabilities of 
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the so·ftware; Table 5 is a compilation of CAD/CAM options. 

The CAD/CAM system is interactive system with pop-

down menues. It consists of a main menu as well as an 

editor, surface generator, and shading routines. Commands 

can be entered with either by keyboard or mouse. The 

software can directly access data files with raw surface 

data points given as x, y, z coordinates with format of 

the following form: 

P l.234e01, 2.345e-Ol, 3.456e03 

L 1.oooeoo, 2.oooeoo, 2.34le-01 

were P indicates the beginning of a new profile line 

and L indicates a point within the profile line. Each 

profile line must have the same numb~r of data point in 

each scan line. 

Surface patches are created using uniform B-spline 

parametric curves in two directions (22 and 198). Offset 

for the machine tool and tool diameter· • is set 

interactively. Gouging checks are made automatically. An 

output file readable by a milling machine is created by 

the system. The cutter path command files are stored on 

floppy discs. Those files are transferred from the Mechanic 

Engineering Vax to an IBM PC driving the mill. 
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Table S. CAD/CAM Options 

Options 

Main Menu 
Surface 

B-spline surfac·e 
Uniform 

Non-uniform 
Non-uniform rational 
Multiple knots 

Periodic basis function 

No. of u direction 
interpoiated patches 

No. of·v direction 
interpolated patches 

Reverse 
Add symmetrical vertices 

Free ends with multiple 
knots • 

Given tangent with 
-multiple knots 

Hermite Surface • 
Free end condition 
Parabolic end condition 
No. of u direction 

interpolated patches 
No. of v direction 

interpolated patches 
Offset 

Normal vector 

Shifting 

Return 
Miscellaneous 

Clock off 
Alarm off 
Digital on 
Reshape clock 
Bell off 
Text port on 
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Comments 

Uniform distance between poins 
multiple knots or periodic 
basis function 

Not yet implemented 
Not yet implemented 
Multiple knots for boundary 
conditions 

Normalized basis function 
applied to entire surface 

Patches in horizontal of surface 
control vertices 

Patches in vertical of surface 
control vertices 

Adds symmetrical vertices at 
ends of control vertices 
(passed via periodic basis 
function) 

Enter tangent values at 
ends· 

Offset in direction of normal 
vector 

Shift tool in z-direction to 
prevent gouging 

Toggle clock on/off 
Toggle alarm on/off 
Toggle digital clock on/off 
Change clock position and size 
Toggle bell sound on/off 
Toggle Iris test port on/off 
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Tables. CAD/CAM Options -·continued 

Options 

Window 
Zoom in 

Zoom out 

Pan 
.View 

Rotate x-axis 

Rotate Y-axis 

Rotate Z-axis 

X-view 
Y-view 
z-view 

Status 
All data file 

Current data file 

Include deleted data 
Include hidden data 
Points on 
Grid on 

Lock x-axis 

Lock y-axis 
Lock z-axis 

Hide 
Point 
Object 
Group 
Recover Point 

Recover Object 
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Comments 

Uses mouse to change scale 
on screen 

Uses mouse .to change scale 
on screen 

Pick center of new screen 

Rotation angle entered inter­
actively 

Rotation angle entered inter­
actively 

Rctation angle entered inter-
actively 

View looking into +x axis 
View looking into +y axis 
View looking into +z axis 

All data activated including 
data to be deleteq (pink) and 

hidden (blue) 
All data except that to be 

deleted or that is hidden 
Activates deleted data 
Activates hidden data 
Toggles data points on/off 
Toggles display grid on/off·, 

perpendicular to locked 
axis - useful for entering 
and grid size- entered 
interactively 

Locks x-axis, permitting 
editing of displayed data 
points with 2-D curser 

Locks y-axis, see above 
Leeks z-axis, see above 

Requires hidden data option be 
selected 

Requires hidden data option be 
selected 



Tables. CAD/CAM Options - continued 

Options 

Shade 

Recover Groµp 

Recover all points 

Recover all groups 

Delete 
Point 
Object 

· Group 
Delete Point 

Delete Object 

Delete Group 

iri group 

in object 

Delete all points .in group 

Delete all groups in object 

Repaint 
Current status 
Points 

Grids 
Clear screen 

Miscellaneous 
Ciock off 
Alarm off 
Digital on 
Reshape clock 
Bell off 

la 
11 

Text port on 
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Comments 

Requires hidden data option be. 
selected 

Recovers all hidden points of 
group 
Recovers all hidden groups of 

object 

Requires delete data option be 
selected 

Requires delete data option be 
selected 

Requires delete data option be 
selected 

Deletes all delete points of 
group 

Deletes all delete group~ of 
object 

Redraws the data 
Draws data points (with polnts 

option in status in either 

Toggle clock on/off 
Toggle alarm on/off 
Toggle digital clock on/off 
Change clock position and size 
Toggle bell sound on/off 
Toggle Iris test port on/off 
Constant controlling shading 
Constant controlling shading 



Tables. CAD/CAM Options continued 

Options Comments 

Edit 

d 
K 
Ks 
n 
Kd 
Ka 
Lowest light intehsity 

Sight 

Light 

Save 

Shade 
Return 

Mlscellaneous 
Clock off 
Alarm off 
Digital on 
Reshape clock 
Text port on 

Window 
Zoom•in 

Zoom out 

Pan 
View 

Ro·tate X-axis 

Rotate Y-axis 
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Constant controlling shading 
Constant controlling shading 
Constant controll~ng shading 
Constant controlling shading 
Constant controlling shading 
Constant· controlling. shading 
Values between O.O and 1.0 

permitted, Q.35 re·commended 
Display current unit vector 

of sight, interactively 
supply coordinates of ey.e 
position relative to origin 

Display current unit· vector 
of light, interactively 
supply coordinates of light 
position relative to origin 

Save coordinates of light source 
and look-up table values· 

for editing current data 

Toggle 
Toggle 
Toggle 
Change 
Toggle 

clock on/off 
alarm on/off 
digital clock on/off 
clock position and size 
iris test port on/off 

Uses mouse to change scale 
on screen 

Uses raouse to change scale 
on screen 

Pick center of new screen 

Rotation angle entered inter­
actlvely 

Rotation angle entered inter­
actively 



Tables. CAD/CAM Options - continued 

Options 
Rotate z-axis 

X-view 
Y-view 
Z-view 

Statu's 
All data fiie 

Curr~nt data file 

Include deleted data 
Include hidden data 
Points on 

Grid on 

Lock x-axis 

Lock y-axis 
Lock z-axis 

Hide 
• Point 

Object 
Group 
Recover Point 

Recover Object 

Recover Group 

Recover all points in group 
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Comments 
Rotation angle entered inter-

actively 
View looking into +x axis 
View looking into +y axis 
View looking into +z axis 

All data activated including 
data to be deleted (plnk) and 
hidden (blue) 

All data except.that to be 
. deleted or that is hidden 

Activates deleted data 
Activates hidden data 
Toggles data points on/off 

data points shown in white 
Toggles display grid on/off; 

perpendicular to locked 
axis - useful· for entering 
data points. Seed point· 
and grid size entered 
interactively 

Locks x-axis, per~itting _ 
editing of displayed data 
points with 2-D curser 

Locks y-axis, see above 
Locks z-axis, see above 

Requires hidden data option be 
selected 

Requires hidden data option be 
selected 

Requires hidden data option be 
selected 

Recovers all hidden points of 
group 



Tables. CAD/CAM Options - continued 

Options 

Delete 
Point 
Object 
Group 
Delete Point 

Delete Object 

Delete Group 

Delete all points in group 

Recover all groups in object 

Repaint 
Current statµs 
Points 

Grids 
Clear screen 

Edit 
Move point 

Recover moved point 
Append point 
Append points after 

Copy point 
Break line 

Data 
Squeeze 

Average y 

Scale 
Translate 
Rotate 

Return 
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Comments 

Requires delete data option be 
selected 

Requires delete data option be 
selected 

Requires delete data option be 
selected 

Deletes all delete points of 
group 

Recovers all delete groups of 
object 

Redraws the data 
Draws data points (with points 

option in status in either 
toggle position - see above) 

Maximum of 30 successive 
positions can be .saved 

Recovers most recent position 
Append current data point 
Appends until menu is 

terminated, Grid must be 
turned ON 

Separates group into two groups 

All deleted data cleared .from 
memory buffer, cannot recover 
after squeeze 
actively 

• Average y coordinate value for 
selected group 

Permanently changes data 
Permanently changes data coords 
Permanently changes data coords 
Return to main-menu 



Table· S. CAD/CAJ-1 Options - continued 

Options 

Quit 

Pile 

Save data 
Divide data 

!>iscard Data 

Input data 
Output data 
Dyna input data 

Dyna output data 

Comments 

Requires Output file is open 
Save data in file after current 

object is divided into two 
parts. Requires Output file 
be open 

Quit without saveing current 
data 

Opens Input file 
Opens Output file 
Opens Dyna machine code input 

file 
Opens Dyna machine code output 

file 



The design of the restoration incorporates information 

from the three-dimensional reconstruction and form the dat~ 

base of tooth forms. The internal surface of the 

restoration is a negative of the prepared tooth and is 

calculated diiectly from the reconstru~tion. 

The external three-dimensional surface design is more 

complicated. The restoration must contact the adjacent 

teeth .. To acocmplish this, the ideal form is scaled so 

that the mesial-distal distance between proximal teeth 

matches the distance between contact points of the tooth 

form in the data base. The scale factor used is simply the 

ratio of acual rnesial-distal length over the mesial-distal 

length of the ideal form. 

The data bas~ contains a local coordinate system, 

based on maximum-height (in the occlusal plane) of the cusp 

tips. (It also contains the positions of the proximal 

contacts relative to that local coordinate system.) If a 

mark is placed on the prepared tooth, a local coordinate 

system, relative to the prepared tooth can be calculated. 

Since the two restoration contact point must match the 

two contact points on ·the proximal teeth, a 

transformation from "ideal data base" coordinates to 

restoration coordinates can be made. With this 

transformation, the scaled ideal design is superimposed on 

the prepared tooth configuration. 

So the process is: 
ll,.3 
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1. Define C = AX B = A B sin AB for the prepared tooth 

i j k 
= Ax Ay Az 

Bx By Bz 

= (Ay Bz - By Az) i + (Az Bx - Bz Ax) j 

giving: 

2. Define 

giving: 

D 

+ (Ax By 

Cx = Ay Bz 

- Cy = Az Bx 

Cz = Ax By -

= B X C 

Dx = By Cz -
Dy = Bz Cx 

Dz = Bx Cy -

Bx Ay) k 

By Az 

Bz- Ax 

Bx Ay 

Cy Bz 

Cz Bx 

Cy By 

where A,C,D form a mutually perpendicular right handed 

coordinate system. 

3. Compute the origin: 

0 = (P 
1 

+ p 
2 

+ p )/3 
3 

4, Transform data base tooth (world) coordinates into 

prepared tooth (local) coordinates: 

let r = P ~ O 
world 

then 
X = r X 

t db 
y = r y 

t db 
z = r z 

t db 
p = [ X (P - O), y (P OJ, z (P - 0)] 

t t db t db t db 
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The ideal tooth form can be truncated at its maximum x 

dimension (with profile lines aligned with they axis) (the 

equivalent of truncating at the crest of convexity}. The 

lower external portion of the restortion can then be 

designed by taking the perpendicular to the curvature of 

the internal surface at the _margin (in the occlusal 

direction} and blending that line with the external ideal· 

design (see Figure 29). 

When surface design is completed, the surface is 

divided into three files: ( 1} fixture, (2) external 

occlusal surface to the crests of convexity, and (3) 

external surface below the crests of convexity and the 

internal surface (including the margins). Cutter paths are 

generated, based on interactively supplied tool diameter; 

desired effect, and feed rates (determined by material 

properties). 

Gouging is a potential problem during fabrication of 

any complex geometry. As a cutter moves, creating a 

surface, it removes material. It is directed to move 

through a specified point. However, it has a finite radius 

in all three dimensions. A vertical offset ensures that 

the tip removes only the material at the selected point 

beneath it. However, its radius is operating in a plane 

parallel to the feed - table. If the surface of the 

workpiece raises faster than the diameter of the cutter 

diminishes, that material will be removed. 
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material is required to fully describe the surface, its 

removal is called gouging. In simpler terms, .then, gouging 

is simply an interference between the cutter and the 

designed part geometry. 

In its current configuration, gouging is checked 

before the cutter paths are used to create command files 

for the mill. A tool center position of each surface patch 

is defined. With the tool at that point, the adjacent 

patches are checked to ensure that no interference with 

·cutter diameter occurs. If interferences exist, the cutter 

is shifted vertically to eliminate the gouging. This 

will alter the surface. However, it has been found t6 be 

required only on the occlusal surface. 

After the gouging check, commands for the milling 

machine are automatically generated. Specific requirements 

for the data format and file length are automatically 

accomplished. The files are then ready for· transfer and 

immediate use with the milling machine. 

6.4 FABRICATION 

Machining a dental restoration is both a demanding and 

unique challenge. The goal is to demonstrate that 

acceptable restorations can routinely be produced by 

machining in a clinical setting. This goal raises two 

dental issues: (1) the overall machine tool concept and 

design must be appropriate for use by dental personnel, and 
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(2) specific details· of operations must assure high quality 

restorations. The milling process is discussed in the next 

section. Then details of fixturing and materials 

investigated are given. 

6.4.1 Milling 

While the program to control the-milling machine is 

generated automatically by the CAD/CAM system, seemingly 

mundane tasks like positioning the material to be machined, 

cutter tool wear, and replacement, and assessing operation 

performance during machining are also critical to product 

quality. ·The machine tool must be easy to set and changes 

in its performance must be observable and obvious. A 

typical milling machine configuration was selected for 

these investigations. In this configuration, the cutting 

tool position is fixed and the workpiece moves as directed 

to produce the required geometry. The major advantage of 

this type is the rigidity of the machine-cutting tool 

workpiece system, making precision positioning and small 

tolerances achieveable. The cutter tools are similar to 

those already in use in general dental practices. 

For the feasibility studies, milling is being done on a 

three-ax.is Dyna Myte 2000 milling machine ( 69·) dr~ven by an 

lBM':"PC (Figure 30). Because only 900 lines of command code 

can be uploaded to the Dyna at one time (and each x, y, z 

position requires three lines of code), 
117 
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path is broken into a number of separate data files. 

Each file is written to a floppy disc, and uploaded to the 

Dyna one file at a time. At this time, it requires 

approximately 1 hour to cut a restoration and its fixture 

from wax or aluminum. Of that hour, approximately only 10 

minutes is spent in actual cutting; the remainder is upload 

and data transfer time. 

In 

Dyna is 

its current configuration, 

not adequate for 

the precision of the 

pr~ducing -high-quality 

restorations. The backlash on the feed bed is on the order 

of 15 to 25 microns in both the x and y directions. It-may 

be possible to substantially improve this value by 

rep~acing - the servo positioning drives with zero-backlash 

screw drives. 

Servo Systems, Inc. { 178) • has proposed that their 

system is substantially more accurate (2.5 microns in 

positioning repeatability) (See Figure 31.) One of their 

systems has just arrived in our laboratory; the post 

processor for the CAD/CAM system (to generate machine 

controlling files) is currently being developed. 

End cuttfng tools are being used for all cutting. For 

bulk material removal in areas away from the final 

restoration, layers of material are removed sequentially. 

The restoration and its fixturing jig surface are both cut 

with only a single cut {no rough followed by finishing 

cuts). 
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6.4.2 Fixturing 

Fixturing is 

attached to. the 

quite· simple. A modified vise 

bed of the milling machine to hold 

is 

the 

materials. A solid block of material is held with the 

vise. A special fixture is milled, representing the 

configuration of the prepared tooth (similar to~ die in 

the lost-wax technique). Then the internal surface of the 

restoration and the external surface to the heights of 

contour are milled from another solid block of material. 

The partially fabricated restoration.is removed from 

the vise, placed onto the fixture. This preserves the 

relative orientation between the internal and external 

surfaces.when the final occlusal surface is machined. The 

partially fabricated restoration is held in place with 

either dental sticky wax or epoxy. The fixture is held 

with the vise while the remaining portion of the external 

surface is cut. 

The fixture can also serve as a holding device and can 

be used during shipping from the lab to the dentist as 

protection for the margins. This protection is probably 

not critical for metal crowns but may be very practical for 

ceramics which are brittle and more susceptible to fracture 

and cracking. 
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6.4.3 Materials 

An array of materials which have been accepted for use 

in the r.uman mouth ( 9-13 and 51) can be machined. These­

include metals (like gold and semi-precious alloys), 

ceramics, porcelains, and composites. Preliminary· 

investigations focused on wax and aluminum, simply because 

of the associated cost factors. 

Other materials investigated include K-metal, Dicer 

and Macer. K-metal, also called technique metal, was 

_developed 

restorations 

in 1932 as an alternative to 

created during 

gold for 

technique training program (51). 

the pre-clinical dental 

Its material properties 

are like those of casting gold so the expectation is that 

it will also machine like gold. It is substantially less 

expensive than gold. Since it corrodes easily, however, it 

is not possible to use it for actual restorations but only 

for refining machining parameters before cutting gold. 

Dicer is a dental version of Macer. Macor is a glass­

ceramic which lends itself to conventional machining tools 

and equipment (86). It is different from other ceramics 

due to its rnicrosructure which consists of an interlocked 

qrray of plate-like mica crystals dispersed throughout a 

glassey matrix. It consists of primarily of silica, 

magnesium, and aluminum oxides (49). 
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.Figure 2. Photographic Image for Test 
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Figure 3. Raw Digitized Test Image 
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Figure 4. Edges using Marr-Hildreth Algorithm 



figure 5. Edges using Haralich Algorithm 



The· highly interlocked microstructure is the key to 

Macor's machinability. During machining, as the tool tears· 

·its way through the glass-ceramic stock, the interlocking· 

intersections of the randomly oriented crystals stop the 

microscopic fractures that, in mass, make up the material, 

stopping the actual cut ·from propogating through the 

matrix outside of the localized cutting area. The 

microscopic· fractures· are repeately deflected, branched, 

and blunted - in effect, turned around and arrested. 

Since the fractures are loca1ized, Macor glass-ceramic 

.does n_ot sacrifice stength or hardness for the sake of its 

machinability. Macor's machining characteristics are 

similar to those of many common metals. It is, however, 

not a metal and there are special considerations that 

must be kept in mind when i·t is· subjected to the bite of a 

tool. It is important that both material and tool be kept 

cool. In addition to cooling the workpiece, fluid is 

used to improve the cutting action and trap and wash away 

the loose powder produced during machining. The powder 

generated by machining is abrasive so equipment maintenance 

and cleanliness are important. Because Macor is not 

resilient, special care must be taken to ensure that loads 

of fixtures or clamps are evenly distributed. 

Macor can be machined to tolerances of 0.0005 inch 

(49) and polished to 2 microinches (SO). Typical machining 

data includes a cutting speed of 20-35 sfm with s,pindle 

speed of 50-60 rpm, chip load of 0.002 inch/tooth, and 
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depth of cut of Q.150 to 0.200 inch (85). When compared to 

other materials, it has a machinability index of 25, making 

it easier to machine than brass ( index of 36), more 

difficult than Terlon (index·of 2.5), and much easier than 

204 stainl-ess steel ( index 229). 

Figure 32 is a photograph of a molar restoration 

fabricated from aluminum. Total cutting time for both the 

fixture and restoration was just under ten minutes. 

6.5 SYSTEM PRECISION AND ACCURACY 

System precision and accuracy can be measured 

directly, establishing the correspondence between an object 

whose surface configuration has been measured with high 

precision and one that has been produced by the automated 

system. 

achieve. 

Unfortunately, that is a very difficult task to 

Further, it produces little insight into the 

relative magnitudes of errors contributed by component 

subsystems. 

Alternatively, two techniques are possible. One is 

simply to apply the clinical tests for fit of a restoration 

produced by the automated system. While this is critical 

for ultimate successful clincial acceptance of the system 

and the restorations it produces, it, like the technique 

proposed above, does not add any insight into error 

contributions. 
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A more useful technique is to establish the.degree of 

-error of all subsystem components. Since errors are likely 

to be independent, they will be additive (a worst-case-

situation). ·with this data, most likely sources of 

improvement of product quality become obvious. Based on 

this argument, the precision and accuracy of each component 

subsystem was evalutated. 

contribution by subsystem. 

Table 6 summarizes the error 

Unfortunately the Department of Orthodontics computer 

system (a DEC 11/44) had a fatal crash before some error 

contributions could be established. A more modern system 

is being acquired and installed. This poses some 

difficulty, however. The Eikonix d"igitizer inter~ace 

hardware is peculiar to that hardware. By changing 

computers, a new driver is needed. Because of changes in 

Eikonix's interface design, a new digitizer must also 

be acquired. Consequently, some of the values presented as 

error contributions are only estimates of actual 

contributions with the new equipent. Actual contributions 

will be measured when the new system components are 

installed. 

6.5.1 Data Acquisition 

The data acquisition system includes the lens system 

and the film on which the.images are recorded. The lens 

distortion cannot be evaluated directly since it is 
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Table 6. Error Contribution by Subsystem 

Component Subsystem 

Data Acquisition 
Lens System 
Film Distortion 

Digitizer 
Sensor Linearity 
System noise 
Sensor Stability 
Array Geometry 
Lens Distortion 
Overall 

3-D Reconstruction 

CAD/CAM 

Milling 
Positioning Error 
NC Module (surface, scalloping) 

TOTAL: 
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Error Contribution 
( in microns) 

5 - 25 
3.5 (0.01%) 

0 
0 
0 
0.375 

5 - 25 
2-75 

10 

0 

2.5 
20 

46 -86 microns 
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impossible to image directly through the lens to the 

digitizer. It is possible, however, to l·ook at the total_ 

data acquisition-digitizer error. If errors are assumed to 

be independent (and therefore additive) the contributions 

from all but the lens can be established and the lens 

contribution taken as the remainder of that total. 

The total lens~film-digitizer error was not 

established before the computer failed. Lens distoration 

is assumed to be approximately equivalent to that found 

with the digitizer lens system (see section 6.s.2.2). 

Film distortion values were obtained from Kodak's 

product literature. Maximum distoration is assumed to be 

0.01% (3.5 microns for 35 mm film). 

6.5.2 Digitizer 

Digitizer precision and accuracy can be broken into 

radiometric and geometric components. Both are important 

and may be interconneced (87). For example, nonlinearity in 

detector response or high levels of system noise, could 

affect investigations into sensor linearity, noise, and 

. sensor stability. Geometric tests ·include the array 

ge·ometry, lens distoration, and overall digitizer 

performance. 
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6.5~2-l SENSOR LINEARITY. In a CCD, pixel illumination 

is converted to an output voltage by an- array of 

photodiodes and capacitors. The voltage is then converted 

to a digital value in the- range of O (black) to 255 (white) 

by an analog to digital converter. 

conversion process should be linear. 

Ideally, the entire· 

To test this linearity, a Kodak Gray Step Card (log 

linear to approximately 0.5%) should b~ imaged ~nder a 

number of different ligh~ing conditions with a number of 

different integration times. In the dental application, 

transmissive lighting is used for digiting, so the gray 

card should be in slide form. Unfortunately, no slide form 

exists and it was not possible to locate a Kodak Gray St~p 

Card. In an effort to investigate this linearity, ·however, 

a standard gray card (reflectance of 18%, Kodak part 

No.152-7795) was photographed usin~ a copy stand with Kodak 

Kodachrome ASA 64 slide film. The slide was processed by a 

commercial processor (Black's Photos, Minneapolis, MN). 

Two test protocals were used. In the first, a number 

of selected single lines were read at resolution of 4096 by 

1 pixels with different exposure levels (integration rates}. 

Additionally, the entire ima~e field was digitized at a 32 

times reduction (a resolution of 128 by 128 pixels where 

every 32nd point and every 32nd line were read). Results fo 

both are given in Table 7. 
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Gray level changes were not !:;Ubstantial for any 

~xposure time. A gray level change of .1 unit is 

equivalent to a 0.39% change in light intensity. For 

resolutions of 4096 x 1 pixel, there was never any more 

than a three unit change (1.17%) between any two adjacent 

·pixel addresses. Over the entire image field, the 

greatest variation was four units (1.56%). It is 

reasonable· to conclude, therefore, that the sensor is 

linear within better than 2%. Since subsequent operations 

find zero crossings of edges where intensity changes vary 

rather dramatically (yielding a binary image), it· is 

unlikely that these minimal sensor nonlinearities 

contribute to the quality of the image obtained. 

It may be of interest to note, however, that the 

maximum intensity always occurred in the same position, 

independent of line number. This suggests that there may 

be one photodiode or its associated capacitor that is non­

linear. Should errors from this source be considered as 

likely causes of otherwise unexplainable problems. The 

light intensity from that address could be ignored and the 

average of an adjacent neighborhood used in its place. 

\ 

6.s.2.2 SYSTEM NOISE. System noise is defined as 

fluctuations in pixel gray leveis caused by random and 

systematic perturbations in the CCD sensor and/or the A/D 
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converter. Systematic noise can be removed.by subtracting 

an image of the noise from each image; random noise must be 

reduced by more ingenious techniques. 

Systematic noise is seen as a repeated. spurious 

resonse by a sensor element. A spurious response. is 

usually defined as one with output of more than 10 percent 

of the saturation voltage in comparison with the pixels 

nearest neighbors. The saturation voltage is the maximum 

usable signal output voltage from the sensor. Blemished 

pixels can be determined by running the digitizer in the 

dark (integration time and an exponential function of the 

temperature (75). Responses above the dark current are 

spurious and must be rejected from subsequent images if the 

response cannot be correc·ted. 

Table 8 gives results of running the digitizer with 

the lens cap on. Selected lines were read with·resolution 

of 4096. The test was run repeatedly, immediately after 

the system was turned on for the first time that day and 

again after 10, 36, and 84 minutes of operation. In no 

case were any variations greater than 4 pixels (1.56%). 

There were variations in absolute magnitude over 

time, however and they are discussed as part of sensor 

stability in the next section. Because the variations in 

background are so minimal, 

to the results. 

they probably do not contribute 

Signal to noise ratio is always of interest. It 

can be defined as the ratio of maximum signal to noise 
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envelope in the dark. This RMS noise can be established by 

reading the detector in the dark over a large number of 

samples and calculating the standard deviation of the· 

samples. Another way of measuring the SNR is by using peak 

to peak noise,. which is merely .the range of dark signal 

noise. This can be statistically shown to be approximateiy 

six times the standard deviation of the RMS noise ( 72 }-. 

From the above tests, . six times the standard devisio·n is 4 

gray levls, giving an RMS standard· deviation of Q.66 gray 

levels- .This is sufficiently low to -be considered 

inconsequential. 

Random noise can result from imperfections in sensor 

manufacture, electronic leakage between sensor photo sites, 

v·ariations in the A/D converter, and other factors. Levels 

of random noise can be approximately quanitified by running 

the digitizer at various _integration times while viewing a 

neutral gray surface ( such as the ""Kodak Gray Card'' 

slide). Under perfect conditions, with a repeatable sensor 

and A/D converter, all images should compare perfectly, 

pixel by pixel. Using this technique,. the most ideal 

integration time should be able to be established (53). As 

seen in Table 8, the variations are stable with average or 

extreme high and low exposure setting (integration time). 

With average (midpoint) exposure setting, 

between adjacent pixe_ls is minimized. 

the variation 

Thus, is is 

recomme-nded that that value be used. However, it should be 

noted that the oscilloscope readout aids in establishing 
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the maximum separate between high and low intensities in 

the image. The light level passing through the slide 

containing the image is determined by setting the exposure 

time at the digitizer counsole (see Figure 15). The value 

yielding that maximum distribution is the near equivalent 

of a histogram equilization operator_ and should be the 

setting selected. 

SENSOR STABILITY~- After the digitizer and 

associated electronics are turned on, the sensors and 

controlls undergo thermal and other changes. To check the 

internal stability, the background leve.l was checked a 

number of times including immediately upon turning the 

system on and after 10 minutes, 36 minutes, and 84 minutes 

of operation. Ambient temperatures were permitted. to 

fluctuate normally in the environment of the digitizer 

room. There is some shift immediately after initial 

powerup but beyond some time the results appear to be 

stable (see Table 8). The system should be turned on at 

least 30 minutes before digitizing operations begin. 

6.S.2.4 ARRAY GEOMETRY. The CCD array is fabricated as a 

semiconductor device with pixel centers 7.5 microns apart. 

The pixels exist as electron wells in a silicone substrate, 

and as such are not entirely discrete elements. 
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used in the sensor manufacture are computer-generated at 

large scale and photographically reduced before being 

applied to the silicone chip. Manufacturing tolerances are 

extre~ely high (0.375 microns center to center and 7.5 

microns maximum diagonal across the entire array) ( 7 2 ) ... 

Photon indeterrninancy .error may be mar~ significant than 

pixel boundary uncertainty error (27). It may be important 

to conside· this calibration in some detail bQt probably not 

as first priority. 

6.5.2.5 LENS DISTORTION. Lens distoration in any system 

expected to operate at extremely high precision is always 

of concern. For these tests, a Ranchi grating (~ith 

precision of 1% error in any line pair) was placed under 

the viewing area of the d.igi tizer. The image was acquired 

at f8 through a Tamron MC Teleconverter (2x), 120 mm of 

extender tubes, and a Micor-Nikkor 105 mm lens (2:2.8). 

A total of 148 grid lines were placed in the field of 

view. Of those, 14 were digitized (lines 5, 6, 10, 40, 60, 

70, 75, 80, 100., 120, 140, 145, 146, and 147). These 

represented lines near the edges as well as near the center 

of the lens. 

The pixel address of the centers of each line were 

measured for 40 different digitizer scan lines evenly 

distributed through to 4096 pixel range. Table 9 

summarizes the results which are also presented graphically 

133 



b-Fri~.­
,:;~k-

~'. 

line no. 
5 
6 

1 0 
40 
60 
70 
75 
80 
100 
120 
140 
145 
146 
147 

line no. 
5 
6 

1 0 
40 
60 
70 
75 
80 
100 
120 
140 
145 
146 
147 

Table 9. Digitizer Lens Distortion 

2-40 slope 2-'10 slope 11-20 slope 21-30 slooe 

0.0036 0.0173 .0.0086 -0.001 

0.0036 0.0172 0.0089 -0.0014 

0.0036 0.0163 0.0087 -0.00089 

0.0035 0.0098 0.0065 0.00056 

0.0034 0.066.1 0.0046 0.0022 

0.0034 0.0043 0.0037 0.0031 

0.0035 0.0032 0.0038 0.0.0356 

0.0034 0.00194 0.003 

0.0034 . :-0.0214. 
. 

0.0014 0.0056 

0.0034 -0.0634, -0.0001 0.0066 

0.0034 -0.0105 -0.001 0.0081 

0.0034 -0.0118 -0.0019 0.0082 

0.0034 -0~0115 -0.0015 0.0089 

0.0034 -0.0115 -0.0017 0.0086 

intercept· 2-10 int. 11-20 int. 21-30 int. 

117. 102· 112 1.33 

t44 130 140 162 

255 242 252 272 

1 081 1075 1079 1092 

1628 1625 1627 1632 

1900 1899 1900 1901 

2036 2036 2036 2035 

2172 2173 2172 
2717 2723 2719 2709 

3266 3276 3269 3254 

3820 3835 3824'.J 3803 

3960 3976 3965 3943 

3988 4004 3992 3969 

4016 4032 4021 3998 
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31-40 slo_oe 
-0.01147 
-0.0112 
-0.0113 

-0.00466 
-0.00163 
0.00075 
0.0016 
0.0029 
0.0061 
0.0107 
0.0137 
0.01'47 
0.0151 
0.0155 

31-40 int. 
168 
195 
307 

111 0 
1645 
1910 
2043 
2174 
2709 
3242 
3787 
3923 
3950 
3976 
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in Figures 33 a-1 (note ~hange of scale between .the two 

axes - it is only for ease of viewing). 

ifuen ·the grid lines are considered throughout their 

entire range, there is little vartation in slope between 

any two lines (range is 0.0034 to 0.0036 = 5.9%). The 

grating is rated to 1% accuracy/linearity. 

Each line was also considered as four segments (top, 

top-middle,. middle-bottom, and bottom). Within those 

segments,. the lines lying near the periphery of the lens 

show substantially more variation in slope per segment than 

those lying near the center of the lens system. In line 5, • 

for instance, slope varies from -0.01147 to 0.0173. In 

line 75, however, the variation is only 0.0016 to 0.0038. 

The configuration of the vaiation at the edges confirms the 

suspicion that barrel distortion is occurring. 

For lines near the center, greatest variation from the 

average is approximately 2 or less pixels (approximately 5 

microns). At lines at the periphery, greatest variation is 

about 10 pixels (25 microns). For high precision results, 

this distortion will have to be "unmapped" by creating an 

image pre-processor that can unwarp the -image 

mathematically. Since the.digitizer will be replaced, data 

of the type presented here will have to be acquired to the 

new system and the pre-processor mathematical unwarping map 

created for that system. It is anticipated, however, that· 
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the magnitude and distribution of the distortion will be 

similar to that presented here. 

6.s.2.s OVERALL DIGITIZER ACCURACY. The precision of 

the digitizing process was studied to optimize tradeoffs in 

light intensity, depth of field, and operating 

characteristics of the camera. Accuracy varies with £­

stop. At f8, digitizing the same frame of film 10 times 

reproduced all the point (diode) locations to within 1.147 

pixels. At f2.8, however, digitizing the same frame of 

film 10 times, some point locations could only be 

reproduced to 

reproduceability 

within 14.765 pixels. At fll, 

was only slightly improved over that 

the 

at 

f8, but there was noticeable reduction in light intensity 

at the CCD sensor. 

6.5.3 3-D Reconstruction 

To date no measures of 3-D reconstruction accuracies 

have been measured. Like the data acquisition lens system, 

it will be difficult to isolate this variable. It can be 

established, however, by imaging known shapes, machining 

the part, and measuring the. total tolerance difference 

between the machined and designed part. If machining 
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toleranc.es are known,. the 3-D reconstrution error can be 

inferred from that total. For estimates now the value of 

10 microns proposed by R. Caudell (see Appendix 2) is used.· 

6.5.4 CAD/CAM 

The ·contribution to errors from the CAD/CAM system are 

assumed to be.trivial. This assumption is. based upon the 

fact that the B-spline. surface representations are 

generated from spline curves that are determined by the 

points on the surface (vs. by using the points to describe 

a polygon enclosing them). The errors will be on the order 

of magnitude of the accu_racy of the computer and are, 

therefore, considered to be trivial for ·overall system 

error. 

6.5.5 Milling 

The fabrication of any part on a milling machine has 

two potential, sources of error: 

numerical control module error. 

positioning error and 

Positioning error is 

dependent upon the quality of the feed beds. For the Dyna 

mill, it is as high as 25 microns. For the Servo mill, the 

positioning accuracy in their product specifications is 2.5 

microns. 
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The error contribution from the numerically controlled 

module is dependent upon the material being cut, feed and 

spindle rates, cutter diamters, etc. Basically it relates 

to the surface finish of the pp:rt, particularly the 

scalloped surface that r~sults from multiple paths with a 

round end cutter. From scans performed over the ·surface of 

one crown machined on the Se+vo system using·a Cyber-Optics 

scanner . { 54), surface scalloping was seen to be on the 

order of 203 microns in one area. In another area, where 

gouging had occurred, the scalloping effect was reduced to 

86 microns. With proper cutting instruments arid more 

cutter paths, these effects can be substantially_minirnized. 

6.5.6 Total System Error 

Total system error at this point is excessive, ranging 

from between 46 and 86 microns ( see Table 6). The major 

contributors are the lenses and the numerical control 

module. 

-effect. 

Lens distortion can be "unmapped" to minimize its 

The numerical control errors can be minimized by 

increasing the number of cutter paths and decreasing the 

size of the c_utter end geometry. Further tests are needed 

to establish the overall maximum system error. It appears, 

however, that while the 20 microns lirni t will be difficult, 

it is not an impossible objective. 
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Chapter 7. Significance of° an Automated System 

Why bother to auto~ate-a technique that, obviously, is 

functional? Over 30 million crowns are piaced each year in 

the U.S. ( 9). Obviously they are acceptable; just what 

advantages are possible, if any; with an alternative 

technique? 

The most exciting possibility with an automated system 

is the possibility of producing a "cast" restoration in an 

hour (compared with the minimum of 9 hours turnaround time 

required with the lost-wax technique). By dramatically 

shortening the turnaround time· from preparation to final 

restoration placement a number of advantages are available 

to both the patient and clinician. First, no temporary 

restoration is needed. Unless a temporary is fit very 

carefully (a rather time-consuming process), proximal soft 

tissues will become inflammed, making the patient 

uncomfortable and final placement of the restoration more 

difficult. Additionally, unless there are excellent 

proximal and occlusal contacts provided by the restoration, 

there is a great probability that the adjacent tooth, 

prepared tooth, or opposing tooth may shift. Any movement 

of the teeth, of course, will make final fit of even a 
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ll, carefully made re~toration more difficult, requiring 

adjustments when the restoration i-s tried in before final 

cementation. 

When a restoration is pla·ced, the underly.ing tooth 

structure may be very sensitive. With some cernentation 

agents -it is necessary to acid etch and dry the tooth - a 

potentially 

anesthesia. 

painful operation that generally demands 

If a one to three hour turnaround time were 

possible, the anesthesia used during tooth preparation 

would still be effective so a second .set of injections 

would be unnecessary. 

With an automated system of the type described here·, 

data is obtained from the mouth optically. 

the need to an impression.to be taken. 

This precludes 

There are few 

patients who would object to eliminating this step. 

Further, there are probably few clinicians who would object 

either. There is a fair amount of difficulty involved in 

getting accurate, complete, distortion free data, even with 

the newest and most expensive impression materials· 

available ( 82). 

From a research perspective, the possiblity of 

eliminating the technique sensitive element of restoration 

production is appealling. Perhaps it would be possible, 

then, to begin a set of investigations that can eliminate 

some of the confusion and ambiguity about which occlusal 

schemes are more physiologic and cause the least amount of 

etiologic difficulties. (55). 
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Another very exciting possibility is the potential for 

a new array of materials to be used for dental 

restorations. Titanium is one that comes to mind quickly; 

it can be machined, has been proven to be biocompatible, 

and is stronger than dental gold alloys. Another 

possibitity is to use stainless steels. Currentty, 

stainless steel crowns are routinely used for children, 

especially on baby teeth. However, in their current 

usage, a stainless steel shell is filled with a plastic 

filler material which is trimmed to approximate the 

configuration of tooth. The fit is rarely ideal. With an 

autcmated system, however, excellent fit could be achieved. 

Additionally, an array of ceramics, porcelains, and 

composite materials may be reasonable choices for dental 

restorations.- They may be less expensive. 

tooth colored and provide good esthetics. 

They can be 

Many are 

stronger and less brittle than materials currently used 

which must be cast. 

So, the proposed automated system can provide 

advantages to the patient in one-appointment 

reirtorations without impressions and less anesthesia as 

well as elimination of physiologic responses to temporaries 

by eliminating the possibility of tooth movement and tissue 

inflammation. It can provide advantages to the clinician 

- saving time by eliminating temporary restoration 

fabrication and precluding the need for adjustments to 
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correct for changes in tooth position. And it creates-an 

array o-f possible research activities into material 

possibil•ities and occlusal schemes. 
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Chapter·a. Unique Contributions 

The primary unique contribution resulting from these 

investigations is the creation of a system to automate 

production of high quality dental restorations. The system 

integrates an array of technologies, including machine 

vision, stereophotogramrnetry, CAD/CAM, and clinical 

dentistry. 

Additionally, never before has there been a data base 

of ideal tooth forms. -There are also unique el-ements in 

the acquisition of data, image processing and surface 

reconstruction, and CAD/CAM components of the system. 

Machining operations, especially as they relate to the 

scale of dental restorations, have also proven to be 

unique. 

The data acquisition subsystem configuration is 

unique. It permits optical access to the_ posterior 

regions of the human mouth. In that region, space, patient 

movement, and high humidity are realities and difficulties 

which have to be overcome. 

The data acquisition system combines techniques from 

both structured and unstructured light, capitalizing on the 

advantages available from both lighting sources. 
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especially valuable for relatively featureless surfaces 

like prepared teeth. 

The image processing which permits three-dimensionai 

reconstruction of the data from the mouth is unique. The 

technique employed uses edge find"ing algorithms •. This is 

advantageous ·since· it capitalizes on naturally occurring 

phenomenon which would otherwise be troublesome for image 

processing. 

requiring 

filling 

For instance, it i~ quite common for the teeth 

restoration to be stainied (from previous 

materials or decay) or to contain a base .filling 

material (a cement base or dowel and core, for instance). 

With the edge extraction component of the image processing, 

these phenomenon become additional "features", providing 

additional data points for solving the l:l correspondence 

problem. 

The 1:1- correspondence solution was developed for ·this 

particular application. By combining features obtained 

with structured lighting (the grid superimposed on the 

surface) and unstructured li~ht (margins and natural 

features) with - stereo, maximum- data can be extracted, 

ensuring good quality, high resolution surface 

representations can be obtained. 

The combination of data acquisition subsystem, 

image processing, and solution of the 1:1 correspondence 

problem are the basis -for a patent a~plication which is 

currently being prepared. 

144 



'
_.-_ 

. 

. 
. 

. . 
-· 

The CAD/CAM system developed contains some unique 

features as well. The primary one is its ability to manage 

complex, irregular, small components. Another uniqueness 

is its ability to manipulate and ultimately machine very 

thin sections (margins) and to cr~ate and machine its own 

fixturing. 

Fixturing design is simple yet unique. 

machining the form of the prepared tooth, 

By first 

relative 

positions of the internal and external surfaces of ·the 

restoration are ensured. This, of course, is critical for 

_the clinical success of any restorat"ion. 

Machining investigation have also been unique. While 

standard dental materials and cutting instruments ha~e been 

used, very small s-cale cutters in automated milling 

equipment has not previously been reported. 

The. 

enthusiasm 

development· of this system combined_ 

for the possibilities of automation 

with 

from 

clinicians and dental laboratories has led to the formation 

of a company (Digital Dental Systems, Inc.) to generate a 

marketable product. The NIDR has been enthusiastic in its 

support as well and we have recently received approval and 

fund~ng for a five-year continuation of our investigations. 

Additionally, the three-dimensional image acquisition 

and processing capabilities of this system permit 

investigations into other clinical problem with higher 

accuracy than has been-possible. One.of the most obvious 

has been investigations of wear in restorations, especially 
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in-vivo long-~erm wear of various material tyeps as well as 

patterns of.· wear and how and where the wear patterns 

develop and change over time. 



Chapter 9. Future Investigations 

The feasiblity of automating _the creation of dental 

restorations has been shown. There is, however, further 

development required, especially to integrate system 

components into a single system which could feasibly 

operate in a dental clinical setting. These include 

improvements in the lens system, and milling machine. 

Clinic.al trails need to be undertaken. Data compression 

techniques need to be implemented. Ma·terials opportunities 

need to be pursued. The possibility of producing other 

restoration types in addition to full coverage crowns needs 

to be explored. 

9.1 LENS SYSTEM 

One of the remaining devlopements is for a camera 

system for use in a clinical setting. A dual lens system 

capable of simultaneously recording the two halves of the 

stereo pairs of images must be developed .. Diffe·rent 

lighting and 9rid sizes and patterns need to be 

investigated to opti~ize performance of the edge finding 

and reconstructions algorithms. The effect of different 

film types must also be established. 
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they become available, high resolution digital data 

equipment must be directly integrated into system design. 

9.2 MILLING MACHINE 

Local interactions between the cutting edges and the 

material being worked have direct influence on final 

quality of the restoration. Relevant factors of cutting 

conditions must be identified and built into the· system 

control software to assure production of restorations with. 

acceptable surface finish and surface properties. Surface 

defects and subsurface variati_ons in structure and/or 

properties can serve as material failure initiation sites, 

especially during cyclic loading. 

tests remain relating· to cutting various Many 

materials~ These include feed rate, spindle speeds, 

cutter types, and assessment of various fixturing and 

material types. The dental laboratories and the American 

Fund for Dental Health have expressed interest in funding 

at least a substantial portion of these tests. 

9.3 CLINICAL TRIALS 

Clinical trails are a necessary part of development of 

the system. Human subjects approval has already been 

obtained for any clinical investigations relating to the 
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automated sys_tem. Crowns will be fabricated with the 

system for at least 10 patients. Patients who present for 

treatment at the University of Minnesota, School of 

Dentistry~ Department of Graudate Operative Dentistry,- and, 

upon clinical examination, are in need of a full crown.­

will be given the option of choosing to have the crown 

fabricatec by the conventional impression-lost wax casting -

techniqure· or with the automated system. Type III dental 

gold will be used for crowns 

technique. 

fabricated by either 

For patients choosing the automated fabrication, a 

cast crown will also be fabricated. This fabricat·ion will 

be done by Hermanson Dental Lab<?ratory, a quality dental 

laboratory in St. Paul, MN (99). Both crowns will be 

judged for quality by a panel of three independent 

clinicans using the criterion used in clinical practical 

exams at the University of Minnesota School of Dentistry 

and specified in Appendix 1. The crowns will be judged for 

marginal integrity, occlusal fit, and interproximal fit 

both before and after cementation. If the milled crown 

is not judged to be acceptable, the cast crown will be 

evaluated and, if accceptable, seated. All crowns will 

be seated with zinc phosphate cement (142). 

For all milled crowns seated, the patient will be 

recalled at annual intervals for at least· thre·e years for 

re-evaluation. At each recall, the same 

criterion as used at original placement will 
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In addition, both the plaque and gingival indices will be 

measured using the protocol described by Loe and Silness 

(121 and 181). 

The only potential risk that may be implicit in 

seating a milled ~~own (especially if it is fabricated at 

the same appointment as the restoration is cut) is an 

irritation response of the tooth to the combination of 

drilling and the acidity of the zinc phoshate cement. This 

risX, however, is thought to be lcw since zinc phosphate is 

often used at the preparation appointment as an agent to 

build up areas of the tooth beneath the crown so that less 

gold is required for the restoration. 

9.4 DATA COMPRESSION 

The amount of data acquired from a set of stereo pairs 

digitized with high resolution is impressive. Some 

technique is required to minimize the amount of data that 

needs to be stored without compromising the quality of the 

data. One technique may be to first perform a low­

resolution scan to determine the borders in which useful 

information (the tooth of interest) is included. One way 

to do this would be to use a Canny edge finding with strong 

edges criterion to find the limit of the margin of the 

prepared tooth. Then, a high resolution scan could be 

performed only in the enclosed area. 
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·9.S MATERIALS 

The feasiblity 0.f· creating machined restorations from 

ceramics or other tooth-colored composite materials is 

needed. To do so, the properties of existing rn~chinable 

ceramics available for- both dental and non-dental· 

applications must be determined.- These matrials incluae a 

new machinable version of Dicor (58) currently under 

development by Corning and Dentsply, a new material 

(paritally stabilized zirconia), being developed by 3M 

(188), ceramics being used.for opthalmic scalpals (104), 

and others_ to be identified through conversations with 

dental-companies (including Caulk.and Johnson and Johnson), 

other universities (including MIT) ( 1.09), and a 

comprehensive review of the literature. 

Other, non-castable metals must also be considered and 

a list of possiblities compiled. When the list is 

completed, their properties can be determined from the 

literature. Then, those that are most likely to (1) 

withstand the forces of occlusion, (2) offer adequate color 

options, (3) be biocompatible in the oral environment, and 

(4) can be.machined, will ·be determined. Finite element 

studies should be performed for crowns fabricated from 

these ~ateriais. Those that show the most promise for 

success could be fabricated and evaluated for fit, surface 

finish, and cinically tested. Additionally, materials 
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properties are likely to influence the way in "!'lhich a 

preparation should be designed for that material (like the 

differences in margins for gold vs ceramic crowns). These 

differences need to be modelled and studied.· 

Of more immediate- int1::rest, }:lowever, is evaluation of 

spindle speed and feed rates for different materials as 

we·11 as the need. for cooling either the part or the cutting 

tool. ·The problem of chip recovery, especially for 

precious metal, al so needs to be addres s_ed. 

9.6 OTHER RESTORATIONS 

System capabilities should be expanded so that other 

restorations, iincluding inlays, partial coverage crowns, 

and bridges can be fabricated. Beyond that, the 

feasiblity of expanding system capabilities to permit 

fabrication of partial denture frameworks and denture bases 

must be investigated. The addition of ~nlays, parti~l 

crowns, and bridges should be relatively st.raightforward. 

Software chang.es will be needed to alter the configuration 

designed by the CAD/CAM package. A menu will be needed to 

_ ·permit selection of the desi l:'ed restoration type. \rfuen the 

software changes have been made, restorations should be 

preparations made in green teeth. The margins, occlusal 

fit, and iriterproxirnal fit must be evaluated. 
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Chapter 10. Summary 

• It is po·ssible to. automate the productiori of dental 

restorations that now ·require lost-wax castings•. An array 

of technologies have been investigated and integrat~d into 

a system. They 

stereophotogrammetry, 

include technologies from 

robot or machine ·vision, 

optics, 

image 

processing, three-dimensional surface reconstruction, 

CAD/CAM. high. pr.e.cision machining, material science, and. 

clinical dentistry. 

Definition of system design parameters was a difficult 

yet critical first step.in the design process. Establishing 

a translation from clinical test and acceptance into 

engineering tolerances proved to be a non-trivial task and 

has resulted in creating a new awareness of definition of 

the problem, especially in the minds of the clinicians. It 

has also raised some new questions for the clinicians to 

address. For instance, th~ ADA specification for gold 

crowns gives an rms surface finish value. It does not 

specify spectral quality though all clinicians expect that 

a smooth crown will necessarily also be· shiney. Some 

changes and additions in the specifications will be 

required in th~ future. 
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The automated system provides substantial 

to the patient, clinician, and researcher. 

advantages 

Time savings 

are possible for the patient and clinician alike. 

Resotration production times are dramatically red'!.lced, 

making one-appointment "cast" restorations a possibility. 

With that, problematic physiological responses to temporary 

restorations can be eliminated •. Additionally, the 

automated ~ystem permits a whole array of new materials: to 

be considered for restorations. 

A number of unique contributions have been made with 

these investigations. In addition to the creation of the 

system itself, there have been contributions made to data 

acquisition techniqu~s, three-dimensional image processing 

and surface reconstruction, CAD/CAM, micromilling, and the 

creation of a data base of idea_l tooth morphologies. 

It is indeed feasible to automate the production of 

dental restorations. This automation provides some 

exciting challenges and possibilities for the future. 
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.Figure 2. Photographic Image for Test 
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Figure 3- Raw Digitized Test Image 
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Figure 4. Edges using Marr~Hildreth Algorithm 
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Figure 5. Edges using Haralich Algorithm 
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Figure 6. Edges using Canny Algorithm 



Figure 7. Edges using Canny Algorithm with 

Strong Thesholds 
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Figure 10. Tooth Viewed through Lens 
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Figure 11. Experimental Setup forData Acquisition 



"Figu,re 12. Grating Projected _on Tooth - Left View 
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Figure 13. Grating Projected on Tooth - Right View 



Figure 14. Eikonix Digitizer 
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Figure 15. Close-up of Digitizer Console 
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Figure 16. Anti-Vibration Device on Digit_izer 
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Figure 17. Edges from Left View 
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F1gure 18. Edges - from Right View 
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Figure 19. Camera Model for Disparity_ Calculation 
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Figure 21a. Surface R~construction 

Initial Reconstruction 

Figure 21b. Surface Reconstruction -

After 5 Iterations with SmoothingAlgorithm 
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Figure 21c. Surface Reconstruction -

After 10 Iterations 

Figure 21d. Surface Reconstruction -
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Figure 21-e. ~urface Reconstruction 

After 20 Iterations 

F-igure 21£. Surface Reconstruction -

After 25 Iterations 
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Figure _22. Cf.MAX Digitizer 



Figure 23. Close-up View of CAMAX Digitizer Tip 



Figure 24- Exampled of Tooth Configuration Recreated 

from Data Base of Tooth Forms 



Figure 25. Screen 1 of Occlusal Data Base Prbgram 



Figure 26. Screen 2 of Occlusal Data Base Program 



Figure 27- Screen 3 of Occlusal Data Bas~ Program. 
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Figure 30. Dyna Milling Machine 



Figure 31. S.ervo Milling Machine 
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Figure 32. Milled Restoration 
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Appendix I. Cl lnlcal Criterion for Restoration Fit 

Ev-eluatlon of ·clfnlcal performance Is a· dffflcuH l.ssue u· and 1). )n 1973 

th~--Hou·H-.•o·t Deleg~t'es ot··th• -Cal I torn-la. Dental. Asseie_latlon- author.lud·:a._hsk-:torce·­

to. "det In• -"the shndard_s. of qua I I ty ot dental car• .a_nd -necessary measures or proce­

dures. 11hlcl'I shall ·be utl-11:ted.:by· any ag·•ncy who part1clpetH- ln_a deri-tal qual~ty 

contr0·1 pr.ogrllffl•· <,) ~ The sys-t11111 develope"d·_by ·thilt agency create_d .. a yes-; maybe-, 

probably·no-, no-syst.- of-grading ttie.q_uel'lty-of ru·tor.atlons (3). SpecUlc,_crl­

ter Ion ar•-- I t11111lied for •e<:l'I type _of restoration. Tho~- rutoratlolis judged- ·t.o• ti·• 

y11 or·maybe w•r• c·11n1c11I acceptab·I•; the others are not-. Restorations r11ealvlng. 

11.ll)eybe judg.,nent are to be re-evaluated and re-Judged In on• year. Th• criterion 

deviloped·at th.• Unl.vers1ty ot.Mlnn111ota. SchOOI of Dentistry re .. glven In Tables I 

• and 11. • and are very, sl111l lar· to those ltPIUd In· the C,al I tern la- gilld•I lnu. · Since, 

ttiue ;Mlnnesot,a crHarlon ,have: bHn In p·I ec:•· tor some years.;. ex1111lne.rs are .t11111 I hr 

•Ith the er I ter'f.on and reproduc:ab 111 ty I 1. good· (2J • 

The foi low-Ing ~rlterlon are based on the C,al lfornl1 end Minnesota guldel Ines 

and •II I be ap_pl led for. i-atlng thi aut011111tlcaHy. p_roduced.rutoratlon1 0 . Th• den­

tists 11111 make Independent. tv1h1at~on1. Eec:l'I dentist •J-1 I ev11u·ete eecn· 

ch,ir:~tl s:ter_j st-J.c--· (sH-. .Tabl •.·.I) • of., the·., restoration.,· An over al I grad•- 11.I I I . b•· as-,. 

signed· for the restor-atlon. For cl lnlca·I practical ex1111ln11tlons, grad .. used are-1 

N -- Ideal 

_S,.- Cl lnlcal ly satls:fac:tory but not: Ideal. No compromise .to-.pertormance. 

IEg~ a minor· surface flaw l!JWIIY from the-glnglva.l 

M - Not cllnlca.lly ,at·lsfact:ory but with some·modltlcatlon (11ftctiout ra­

qu I rf ng recast Ing) could· be c 11 n lcal ly. 11ecept11b I e. IEg. • Heavy occl us al contact. l 

E - Cl lnlc.al ly."unsatlstac-tory and crltlcal <crl"tlcal errors ar• ldentl fled 

in Table II). <Eg. An open lnter~i-oxlmat con-tact.) 

If any characteristic ls no"t cl lnlcal ly 11ec■ptable, the reason must be 

expl lctly stated. If the,:e IL.disagreement In the judged qual lty, the r-estora"tlon 

wlll .be judged to be cllnlcally accep"tabl• It t-,,o of the three judges rate It as 

acc-ep"ta_D I• and no judge has ·ass I gned a· grade of E; -It w 111 be. unacceptaD I e If nro 

or ll)Ore judges rate It as unacceptable. All restorations wlll _be judged 0O-th 

before- and after c1111entatlon. It the autOfflatlcally produced restora"tlon Is judged 

to be cl lnlcally unacceptable at any s"tage, the pa"tlent 11111 be provided the option 

of .having It ramade lat no cost to thit"patlentl by either tradl-tlonal or automatic 

processes. 
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Errors- and. Qua I Hy' Restorations:· • 

·In any CAD/CAM ·systec11, th.,-e are an array of sources· from wt,lch 

H"rors could arise. These lnc:lud• th• lm&glng element selected, ·th• 

1urface· 1110d•I used, th• CAD systeni, the qual lty of th• NC _11111 Hng 

nachlne, and pecul larltles.of oLmac:hlnlng. These el•ents ere nsted 

In Tobi• . t. Aho I lsted ere values for errors (1N_ens end standard 

dev latlons). presented by Or. Regg_l•: Caudell of the University of A_l_aba111a 

bes84 on 501ne prel lmlnary work they have unden,ay. 

It Is reasonable to assU111• that all of·th• errors-are Independent. 

Thus, totat system error become an. isrlth111etlc sum of el I .the component 

erorrs-. 

Restoration qual lty Is a-. crttlcal. Issue, for th•· success of-· any· 

CAO/CAMsystem. Atso.crltlcel Is th• probability ot·successfully creat­

ing a quel lty restoration; espec.l ol ly wh•n costly raw 111ater;let.s are 

belrig machined. On•• way to assess the. erorrs that,can be toler.ated In 

th• dote acqul s It Ion °'· Image formetlon stage. l·s to look.at' a.- summa,y of 

rel lobllty ·11Ilocatlon. Tables 2 and :5 su11U11Mlze th.ls. Information. 

If th_.• Is no surface. model Ing error .__11d e· crown with 2, micron margl­

nal flt ls requ·lred. there Is a 95J probability of success In meeting 

this tolerance If Imaging errors are less than 5.5 mlcron·s and .90j 

probability If Imaging error.s are less than 7 microns. If 50 micron 

margins are acceptab.le, the Imaging errors can rise to 15 microns tor 

95J success and 18 microns for 90J success. • 

··l 
I 
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~ 

Tab·I • 1. • Error· Coiitr lbu:tl·ons 

Mean Standerd Oevletlon ·source 
(lri iilcrons) 

SH T-,bl • A-2 Imaging 

' 
10 " 
0 0 

4.8 2.8 

OS 0.3" 

Surface Model Ing (Curve f lttlng) 

CAO 

1-C MIi I Ing <Includes poslttonfrig error, 
fourth-axis rotational error, ric.) 

1-C. Modu.I.• < I nc::ludes s_cal lop e,-ror of 
surf ace behHn cutter peth 
I nct"e111ents, tolerance error from 
straight I lne cut behHn points, 
etc·.) 

Source: Dr. _Reggie Caudel I, UrHversl ty of Alabama, presentation at the 
Greater New York Oe_ntal Meet Ing, December 3, 1987. 



Tabfe • 2~ ReU abH lty Allocatlon 

Error 1.n l111ag• .Prob ab 111 fy· of Acceptance 
( In 111lcrons) 10-mlcron inodel error No model e.rror· 

Marginal fltz 2' 111lcron 30 micron 2, micron ,o micron 

0 70 97 99+ 99+: 

' !19 90 97 99+ 

10 .50 82 73 99+ 

15 13 61 95 

20 66 .50 86 

2!i .59-. 7-5· 

30 54 66. 

35 .50 59 

40 53 

. Source: Or.· Reggie Caudel 1., Unlvers.lty of Alabama, presentation at the 
Greater New York Dental Meeting, December 3 1 1987. 



Table 3. Summary 

With .ng_ surhcit. model - error: 

Probebll lty of Success Perniltted l111ege ErrOI'.' 
2, micron margins ,o micron. margins 

~--------------~-:..------------------------------------------------------,., 
1 

'' 
18 

Sources Or. Reggie-Caudel 1, University of Alabama, pr~entetllln. et +tie 

Greeter Hew York Dente I Meet Ing, December J, 1987. 

' i 
• i 
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The Development of a 3D Cast Analysis System 

S. Richmond and M. L. Jones, UWCM, Cardiff 

, The Reflex metrograph was described. The accuracy 
of the equipment showed favourable results when 
compared to other three-dimensional techniques 
( < 0· 3 mm). With the basis of an accurate measuring 
system a quantitative analysis was developed to 
assess study casts, in order to fulfil the practical need 
to record the characteristics of a given malocclusion. 

nine teeth, , 

The analysis involves the recording of one hun­
dred and ten points. The variables recorded were: 

I 
I 

I 
i overjet 

1 ted teeth, ' ii overbite 

1 bite, 

iii mesial contact points of central incisors to 
constructed centreline 

iv individual upper and lower mesio-distal widths 
v overall mesio-distal widths 

vi anterior mesio-distal widths 
vii inter canine and inter molar distances 
viii three dimensional inter-incisal angles 
ix two-dimensional antero-posterior incisal angles 
x overall discrepancy 
xi anterior discrepancy 
xii length of fitted parabolic curve 
xiii length of ,discrepancy of fitted parabolic curve 

(length of parabolic curve minus mesio-distal 
widths) 

No significant differences were found for intra­
and inter-observer errors for twelve cases (p > 0·l). 

The analysis has many applications but primarily 
it can provide a consistent and readily available 
analysis of a set of dental casts. The data recorded 
may be stored on disc and possibly alleviate the 
problems of storing study casts. 

The effect of anterior mandibular displacement on 
the proliforntive and metabolic activity of the rat 
condyle 

D. H. T. K. Tewson*, J. K. Heath and M. C. Meikle, 
Institute of Dental Surgery, London and Strangeways 

, Research lilboratory, Cambridge. 
I 
i Functional appliances used in the correction of [s II division 1 malocclusions are designed to 

produce forward displacement of the mandible, 
which is believed by many clinicians to stimulate 
condylar growth. The objective of this investigation 
was to study the effect of anterior mandibular 
displacement (AMD) on cell proliferation and matrix 
formation in the rat condyle using a removable 
inclined plane. Experimental animals were subjected 
to AMD of 10 hours/day for 1, 3, 7, 11 or 14 days. 
After sacrifice, condyles were removed and the 
explants pulsed in vitro for 6 hours with either 
[

3H]-thymidine, [ 3H]-proline or 35SOi-. The 
specific activity of radioisotope incorporation was 
expressed as dpm/ µgDNA, dpm/mg protein, dpm/ µg 
sulphated glycosaminoglycans (GAGS). Cell pro­
liferation was also quantified in a 14-day experi­
ment using [ 3H]-thymidine autoradiography and a 
radioactive index (labelled cells/1000 cells counted) 
established for the anterior, middle and posterior 
regions of the condyle. There was no significant 
alteration in cell proliferation (dpm/µg DNA or 
radioactive index) or matrix formation (dpm/µg 
GAGS or dpm/mg protein) following anterior 
mandibular displacement at any point in the time­
scale. Some autoradiographic and histological data 
indicated that the condyle does remodel, but 
there was no convincing evidence to support the 
hypothesis that functional mandibular displacement 
stimulates condylar growth. 

Natural Head Position, Posture and Prognathism 

S. C. Cole, Institute of Dental Surgery, London WCI 

Natural head position (NHPn) and natural head 
posture (NHPr) are terms which have been used 
synonymously to describe the spatial relationships 
of the head with reference to the true vertical the 
cervical column or both. This is confusing a~d it 
would seem logical to ascribe one term to one 
reference and consider the phenomena separately. 

For the purposes of this prospective cephalo­
metric survey NHPn will describe the relationship 
of the head to the true vertical, while NHPr will 
describe the relationship of the head to the cervical 
column. 

In order to investigate these two relationships of 
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the head, five groups were formed, three representing 
horizontal discrepancies selected on ANB differences 
(Class I, II and III dental base relationship) and 
two representing vertical discrepancies selected on 
Bjork's posterior angles ('high angle' and 'low angle' 
groups). 

Despite the marked differences in 'skeletal' pattern 
shown between the five groups, the 'Saddle angles' 
showed no significant difference. However, NHPn 
and NHPr were significantly different (p • < 01) 
indicating that cranial base orientation alone may 
have a bearing on both horizontal and vertical 
'skeletal' abnormalities. NHPn appeared to affect 
maxillary prognathism, whilst NHPr affected mandi­
bular prognathism. 

These phenomena may help to explain an apparent 
Class II or Class III tendency in a case where the 
'Saddle angle' is normal. 

A Comparison of Craniofacial Growth Between The 
Sexes in Cleft Lip and Palate 
J. E. Whitehead, Cheltenham and District H.A., 
formerly of Institute of Dental Surgery, London, 
WCI. 

The aim of this study was to investigate the cranio­
facial growth in children with repaired complete 
unilateral cleft lip and palate. The sample examined 
was composed of experimental groups of twenty 
male and twenty female cleft children, and control 
groups of twenty male and twenty female individuals 
with a normal occlusion and jaw relationship. The 
cleft groups were compared to each other and to 
their respective control groups by examining retro­
spectively lateral cephalometric radiographs taken 
at mean ages eleven years, fourteen years and 
seventeen years. 

The cranial base, the maxilla, the mandible, the 
facial profile, the facial heights, anterior and pos­
terior, and the dentoalveolar structures, were investi­
gated, with particular attention given to the changes 
taking place over the period of study. 

The maxilla in the cleft groups was found to be 
located in a more posterior position relative to the 
cranial base, with the female clefts in particular 
showing a concave facial profile at eleven years 
becoming worse with age. This concavity of facial 
profile did not become apparent in the male cleft 
group until fourteen years. 

The cleft mandible was reduced in length and 
ramal height which in combination with an enlarged 
gonial angle and increased lower face height resulted 
in the male and female cleft groups exhibiting a 
backward mandibular rotation. The upper anterior 
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face height was found to be smaller in both cleft ' 
groups, but with the lower anterior face height 
significantly greater, particularly in the male clefts. 
When the total heights were considered, there was 
little difference between the groups in this study, it 
being the relative contributions of the component 
parts to the whole which varied. I 
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• The u Using the records of a patient as an illustration, a ' 
program was described for the three dimensional I Dr. P. 
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dontics, measurement of study casts. This program was • The , 
developed to make maximum use of a Reflex ! 

shown b metro graph linked to a Series 35 HP computer. One : 'take-off 
hundred and ten observations or plots were recorded j 

template of the casts in closed and open configuration being ( more exj 
stored on disc. Another program was then used to •. 

the popl access the data for the necessary measurements and ; 
calculations. The detail and development of the i roon~!~li 
program is described in an adjoining paper. 

The measurements were derived from the stored : 
data together with intra-observer errors for 20 good ; The Eff, 
quality casts, and made after transformation and I Mandibu 
orientation to the Functional Occlusal Plane (no • F. McDi 
teeth were premarked): (1) A residual transforma- • The effec 
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Anatomic mesio-distal widths of teeth range from , function: 
l] S.D. = ±0·1 mm to 15 S.D. = ±0·4 mm; (5) 3D , Remo­
interincisal angle (S.D. = 2·0°); (6) 2D incisal angles I condyle 
to F.0.P. (S.D. = ±2·3~); (7) U/L arch crowding on model in 
parabola fit (S.D. = ± l ·4 mm); (8) Anterior and animals 
overall arch discrepancy (3-3 S.D. = ±0·9 mm, 6-6 
S.D. = ± 1·5 mm); (9) Intercanine and intermolar 
width (S.D. = ±0·3 mm). The uses of such measure­
ments were described with the aid of a Class II 
division 2 case with particular contrast being drawn 
between the metrograph and radiographic inter­
pretation of incisal angles (inter observer error for 
casts = S.D. ± 2·7°, for radio graph = ± 3·5°). The 
reflex plotter linked to the development of such 
software should prove a useful tool in future study 
cast research. 
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The development of the PAR Index (Peer Assessment , 
Rating): reliability and validity 

S. Richmond, W. C. Shaw, K. D. O'Brien, I. B. Buchanan, R. Jones, 
C. D. Stephens,* C. T. Roberts, and M. Andrews 
Department of Oral Health and Development, University of Manchester, and "Department of Child Dental Health, Bristol Dental Hospital, Bristol 

SUMMARY The PAR Index has been developed to provide a single summary score for all the occlusal anomalies which may be found in a malocclusion. The score provides an estimate of how far a case deviates from normal alignment and occlusion. The difference in scores between the pre- and post-treatment cases reflects the degree of improvement and, therefore, the success of treatment. Excellent reliability was exhibited within and between examiners (Intraclass Correlation Coefficient, R> 0.91 ). The components of the PAR Index have been weighted to reflect current British orthodontic opinion and is flexible in that the weightings could be changed to reflect future standards and standards currently being achieved in other countries. 
The PAR Index offers uniformity and standardization in assessing the outcome of orthodontic treatment. 

Introduction 

The grading of orthodontic treatment results at 
study group meetings has been practised for a 
long time. The idea of individuals grading their 
own treatment results can be a self-teaching 
device and improve the quality of future treat­
ment (Hickham, 1975). Unfortunately, the vari­
ation in criteria used by different orthodontists 
makes it difficult to compare results of treatment 
and the same applies to comprehensive studies 
which are not limited to the evaluation of 
specific measurements. Several indices have been 
developed specifically to assess the success of 
treatment (Eismann, 1974, 1980; Gottlieb, 1975; 
Berg, 1979). These indices compare pre- and 
post-treatment records to register the outcome 
of orthodontic care. However, the reliability 
and validity of these indices have never been 
evaluated. A treatment need index, the Occlusal 
Index (Summers, 1971) has been used by several 
authors to assess the outcome of treatment 
(Pickering and Vig, 1975; Elderton and Clark, 
1983, 1984). 

The use of indices should ensure uniform 
interpretation and application of criteria. 
Although numerous indices have been de­
veloped none as yet has been accepted univer­
sally. The use of precise criteria is essential, 

requiring a quantitative objective method of 
measuring malocclusion and efficacy of 
treatment. 

To fulfil these criteria the PAR Index (Peer 
Assessment Rating) was developed to record 
the malocclusion at any stage of treatment. The 
index was formulated over a series of six meet­
ings in I 987 with a group of IO experienced 
orthodontists (British Orthodontic Standards 
Working Party). Over two-hundred dental casts 
representing developmental as well as pre-and 
post-treatment stages were examined and dis­
cussed until agreement was reached regarding 
the individual features which would be assessed 
in obtaining an estimate of alignment of occlu­
sion. The working party is shown (Fig. I) 
assessing a particular case which has been pro­
jected onto four screens allowing all members 
of the working party to view the same case at 
one time. The scores derived were directh' 
recorded on a computer database to facilitate 
rapid multiple examiner comparisons. 

Section I: The PAR Index (Peer Assessment 
Rating)-description and reliability 
The concept is to assign a score to various 
occlusal traits which make up a malocclusion. 
The individual scores are summed to obtain an 
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Figure I The British Orthodontic Standards Working Party assessing cases projected on four screens, the results were 
d1rectly entered onto computer to facilitate intra- and inter-examiner error. 

overall total, representing the degree a case 
deviates from normal alignment and occlusion. 1 

The score of zero would indicate good alignment 
and higher scores (rarely beyond 50) indicating 
increased levels of irregularity. The overall score 
is recorded on the pre- and post-treatment 
dental casts. The difference between these scores 
represents the degree of improvement as a result 
of orthodontic intervention and active 
treatment. 

There are 11 components of the PAR Index 
(Table I). 

Table 1 Components of the PAR Index. 

I. Upper right segment 
2. Upper anterior segment 
3. Upper left segment 
4. Lower right segment 
5. Lower anterior segment 
6. Lower left segment 
7. Right buccal occlusion 
8. Overjet 
9. Overbite 

10. Centreline 
11. Left buccal occlusion 

1Normal occlusion and alignment is defined as all anatom­
ical contact points being adjacent, with a good intercuspal 
mesh between upper and lower buccal teeth, non-excessive 
overjet and overbite. 

Buccal and anterior segments 

The dental arch is divided into three recording 
segments, left buccal, right buccal and anterior 
(Fig. 2). Scores are recorded for both upper and 
lower arches. 

Buccal segments. The recording zone is from 
the mesial anatomical contact point of the first 
permanent molar to the distal anatomical con­
tact point of the canine. 

Anterior segment. The recording zone is 
from the mesial anatomical contact point of the 
canine on one side to the mesial anatomical 
contact point of the canine on the opposite side. 

The occlusal features recorded are crowding, 
spacing, and impacted teeth. Displacements are 
recorded as the shortest distance between con­
tact points of adjacent teeth parallel to the 
occlusal plane. The greater the displacement the 
greater the PAR score. The displacements 
between first, second, and third molars are not 
recorded as these contacts are so broad and are 
extremely variable within the normal range. 

An impacted tooth is recorded when the space 
for this tooth is less than or equal to 4 mm. 
Impacted canines are recorded in the anterior 
segment. 

Scores for the displacements and impactions 
are added to give an overall score for each 
recording zone. The scores for the discrepancies 
are shown in Table 2. 

1· 

~ 
'l 
-'i 
" 

i 
i 
J 

. '. 

THE PAR INDEX 

Figure 2 Division of th<' • 

Table 2 Displacement 
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figurr 2 Division of the dental arches into three recording zones: ·anterior, left, and right. 

T:ablc 2 Displacement scores. 

0 
I 
1 
3 
4 
5 

Discrepancy 

Ommtolmm 
I.I mm to 2mm 
2.1 mm to 4mm 
4.1 mm to 8mm 
greater than 8 mm 
impacted teeth 

Ii' there is potential crowding in the mixed 
der;tition, average mesio-distal widths are used 
!O calculate the space deficiency (Table 3). 

Bu,, al occlusion 

Th, buccal occlusion is recorded for both left 
and right sides. The fit of the teeth is scored 
~itb respect to the three planes of space. The 
recl•~ding zone is from the canine to the last 
mob, either first, second, or third. All discrep­
anci.:-s are recorded when the teeth are in 
occlusion. 

The antero-posterior, vertical and transverse 
irregularities are summed for each buccal occlu­
s:0r: (Table 4). 

Overjet 

Positive overjet as well as teeth in cross-bite are 
recorded (Table 5). The recording zone is from 
the left to right lateral incisors. The most prom­
inent aspect of any one incisor is recorded. 
When recording the overjet the ruler is held 
parallel to the occlusal plane and radial to the 
line of the arch. It is not uncommon to see two 
upper laterals in cross-bite as well as an 
increased overjet on the central incisors. In this 
situation if the overjet were 4 mm, the score 
would be 3 for the cross-bite and 1 for the 
positive overjet (4 in total). 

Overbite 

Records the vertical overlap or open bite of the 
anterior teeth. Overbite is recorded in relation 
to the coverage of the lower incisors or the 
degree of open bite (Table 6). The recording 
zone includes the lateral incisors. The tooth 
with the greatest overlap is recorded. 

Centreline 

Records the centreline discrepancy in relation 
to the lower central incisors (Table 7). If a lower 

Tahll' 3 Mixed dentition crowding assessment using average mesio­

distal widths. 

Upper 
canine 
1st premolar 
2nd premolar 

Lower 
canine 
1st premolar 
2nd premolar 

8mm 
7mm 
7mm 

7mm 
7mm 
7mm 

Total= 22 mm (impaction < = 18 mm) 

Total= 21 mm (impaction < = 17 mm) 
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Table 4 Buccal occlusion assessments. (Temporary developmental stages and submerging deciduous teeth are excluded.) 

Score 

Antero-posterior 
0 
I 
2 

Vertical 
0 
I 

Transverse 
0 
I 
2 
3 
4 

Discrepancy 

Good interdigitation Class I, II and Ill 
Less than half unit discrepancy 
Half a unit discrepancy (cusp to cusp) 

No discrepancy in intercuspation 
Lateral open bite on at least two teeth greater than 2 mm 

No cross-bite 
Cross-bite tendency 
Single tooth in cross-bite 
More than one tooth in cross-bite 
More than one tooth in scissor bite 

Table 5 Overjet measurements. central incisor has been extracted the measure­
ment is not recorded. 

Score 

Overjet 
0 
I 
2 
3 
4 

Anterior cross-bites 
0 
I 
2 
3 
4 

Discrepancy 

0-3mm 
3.1-5 mm 
5.1-7 mm 
7.1-9 mm 
greater than 9 mm 

No discrepancy 
One or more teeth edge to edge 
One single tooth in cross-bite 
Two teeth in cross-bite 
More than two teeth in cross-bite 

The PAR ruler 
A ruler has been designed to make measurement 
easier (Fig. 3). The information briefly summar­
izes the recording features of the index and 
facilitates quick assessments, and allows contact 
points to be viewed through the ruler. 

The ruler is shown recording the displacement 
between the mesial contact points of the incisors 
(Fig. 4). The line designated 2 is slightly short 
of the contact points; therefore, the next longer 
line would be used and the contact point score 
between the central incisors would be 3. Figure 5 

Table 6 Overbite measurements. Cross-bites including the canines are recorded in the anterior segment. 

Score 

Open bite 
0 
I 
2 
3 
4 

Overbite 
0 
I 
2 
3 

Discrepancy 

No open bite 
Open bite less than and equal to I mm 
Open bite 1.1-2 mm 
Open bite 2.1-3 mm 
Open bite greater than or equal to 4 mm 

Less than or equal to one third coverage of the lower incisor Greater than one-third, but less than two-thirds coverage of the lower incisor Greater than two-thirds coverage of the lower incisor 
Greater than or equal to full tooth coverage 
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Table 7 Centreline assessments. 

Score 

0 
I 
2 

ANT-POST 
0 None 
1 < 1/2 unit di1 
2 • 1/2 unit di1 

TRANSVERSE 
0 None 
1 Xbite tend > • 11 
2 1 tooth In xbite 
3 > 1 tooth In xb 
4 > 1 tooth In lb 

VERTICAL 
0 None 
1 openb 2t > 2mm 

CENTRELINE 
0 <• 1/4 
1 1/4· 1/2 
2 > 1/2 

OVERBITE 
00-1/3 rpenb 
1 1/3·2/3 -
2 >2/3 -
3 >•FTC -
4 ~ 

CONTACT Pt 
0 -
1 -
2 -
3 ---
4 -----!5 Impacted tooth 
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Figure 3 The PAR ruler. 

Discrepancy 

Coincident and up to one-quarter lower incisor width 
One-quarter to one-half lower incisor width 
Greater than one-half lower incisor width 

Figure 4 The PAR ruler being used to record the displace­
ment of contact points between the central incisors. 

Figure 5 The PAR ruler being used to assess o,·erjet: the 
overjet recorded would score 2. 

shows the ruler being used to record the overjet 
and in this case would score 2. 

Conventions 

A series of conventions have been drafted to 
standardize the approach in assessing occlusions 
(Appendix 1). 

Case analysis 

To illustrate the use of the PAR Index. pre- and 
post-treatment dental casts are shown in Fig. 6; 
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Figure 6 Cases analysis: (a) pre-treatment and (b) post-treatment dental casts illustrate the reduction in PAR score from 
21 to 3. 

the derivation of the individual component 
scores are recorded in Table 8. The initial score 
of 21 has been reduced to 3, a reduction of 18 
points. 

The case illustrated is a Class II, division l 
malocclusion with an increased overjet greater 
than l O mm, and an increased and complete 
overbite. The molar relationship is half a unit 

Table 8 Derivation of PAR scores (Fig. 6). 

PAR components Before treatment 

Upper right segment (6-5),0, (5-4),0, (4-3),0 
Upper anterior segment (3-2),0, (2-1),2, (1-1),1, 

(1-2),2, (2-3),0 
Upper left segment (6-5),0, (5-4),0,(4-3), I, and 

(impaction 3)5 
Lower right segment (6-5),0, (5-4),0 (4-3),0 
Lower anterior segment (3-2).0, (2-1),1, (1-1)0, 

(1-2),0, (2-3),0 
Lower left segment (6-5),0, (5-4),0, (4-3),0 
Right buccal occlusion Cusp to cusp 
Overjet Overjet greater than 10 mm 
Overbite Overbite within the normal 

range 
Centreline Centreline > 1/4 width of 

lower incisor 
Left buccal occlusion Cusp to cusp 

Total 

Class II on the right and more than a full unit 
Class II on the left side. The upper left second 
premolar is impacted. 

As a result of orthodontic treatment the 
overjet and overbite have been reduced to less 
than 3 mm. The impacted second premolar ha5 
been accommodated. The buccal segments have 
been improved although the buccal teeth are 

Total After treatment Total 

0 (6-5),0, (5-4),0, (4-3),1 1 
5 (3-2),0, (2-1),0, (1-1),0, 0 

(1-2),0, (2-3),0 
6 (6-5),0, (5-4),0, (4-3),0 0 

0 (6-5),0, (5-4),0, (4-3),0 0 
1 (3-2),0 (2-1),0, (1-1),0, 0 

(1-2),0, (2-3),0 
0 (6-5),0, (5-4),0, (4-3),0 0 
2 Less than I /2 unit Class II 1 
4 Overjet within 3 mm 0 
0 Normal overbite 0 

Centreline within 1/4 width 0 

2 Less than I /2 unit Class II 

21 3 
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not intercuspating fully. The overall alignment 
has been improved although the distal of the 
upper right canine is slightly more buccal 
compared to the upper left canine. 

A single score has been derived for the pre­
and post-treatment dental casts representing the 
deviation from normal. The size of reduction 
in PAR score reflects the degree of improvement 
and success of treatment. 

Reliability 

Four examiners (two orthodontically qualified 
and two postgraduate students) were trained in 
the use of the PAR Index over a series of 
meetings. 

In order to determine the examiner reliability 
a stratified subsample of 38 cases was selected 
from a random sample of 2000 treated and 
untreated cases. The dental casts were measured 
on two occasions 8 weeks apart. Differences in 
measurements were estimated by calculating the 
Intraclass Correlation Coefficient of Reliability. 
This provides a single summary of reliability 
based on a comparison between ratings and 
comparison between subjects (Barkto, 1966; 
Fleiss et al., 1979; Fleiss, 1981, 1986). These 
statistics were calculated between the four exam­
iners separately and as a group. 

Results 

Table 9 shows excellent reliability within 
(R>0.95) and between examiners (R=0.91). 
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The intra-examiner lower 95 per cent confidence 
limits are generally greater than 0.93 and for 
inter-examiner, 0.87. The paired I-test was used 
to examine for bias. Examiners 2 and 3 both 
indicated bias between first and second record­
ings. However, the differences between the 
means were less than 1.6 PAR points (means: 
Examiner 2-21.90, 22.97; Examiner 3-19.05, 
20.58). An analysis of variance detected bias 
between the four examiners, Examiner 3, scor­
ing the lowest and Examiner 4 the highest. The 
difference in the means being first recording, 
3.66 and for the second recording 2.81 PAR 
points. The reliability coefficient and confidence 
limits were high indicating excellent reliability. 
The measure of reliability is large and the effect 
of bias would mean that little damage is done 
to the precision of measurement. 

Discussion 

In general, the PAR Index indicated excellent 
intra- and inter-examiner agreement. Lower 
levels of agreement were achieved for some of 
the individual PAR components, particularly 
the upper left and right buccal segments (R = 
0. 76) compared to the corresponding segments 
in the lower arch. This may be due to the 
increased size and the differing morphology of 
the maxillary teeth, which result in broad con­
tact points and make accurate displacement 
measurements more difficult than in the lower 
arch. 

It is not surprising that the left and right 

Table 9 Calibration exercise: Intraclass Correlation Coefficient of Reliability for the four examiners. Intra­
and inter-examiner 

Intra-examiner Inter-examiner 

Component 2 3 4 

Upper right 0.88 0.92 0.93 0.90 0.76 
Upper anterior 0.94 0.98 0.98 0.95 0.90 
Upper left 0.84 0.87 0.84 0.87 0.76 
Lower right 0.93 0.95 0.93 0.9:! 0.87 
Lower anterior 0.83 0.96 0.97 0.91 0.87 
Lower left 0.96 0.97 0.91 0.86 0.84 
Right buccal occlusion 0.79 0.89 0.87 0.89 0.75 
Overjet 0.95 0.99 0.87 0.94 0.91 
Overbite 0.74 1.00 0.82 0.89 0.77 
Centreline 0.76 0.89 0.90 0.83 0.81 
Left buccal occlusion 0.83 0.91 0.96 0.77 0.75 

Total score 0.96 0.98 0.96 0.95 0.91 

Lower 95 per cent confidence limit 0.94 0.97 0.94 0.93 - 0.87 
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buccal occlusions also show lower measures of 
agreement (R = 0. 75) as this depends on the 
correct registration of the models which can 
easily 'move· in the hand, and that the line of 
the buccal occlusion forms a curve and the 
recording depends on the angle to which the 
models are viewed. 

However, the overall inter-examiner agree­
ment of R = 0.9 l is excellent and compares very 
favourably to caries calibration exercises 
(Mitropoulos and Downer, 1987). The use of 
the ruler with a brief summary contained within, 
eliminates cross-references to notes of complic­
ated criteria. 

Timing trials have been undertaken on IO 
sets of mixed and permanent dentitions (Buch­
anan, 1990). The average time taken to record 
the overall PAR score for pre- and post-treat­
ment models is 6 minutes. Direct computer 
entry tends to reduce this time even further. 

The difference between the pre- and post­
treatment scores reflects the success or degree 
of improvement. As the score tends towards 0, 
the deviation from normal is less. Obviously, a 
score of O is not always achievable because of 
the complexity of the case, but generally a 
measure of IO or less indicates an acceptable 
alignment and occlusion, and 5 or less suggests 
an almost ideal occlusion. 

The case illustrated (Fig. 6) recorded a change 
in PAR score of 18 and indicates substantial 
improvement. However, not all cases achieve 
this degree of improvement. 

Section II: The PAR Index-validation 

Evaluation of the validity of an index involves 
enquiring into whether the index measures what 
it purports to measure. Many studies have used 
consensus of several experienced orthodontists 
in order to compare with the results of the index 
(Salzmann, 1968; Summers, 1971; Malmgren, 
I 980; Jenny et al., 1983). In general, the process 
of validation involves the comparison of a sub­
jective measure against a more objective meas­
ure of the characteristic. 

The primary objective of the validation exer­
cise was to compare a definitive measure of 

malocclusion using the indices with mean sub­
jective dental opin:on, in terms of deviation 
from normal for a representative sample of pre­
and post-treated cases. 

The PAR Index is made up of a number of 
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sub-components, each measuring distinct occlu­
sal traits. Perhaps of primary contention 
amongst the profession would be the import­
ance that should be attributed to any one 
component relative to another. For example, is 
an open bite equivalent in importance to a 
cross-bite or overjet? The validation study pro­
vides an opportunity to determine the relative 
weight that should be applied to each com­
ponent. 

Design of the validation study ·-~ 

The examiners. Seventy-four dentists were 
. invited to participate, representing the various 
• groups carrying out orthodontic treatment in 

England and Wales, 22 Consultant orthodont­
ists, 22 specialist practitioners, two members of 
staff employed by the Dental Practice Board of 
England and Wales and two junior hospital 
staff members, all possessing specialist ortho­
dontic qualifications, and 15 general dental 
practitioners and 11 community dentists with­
out orthodontic qualifications. 

Each member of the panel of 74 examiners 
was asked to assess a representative sample of 
dental casts with respect to deviation from 
normal occlusion on a nine point scale (Fig. 7). 
For each dental cast a mean score was obtaini;:d 
from the panel of 74 examiners representing 
consensus opinion. 

The representative sample. A broad range of 
cases was collected representing treatments 
undertaken within the general dental and hos­
pital services in England Wales. In all 272 cases 
were collected consisting of 68 cases from each 
of the following sources: 

l. non-prior approval cases from the Denta_l __ 
Practice Board (one upper removable appli­
ance treatment); 

2. prior approval cases from the Dental Practice 
Board (more than one removable appliance 
or fixed appliances); 

3. treated cases from Manchester and Bristol 
Dental Hospitals; 

4. untreated cases selected from a study of 1000 
Cardiff school children taken over a 4-year 
period 1981-1984 (Shaw et al., 1986). 

The dental casts were divided into four groups 
(A, B, C, and D) consisting of 40 pre- and post- ~ 

treatment pairs of dental casts including 16 

cases which were randomly selecle<l from the ~ 
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• None Slight Moderate Great Very great 

. I I I 
0 2 3 4 5 6 7 8 

Figure? Nine-point scale to assess deviation from nonnal. 

four sources and duplicated to allow them to 
be added to each group to enable examiner 
reliability assessments to be undertaken. Each 
of the four groups was presented as a random­
ized stratified sample. Three-hundred-and­
twenty dental casts were examined. To reduce 
order bias, four sequences were devised to 
enable the dental casts to be examined in each 
session (Table 10). Frequent breaks were organ­
ized to reduce fatigue. Booklets were devised 
and issued in sequence so that an equal number 
of readings would be collected. Six validation 
study days were arranged in Manchester and 
Bristol. 

Assessment of the dental casts using the 
indices. The four trained and calibrated exam­
iners each scored one group using the PAR 
Index. 

Relationship between the mean subjective rat­
ings of the panel of 74 examiners and the PAR 
Index. For every dental cast the mean scores 
for the panel of 74 examiners were derived for 
deviation from normal occlusion. In order for 
an index to be valid the linear correlation, r, 
between it and the mean subjective score must 
be large. If this is so, the index will provide a 
valid substitute for the average opinion for the • 
panel of 74 examiners, being a good predictor 
of their mean scores. 

Table IO Design of the validation study. 

Time 

Booklet I 
Booklet 2 
Booklet 3 
Booklet 4 

Session 

Isl 

9.30-10.15 

Number of models 

32 pairs 

B 
D 
C 
A 

2nd 

I 0.30-11.45 

40 

Al-40 
Cl-40 
B4l-80 
D41 80 

Results 

The PAR Index. The raw total of the PAR 
components had a correlation, r, of 0.74 with 
the panel of 74 examiners mean subjective scores 
for deviation from normal occlusion. Direct 
summing of the sub-components might not pro­
vide the best index, as the profession might 
place greater importance on certain aspects. In 
order to determine the weights that should be 
placed on each component to best predict aver­
age opinion, multiple regression of the sub­
components of PAR against the panel's mean 
score was carried out. Variables (components 
of PAR) were added using a forward stepwise 
procedure, provided a significant improvement 
in fit was achieved at each stage. The regression 
coefficients provided weights for each of the 
components. These were multiplied by a suitable 
constant and rounded to integers for the con­
venience of the user. The regression coefficients 
were derived on one half of the sample (by 
taking alternate cases) and the PAR components 
were multiplied in the same ratio as their partial 
regression coefficients and applied to the other 
half of the sample. Some of the components 
did not appear to have any predictive power 
and consequently were excluded from the 
weighted PAR Index (Table 11). The Pearson 
Correlation Coefficient, r, was 0.87 for the 
regression model and 0.85 for the weighted PAR 

3rd 4th 5th 

12.00-13.15 14.00-15.15 15.30-16.45 

40 40 40 

A4l-80 Bl-40 841-80 
C4l-80 D1-40 041-80 
Bl-40 C40-80 Cl-40 
DI 40 A41-!SO Al 40 
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Table 11 Partial regression coefficients, unweighted and weighted inte­

gers for individual PAR components. 

Partial 

PAR components Unweighted reg. eoeff Weighted 

Buceal segments I 
Upper anterior I 
Lower anterior I 
Rand L buccal occlusion I 
Overjet I 
Overbite I 
Centreline I 

rl 0.47 

r 0.68 

Index). There were no significant differences 
between the correlation values for the regression 
model and the corresponding weighted index 
(P> 0.1 ). The weighted version gave a statistic­
ally significant higher correlation with the mean 
deviation from normal occlusion than the 
unweighted PAR (P<0.001). The weighted 
regression line is shown in Fig. 8. The coefficient 
of determination, r2 , the measure of prediction 
accuracy and strength of linear association was 
0.72 for the weighted index. 

Differences in weightings were noticed 
between the four groups (Table 12). The 
weightings for the centre line were much greater 
for consultants and general dental practitioners 
than for specialist practitioners and community 
dentists. The buccal segments (displacement 
measurements) were not weighted for any of 

0 0 
0.15 I 
0.11 I 
0.13 I 
0.65 6 
0.24 2 
0.47 4 

0.75 0.72 

0.87 0.85 

the four groups of examiners. The weighting 
for upper anteriors was 2 for the specialists and 
l for the other groups. 

The mean weightings were taken to represent 
the collective opinion of the panel of the 74 
dentists. 

Reliability of the weighted PAR Index. The 
inter-examiner Intraclass Correlation Coeffi­
cient of Reliability for the total score for the 
four examiners on the 38 cases was 0.93 with 
the lower 95 per cent confidence limit of 0.90. 
The weighted index shows a slight improvement 
over the unweighted version (unweighted R= 
0.91, lower 95 per cent confidence limit 0.87). 

Case analysis. A case is shown in Fig. 9 and 
the unweighted and weighted PAR scores pre­
sented in Table 13. The case is a Class II 

Dev. from normal occl. (panel of 74) 

Very Great 
8 

f-

l 
Great I 

61 
Moderate 1 

4 

Slight 
2 

* * 

10 

* * 
* 

* 

* 
* 

--r=0.85 

20 30 40 50 60 

Total weighted PAR score 

figure 8 Correlation between the panel of 74 examiners mean subjective scores for deviation from normal and the weighted 

PAR Index. 
; '¾ 
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Table 12 Weightings derived for each of the groups of examiners. 

PAR components 

Upper Lower Buccal 
anterior anterior occlusion Overjet Overbite Centreline 

Consultants I 5 3 6 

Specialists 2 4 I -0.54 

G.D.P. I 5 2 4 

Community I 4 2 -0.25 

All I 6 2 4 

0?.r,,·, '. 
• • - ,• - ~;, -~ --~ ~ 

Figure 9 Case analysis: pre-treatment (a) and post-treatment (b) dental casts illustrate the reduction in PAR score from 

45 to 2. 

division l malocclusion with marked upper and · 
lower incisor crowding. The overjet is increased 
over l 0 mm, and the overbite is increased and 
complete. The molar relationship is three­
quarter Class II on the right side and a quarter 
Class II on the left side. The lower second 
premolars are in lingual cross-bite. 

The post-treated case shows that the overjet 
and overbite have been fully reduced. The buc­
cal occlusions have been improved, but the 
buccal segments are not interdigitating fully. 
Good alignment has been achieved in both 
arches. The PAR scores were 36 for the pre­
treatment and 2 for the post-treatment dental 
casts. The weightings have increased the initial 

score by 5 to 41, but the finished score stays at 
2. The major contribution to the initial weighted 
PAR score was from the overjet. 

In the previous case (Fig. 6) the PAR score 
when weighted rose by 17 to 38 for the pre­
treatment model and reduced by 1 to 2 for the 
post-treatment models. 

The reduction in weighted PAR scores for 
the case in Fig. 6 (36 PAR points) and Fig. 9 
(43 PAR points) represents the degree of 
improvement and the success of treatment. 

Reliability of the panel of 74 examiners. 
Reliability within and between the panel of 74 
examiners was tested on 16 sets of dental casts 
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Table 13 Dcrivation of PAR scores (Fig. 9). 

PAR compon<!nts 

Lipper right segment 
Upper anterior segment 

Upper left segment 
lower right segment 
lower anterior segment 

lower left segment 
Right buccal occlusion 
Overjet 
Overbite 
Centreline 

left buccal occlusion 

Total 

Before treatment 

(6-5).0. (5-4),0, (4-3),2 
(3-2).2. (2-1 ), I. (1-1 ),2, ( 1-2),0, 
(2-3).1 
(6-5),0, (5-4),1, (4-3),1 
(6-5),2, (5-4).2, (4-3),0 
(3-2),1, (2-1),1, (1-1),0, (1-2),1, 
(2-3),1 
(6-5).2. (5-4),3, (4-3),0 
Crossbite 45 and < cusp to cusp 
Overjet greater than 10 mm 
Overbite greater than 2/3 
Centreline with 1/4 width of 
lower incisor 
Cross-bite, cusp to cusp 

Total 

UN 

2 
6 

2 
4 
4 

5 
3 
4 
2 
0 

4 

36 

w 

6 

4 

3 
24 
4 
0 

4 

45 
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Total 

After treatment UN w 

(6-5),0, (5-4),0, (4-3).0 0 
(3-2),0, (2-1).0, (1-1),0, 0 0 
(1-2).0, (2-3),0 
(6-5),0, (5-4).0, (4-3),0 0 
(6-5),0, (5-4),0. (4-3),0 0 
(3-2),0, (2-1),0, (1-1),0, 0 0 
(1-2),0, (2-3),0 
(6-5),0, (5-4),0, (4-3),0 0 
less than cusp to cusp I I 

Overjet within 3 mm 0 0 
Normal overbite 0 0 
Centreline within 1/4 width 0 0 

Less than cusp to cusp I 

2 :? 

UN-unweighted; W-weighted. Tooth notation in brackets, followed by the PAR score. 

which had been duplicated and randomized 
within the groups. The chance corrected meas­
ure of agreement was used (O'Connell and 
Dobson, 1984). 

Intra-examiner: There was a poor ·level of 
agreement between the panel of 74 examiners 
when assessing deviation from normal occlusion 
(Kappa Statistic: 0.39-0.87; Fig. IO). 

Reliability 

Inter-examiner: Agreement between exam­
iners in the five practitioner groupings was 
assessed using the Kappa Statistic (Table 14). 
There was only moderate agreement betw,;:en 
examiners when assessing deviation from nor­
mal occlusion indicating a division in assess­
ments between examiners. The decisions of the 
general dental practitioners and the community 
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Figure 10 Intra-examiner reliability for the panel of 74 examiners deviation from normal occlusion ratings. 
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Table 14 Inter-examiner agreement for the five groups of practitioners (Kappa statistic). 

Consultants Specialists GDP's Community Other 

Deviation from normal 0.52 0.57 

dentists showed the poorest agreement with 
other practitioners in their respective groups. 

Discussion 

The primary objective was to validate the PAR 
Index. Two-hundred-and-seventy-two dental 
casts were assessed by a panel of 74 examiners 
representing all interested parties. The mean 
scores were obtained from the panel of 74 
examiners to reflect contemporary orthodontic 
opinion. 

The components of the PAR Index were 
weighted statistically to reflect consensus opin­
ion. Several of the individual components were 
not included in the weighted index as they did 
not have any predictive power. One possible 
explanation for the exclusion of the buccal 
segments (i.e. spacing, crowding, and impac­
tions) may be that the contact points between 
the buccal teeth were so variable. If the displace­
ment of a tooth was severe, a cross-bite would 
result and, therefore, be recorded in a score for 
left or right buccal occlusion. However, there 
were a small number of cases with impacted 
premolars and it could be that the panel of 74 
dentists missed these impactions or that there 
were too few cases to produce a significant 
contribution. Premolar impactions would not 
be recorded in the weighted PAR Index 
although impacted canines would, as these are 
scored in the anterior segment. 

Residual extraction spaces are more likely to . 
be accepted in the U.K. than in America 
(Elderton and Clark, 1983) and it may be argued 
that the panel of 74 examiners was willing to 
accept extraction spaces. 

The overjet, overbite, and centreline discrep­
ancy were weighted highly (6, 2, and 4, respect­
ively). The weighted factor of 6 for overjet 
appears high. An overjet of 6 mm would have 
a PAR score of 2, and a weighted PAR score 
of 12. In fact, the overjet score is similar to the 
overjet in millimetres multiplied by a factor of 
2. The range of weightings and the equivalent 
weighting for an overjet in millimetres is shown 
in Table 15. The overjet score also includes teeth 
in cross-bite. 

0.50 0.44 0.59 

Table 15 Comparison of weighted PAR scores for 
overjet with the equivalent weighting for the overjet 
inmm. 

Equivalent 
0verjet PAR Weighted weighting for 
(mm) score PAR score overjet (mm) 

0 0 0 0.0 
I 0 0 0.0 

.2 0 0 0.0 
3 0 0 0.0 
4 I 6 1.5 
5 I 6 1.2 
6 2 12 2.0 
7 2 12 1.7 
8 3 18 2.3 
9 3 18 2.0 

10 4 24 2.4 
II 4 24 2.2 
12 4 24 2.0 
13 4 24 1.9 
14 4 24 1.7 
15 4 24 1.6 

The weighting for centreline discrepancy was 
higher for consultants and general dental practi­
tioners than the specialist and community dent­
ists. It would seem that the consultants and 
general dental practitioners were more likely to 
notice differences in the centrelines. 

There was a poor level of agreement between 
the panel of the 74 examiners when assessing 
deviation from normal. This division highlights 
the need for an objective and reliable index. 

The weightings which have been derived 
reflect current British orthodontic opinion. The 
PAR Index is flexible in that the weightings 
could be changed to reflect future standards 
and the standards that are currently being 
achieved in other countries. 

Conclusions 

The PAR Index provides a single summary 
score for all the occlusal anomalies and may be 
used for all types of malocclusions, treatment 
modalities and extraction/non-extraction cases. 
The score provides an estimate of how far a 
case deviates from normal and the difference in 
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scores for pre- and post-treated cases reflects 
the percei,ed degree of improvement and there­
fore the success of treatment. 

Excellent reliability within and between four 
trained examiners has been demonstrated using 
the PAR Index. The PAR Index offers uniform­
ity and standardisation in assessing the outcome 
of orthodontic treatment. The components of 
the PAR Index have been weighted to reflect 
current British dental opinion more closely. 
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functional disp!acemt:nt ,,:~, •. ..:::··.: '-
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however severe Je\iJt:-.1 '1·, "·' : ..... ,. • ' 
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J

• ~.,.'T'I--, 'f, ~ .\ 

5. If the contact point :,;··.,,-.--~-• __ .,, 
result of poor r.:-,:l,rJ:,,:: ~ ·.- . ·'i' _., .. 

tions or crownsL th.:: .i:-:·· !, • .:-:··~:•"'' 

recorded. 
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6. Contact points bet. 
not recorded. 

~ Ex!r.iction spaces 
patient is to rec1..· 
;nent. However. if 
,he distance bet", 
be noted. 

Wr..:re there are rn 
!i1::ms resulting frl 
!he mesial contac 
:n ... ,1ar and the di, 
,h,.Juld be recorde1 • 

C,;nme cross-bires s: 
. , •. cr_ict ,,ection. 

·:. ·.··r:t.:o:t points bet,\ 
~,,-!.Ir, are ~.:-ore,: 
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.-• 
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6. Contact points between deciduous teeth are 
not recorded. 

7. Extraction spaces are not recorded if the 
patient is to receive a prosthetic replace­
ment. However, if space closure is intended, 
the distance between adjacent teeth should 
be noted. 

Canines 

I. Where there are m1ssmg canines, displace­
ments resulting from discrepancies between 
the mesial contact point to the first pre­
molar and the distal of the lateral incisor 
should be recorded in the anterior segment. 

2. Canine cross-bites should be recorded in the 
overjet section. 

3. Contact points between the canines and pre­
molars are scored as follows: the distal 
contact point of the canine to the midpoint 
on the mesial surface of the adjacent pre­
molar. (These contact points are so vari­
able. When untreated normal occlusions 
were assessed this relationship seemed to 
be the most acceptable.) 

Impactions 

If a tooth is unerupted and displaced from the 
line of the arch either buccally or palatally 
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due to insufficient space, this is regarded as 
an impaction. However, if the tooth is erupted 
and displaced, the displacement score is 
recorded. 

Incisors 

I. If there is agenesis of the upper incisor or 
the tooth has been lost due to trauma or 
caries the procedure is as follows: 

(a) if the space is maintained (for a pros­
thesis), the distance between adjacent teeth 
is not recorded; 

(b) if the space is to be closed, the distance 
between adjacent teeth is recorded. 

2. When recording an overjet, if the tooth falls 
on the line the lower grade is recorded. 

3. If a lower incisor has been extracted or 1s 
missing, the centreline is not recorded. 

Molars 

I. Contact points between first and second 
molars are not recorded. 

2. If the first molars have been extracted, the 
contact point of the second molar is 
recorded. 



Recording the dental cast in three dimensions 
S. Richmond, B.D.S., D. Orth., R.C.S.; M.Sc.D., F.D.S.R.C.S (Edinburgh)* 
Heath Park, Cardiff, Wales 

A method is described to record the three-dimensional relationship of the teeth within the dental 
arches. (AM J ORTHOD DENTOFAC ORTHdP 1987;92:199-206.) 

There have been many techniques described 
to quantify the characteristics of a malocclusion. It has 
been only recently with the advent of new technology 
that the dental cast can be readily measured and re­
corded in three dimensions. This facility allows a re­
alistic reconstruction of the dental cast, which would 
prove useful in research. It is with the research aspect 
in mind that a quantitative analysis has been devised. 

MATERIALS AND METHODS 

It is important to design an analysis that has features 
a clinician would use. The variables used are described 
and defined below. 
I . Overjet and overbite 

Overjet and overbite are measurements the clinician 
uses frequently during, before, and after treatment. 
The usual technique is to use a ruler or vernier cal­
ipers to the labial aspect of the lower incisors to the 
incisal edge of the upper incisors. With this tech­
nique, two different landmarks are used. In the pro­
posed analysis, similar landmarks are chosen on the 
upper and lower central incisors using the mesial 
incisal edges. 
Overbite 
Overbite is the distance of the upper central incisors 
from the lower incisors measured in relation to a 
perpendicular to the occlusal piane using the same 
points as those for overjet. This measurement would 
be difficult to make on dental casts using a ruler or 
vernier calipers. 

2. Center-line discrepancy 
The center line is an important assessment because 
it shows the symmetry of the arches. A shift in the 
center line would suggest differing molar positions 
or discrepancy between the tooth diameters of the 
upper and lower teeth. The center line is constructed 
using the midpoints between the canines and molars 

•Department of Orthodontics, University Dental Hospital of Manchester, and 
Turner Denial School, Manchester, England. 

on the lower model because the clinician usually 
assesses the lower model first and fits the upper 
model to the lower. This facility enables the operator 
to determin_e whether the center lines of the incisors 
are coincident or how far they deviate from each 
other and from the constructed center line. Although 
the construction of the center line may not coincide 
with the midline of the face, a useful indication of 
discrepancy in center lines can be determined. In 
the case of mandibular asymmetry, a gross reading 
in center-line discrepancy may be noted that would 
warrant further investigation with radiographs to as­
sess the skeletal symmetry. 

3. Mesiodistal widths 
Tooth size plays an important part in malocclusions, 
particularly in space requirements. In this analysis 
the three dimensional measurement is determined 
across the anatomic contact points. Results are de­
termined for the anterior (3-3) and overall (6-6) me­
siodistal widths. 

1n the event of unerupted teeth, the mesiodistal 
width of its antimere can be used. In the case of 
both teeth being unerupted, an average mesiodistal 
width for that particular tooth can be substituted 
(Table I). 

4. Three- and two-dimensional intercanine and incisal 
angles 
The traditional method of assessing intercanine and 
incisal angles has been by the use of the lateral skull 
radiograph. A significant difference has been shown 
between two-dimensional and three-dimensional in­
terincisor assessment on the lateral skull radiograph 
and dental cast, respectively. 1 This would suggest a 
difference between the crown and crown/root an­
gulation measuring techniques. However, the au­
thors also noted that the results for the dental cast 
assessment of the crown angulation were more con­
sistent and reproducible than the assessments for the 
crown/root angulations on the lateral skull radio­
graph. 
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Fig. 1. lnterincisal and canine crown angulations. The central 
axis of the crown is constructed using points A and B defined 
by the mesioincisal edge and the corresponding point on the 
distal surface. C-D relate to the points that bisect the crown at 
the glngival margin when the dental cast is viewed occlusally. 

The central axis of the crown is constructed by 
the inidpoints of the incisal edges (A and B) and 
gingival margin (C and D). The midpoints Mand 
N define the central axis (Fig. l). 

The analysis determines only the axial inclina­
tions of the crowns of the teeth and does not relate 
to the crown root angle. However, the orthodontist 
is mainly concerned with the crowns of the teeth 
unless the crown root angle is acute and torquing 
will adversely position the root apex. 

Two-dimensional angles can be determined by 
projecting the central axis onto the anteroposterior 
plane (Fig. 2). 

5. Occlusal plane construction 
The occlusal plane is constructed using the buccal 
cusp tips of the lower premolars and the mesiobuccal 

Am. J. On/rod. Den!Ofac. Orlhop. 
September 1981 

Table I. Average mesiodistal widths used when 
the individual teeth are unerupted or missing 

Tooth Upper Lower 
no. (mm) (mm) 

Central incisor I 8.79 5.5 
Lateral incisor 2 6.83 5.98 
Canine 3 7.74 6.77 
First premolar 4 6.68 6.84 
Second premolar 5 6.59 7.145 
First permanent molar 6 • 10.38 10.5 

cusp tip of the lower molar (Fig. 3). This is com­
parable to the functiona1 occlusal plane. 2 The plane 
is constructed to the best fit of these six points. 
However, only three points are required to form a 
plane; therefore, a full complement of teeth is un­
necessary. 

6. lntercanine and intermolar distances 
It is important during treatment to monitor inter­
canine and intermolar distances. In certain cases it 
will be necessary to expand the upper or lower in­
tercaitlne distance if the arch is excessively narrow 
and crowded. the distance measured is between the 
occlusal tips of the canines and the points of the 
buccal groove of the molars where the buccal surface 
meets the occlusal surface. 

7. Parabolic curve length 
Several investigators have concluded that there is no 
consistency in nature and the shape of the dentai 
arch varies so widely among individuals that geo­
metric comparisons are impossible. 3•

4 Hawlef pro­
posed a geometric method for predetermining the 
dental arches for orthodontic purposes using the 
ideas of Bonwill,6 although Hawlef and Cliuck7 

advised against strict use of this. The ellipses-10 and 
catenary curve'' have also been suggested_. 

The polynominal equation of the fourth degree 
was proposed by Lu. 12 Hechter13 found that the pa­
raboia had a high ''goodness of fit" to die middle 
curve of teeth when compared with other generated 
curves. 

The parabola has also been suggested by other 
investigators.4•9•

10
•
14

•
15 Richmond16 concluded that it 

was doubtful whether the ideal arch form ever exists, 
but in order to treat a malocclusion; 1t is necessary 
to align the teeth and to know the severity of crowd­
ing to a given arch form. The parabolic curve was 
chosen in this an!llysis because several authors have 
shown it to be the best fit; it was also selected for 
its ease iii mathematic application. 

The parabolic curve is constructed to the best fit 
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CONSTRUCTION OF 2D ANGLES 
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Fig. 2. Construction of twQ-dimensional angles. Positive angles 
are produc:ed When the teeth are procllned relative to the per­
pendicular raised to the occtusat plane. 

of the mesiodistal anatomic contact points ending 
distal to the first molar (Fig. 4). The curve is con­
structed to each individual case rather than fitting 
the case to a preselected arch fonn. The length of 
the parabolic curve is not~. 

8. Discrepancy measurements 
A discrepancy measurement is a useful indication 
of the crowding· or spacing within the dental arches 
that will determine an extraction or Qonextraction 
approach. 

Two types of discrepancy measurements are used. 
a. Arch discrepancy 

This discrepancy measurement provides a guide­
line for how far the anatomic contact points are 
from the corresponding contact point on the ad­
jacent teeth in relation to the occlusal plane 
(Fig. 5). Therefore, this measurement attempts 
to quantify the discrepancy between the contact 
points in two dimensions. 

The distance a-b when projected orito the oc­
clusal plane c-d produces the two-dimensional 
discrepancy. These distances represent the move­
ment required to align the dental arcJ)es to fonn 
a flat occlusal plane. 

b. Parabolic curve discrepancy 
The length of the parabolic curve and the overall 
mesiodistal widths are known; therefore, by sub­
tracting one from the other, the discrepancy can 
be determined, noting whether the arch is spaced 
or crowded. 
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OCCLUSAL PLANE 
CONSTRUCTION 

Fig. 3. Occlusat plane points. In three dimensions, three points 
~ required to fit a plane. The occlusal plane is established 
using the buccal cusp tips of the lower premolars and the me­
siobuccal cusp of the molars. The plane is constructed as the 
best fit using the six points. 

Fig. 4. Parabolic curve length. A parabola was constructed to 
the best flt of the mesiodlstal anatomic contact points ending 
distal to the first molar (plotted from Fig. 7). 
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Fig. 5. Discrepancy measurement. The distance a-b is the 
three-dimensional distance between the anatomic contact 
points. When the points a-b are projected onto the occlusal 
plane o-o, the distance is now o--d. This "correction factor" 
provides a more reliable discrepancy reading and is related to 
the need for flattening the occlusal plane. 

Sample 
To test the accuracy and reproducibility of the 
analysis, 12 sets of dental casts were randomly 
selected from 150 patients, first checking to val­
idate the occlusal relationships. It was essential 
that the dental casts be stable when positioned 
on their heels-together and independently. 
Procedure 
Eight crossed lines were marked around the land 
area for each in the upper and lower dental casts 
(the fiducial points). The intersection of the two 
lines was used to orientate the dental casts so 
that when they were in occlusion, the spatial 
arrangement was noted; therefore, when the casts 
were moved apart to digitize the occlusal sur­
faces, all the points could be reorientated to the 
occluded position by re-recording the fiducial 
points. 

Am. J. Orthod. Dentofac. Orthop. 
September 1981 

Instrument 
The points were recorded by means of the Reflex 
Metrograph, * which is capable of measuring ob­
jects in ·three <limensions (Fig. 6). This instru­
ment basically consists of a semireflectiog mir­
ror; therefore, an object standing in front of the 
mirror has its image at an equal distance behind 
the mirror. Working on this principle, a moving 
light source connected to a three-dimensional 
(X-Y-Z) slide system behind the mirror can be 
used to record points corresponding to the image 
of the object. 

Movement of this slide system operates rotary 
encoders, which translate movement into elec­
trical impulses that can be transmitted to a com­
puter. With the ai<:f of a coq1puter program, this 
information can be accepted anct measurements 
performed. One of the qualitjes of the Reflex 
Metrograph is that the 0.3-mm diameter light 
source can move into interproximal spaces and 
contact areas where a pair of dividers could not. 

The accuracy of the Reflex Metrograph has 
been tested by Richmond16 and the error found 
to be less than 0.27 mm (<0.3%) with an angular 
error of less than 0.76%. This compares favor-
ably with other authors. 11•19 

• 

One hundred ten pojnts were recorded. It takes 
an experienced operator less than 20 minutes fo 
record 110 points. 

To illustrate the analysis, a c;lass II, Qivi­
sion 2 malocclusion is shown in Fig. 7. The 
following analysis shows a deep overbite of 
6 • mm and an overjet of 3 mm. The center lines 
are almost coincident, the mesial. edges all being 
to the right of the constructed center line by ap­
proximately 1.5 mm. The distances for the me­
siodistal widths are shown. 

CLASS II, DIVISION 2 MALOCCLUSION 

Overjet 
Overbite 

Cenler-line discrepancy 

Left 
3.05 mm 
5.73 mm 

Right 
3.35 mm 
5.78 mm 

Mesia! edge of upper left central incisor, 1.51 mm right of 
center line 

Mesia) edge of upper right central incisor, 1.65 mm right of 
center line 

Mesia! edge of lower left central incisor, 1.42 nun right of 
center line 

Mesial edge of right central incisor, 1.19 mm right of center line 

*H. F. Ross, Ross Insuuments Ltd., Salisbury, Wiltshiie, England. 
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Fig. 6. Reflex Metrograph. 

Fig. 7. A through D, Dental casts of Class II, Division 2 malocclusion. (For analysis, see text.) 
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Table II. Intra- and interobserver errors 

lntraobserver error lnterobserver error 

n Mean 

Overjet 24 0.04 
Overbite 24 0.13 
Mesia! contact points of central 48 -0.12 

incisors to center line 
Upper mesiodistal widths 44 0.05 
Lower mesiodistal widths 144 0.15 
Three-dimensional angles, incisors 24 0.24 
Three-dimensional angles, canines 19 0.44 
Upper two-dimensional angles 67 -0.18 
Lower two-dimensional angles 67 0.69 
Overall mesiodistal widths 24 1.06 
Anterior mesiodista1 widths 24 0.27 
Overall discrepancy 24 0.24 
Anterior discrepancy 24 0.11 
lntercanine distance 20 0.12 
lntermolar distance 21 0.03 
Length of fitted parabola 24 0.44 
Length of discrepancy of fitted 24 -0.71 

parabola 

OBSERVER fJlRORS: Intraobserver-significant difference P >0.5; 
0.5 > P > 0.l. 

Meswdistal widths 
Left first permanent molar 
Left second premolar 
Left first premolar 
Left canine 
Left lateral incisor 
Left central incisor 
Right central incisor 
Right lateral incisor 
Right canine 
Right first premolar 
Right second premolar 
Right pennanent molar 

Upper (nun) Lower (mm) 

10.09 10.13 
6.48 6.55 
6.23 6.33 
7.66 6.34 
6.6 6.39 
8.8 5.52 
8.39 5.83 
6.27 5.61 
7.39 6.61 
5.89 6.8 
6.6 6.28 

10.27 10.52 

CANINE AND INCISOR ANGULATIONS 
Three-dimensional 

Left canine 
Left lateral incisor 
Left central incisor 
Right central incisor 
Right lateral incisor 
Right canine 

angle(°) 

133.70 
148.61 
167.42 
167.45 
129.60 
158.80 

Overall mesiodistal widths (6-6) 
Anterior mesiodistal widths (3-3) 
Intercanine distance 
Intermolar distance 
Length of fitted parabola 

Two-dimensional 
angle(°) 

Upper Lower 

1.29 22.74 
-1.68 23.63 

-12.73 22.82 
- 14.89 25.80 

13.48 28.71 
-7.09 12.83 

Upper(mm) 

90.67 
45.ll 
35.34 
48.58 
91.50 

Lower (mm) 

82.91 
36.30 
27.36 
44.16 
85.22 

I SD I RMS Mean I SD I RMS 

0.32 0.31 0.17 0.49 0.49 
0.64 0.63 0.16 0.82 0.85 
0.49 0.49 -0.17 0.63 0.64 

0.26 0.27 0.34 0.35 0.48* 
0.27 0.32 0.25 0.34 0.43 
2.12 2.04 0.89 2.34 2.7 
5.82 5.5 -2.48 5.7 5.27 
3.54 3.48 1.65 5.24 5.37"' 
3.05 3.08 -1.55 3.79 4.03 
1.37 1.70 3.45 1.49 3.74"' 
0.97 1.01 0.66 1.18 1.32 
1.92 1.87 0.1 2.74 3.32"' 
1.43 1.39 -0.77 2.06 2.11* 
0.52 0.52 -0.08 0.56 0.54 
0.40 0.38 0.01 0.45 0.43 
0.93 1.01 1.36 1.27 1.93"' 
1.57 l.72 -2.01 1.55 2.55 

interobserver-significant difference P > 0.5 except u*u when 

Discrepancy measuremelllS 
1. Arch discrepancy 

Anterior (3-3) 
Overall (6-6) 

2. Parabola length minus 
Mesiodistal widths 

10.22 
14.24 

1.13 

3.84 
13.83 

2.31 

The canine and incisal angulations are mea­
sured in three and in two dimensions. The results 
suggest that the upper central incisors are ret­
roclined to a perpendicular by 12° to 14°. This 
is supported by the three-dimensional angle of 
167° indicating a high interincisal angle. 

Looking at the lateral incisors, it is noted that 
the upper right lateral incisor is proclined 14° 
more than the upper left lateral incisor. There- . 
fore, by looking at the results, these would in­
dicate a Class II, Division 2 incisor relationship. 

Looking at the arch discrepancy measurement, 
the upper anterior discrepancy is 10.22 mm and 
overall 14.24 mm. This would suggest that most 
of the discrepancy is in the incisor region caused 
mainly by the retroclination of the upper central 
incisors. 

In the lower arch, there appears to be minimal 
crowding in the anterior region (3.84 mm), but 
the overall reading is 13.83 mm. This is mainly 
due to the rotation of the lower left second pre-
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molar and insufficient space for the lower right 
second premolar. The rotations are indicated on 
the plot of the dental arches (Fig. 4). 

The parabolic-curve discrepancy shows min­
imal crowding in the upper arch; the parabolic 
curve suggests retroclination of the upper central 
incisors and a proclination of the upper right 
labial incisor. In the lower arch, minimal crowd­
ing is also noted; the parabolic curve suggests 
retroclination of the lower incisors. 

RESULTS 

The root mean squares (RMS) and standard devia­
tions (SD) are shown for the recorded measurements in 
Table IL 

The inter- and intraobserver errors were acceptable 
and no significant differences were found, the P value 
being greater than 0.5 for intraobserver and generally 
greater than 0.1 for interobserver readings. The results 
would indicate that the measurements undertaken were 
consistent and reproducible. 

The intercanine and incisal angulation readings have 
been grouped together. Richmond16 has previously 
shown that the accuracy of the incisal angulations is 
generally better than that of the canine angulations. This 
is due to the distance between the midpoints m-n, 
which is generally less in canines than incisors, and 
because the morphology of the canines is slightly un­
favorable since the defined points are not always readily 
identified. 

The interobserver error was not significant, which 
suggests that a technician could be trained to use the 
analysis to produce a series of readings upon which to 
build a data base that would be useful in research. 

CONCLUSIONS 

Freer, Grew, and Little20 reported that a difference 
exists between the subjective assessment and diagnosis 
of orthodontists. 

It would be desirable to make consistent assess­
ments of orthodontic cases; by using the above-de­
scribed analysis, a consistent approach to diagnosis and 
treatment planning is possible. 

All the landmarks were recorded directly on the 
dental casts. Using the points recorded, planes can be 
constructed to assess positions of teeth in the three 
planes of space. Therefore, planes can be directly 
produced on the dental casts; this offers an advantage 
over radiographically derived planes as the latter may 
be subjected to rotational errors and magnification 
problems. 

It is important to remember that the analysis is a 
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recent development and has not as yet been calibrated. 
This would best be achieved by mensurating ideal oc­
clusions to attain standard values. 

Although the full analysis is described, it is possible 
to measure individual variables alone without digitizing 
the 110 points. It is also possible to construct other 
planes and angles if so desired. 

In conclusion, this analysis can illustrate and quan­
tify the characteristics of a given malocclusion; it is 
both consistent and reproducible. The analysis may 
prove useful to the orthodontist in the clinical setting 
or for use as a research tool. The analysis can describe 
the dental cast in the three planes of space and could 
be useful as a record of the dental cast to alleviate the 
problems of storage. 

I wish to thank Dr. P. J. Scott for his contribution to the 
preparation of the software for three-dimensional cast mea­
surement and Mr. M. L. Jones for measuring the dental casts 
to attain the interobserver error. The illustrative work was 
prepared by the Cardiff Audio-Visual Aids Department and 
Mrs. L. Lowe, who typed the manuscript. 
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Dental arch analysis: arch form 
A review of the literature 

S. J. Rudge 

Chester, England. 

Summary. The literature of dental arch analysis is reviewed outlining the methods that have 
been used to evaluate dental arch form. The theory, practical applications and problems of 
these methods are described. 

Many orthodontists have sought to find a 
universal, ideal arch form and although most 
studies have used similar material-a collec­
tion of untreated ideal occlusions-there has 
been very little agreement about the natural 
shape of this ideal arch. 

A review of the literature shows, how-
ever, that several assumptions are made:­

There must be an algebraic or geometric 
formula which explains ideal arch form. 
All ideal arches are the same shape and 
differ only in size. 
Every ideal arch is considered to be 
symmetrical. 
One of the earliest descriptions was 

provided by Hawley (1905) based on the 
earlier work of Bonwill (1885). Hawley 
described the ideal arch as being constructed 
upon an equilateral triangle with slight 
modifications. The six anterior teeth were 
thought to be arranged on the arc of a circle 
whose radius was determined by the com­
bined width of the incisors and canines, with 
the premolars and first permanent molars 
arranged in a straight line and the second 
and third molars turning in towards the mid­
line. The base of the equilateral triangle was 
thought to represent the intercondylar width. 
Arch forms provided by supply companies 
are generally of the Bon will-Hawley type. 

Black (1894) described the upper teeth 

as being arranged in a semi-ellipse, but Angle 
(I go?) in a detailed discussion of the "line of 
occlusion" maintained that this line repre­
sented a parabolic curve. He considered 
Hawley's method of arch prediction to be 
useful only as an approximate guide to 
occlusion. The interpretation of Angle's use 
of the line of occlusion, however, has become 
confused: some orthodontists believe that 
Angle referred to a line through the contact 
points, while others think that the line passed 
through the centres of the crowns or across 
the middle of the buccal surfaces. 

Williams ( 1917) described the anterior 
teeth as lying on the arc of a circle with its 
centre midway between the buccal grooves of 
the first molars. In an investigation based on 
the skulls of apes and humans, Hellman 
( 1919) was unable to find any relation between 
the size of the teeth and the form of the dental 
arches and he rejected the theories of arch 
predetermination based on measurements of 
specific teeth. Hellman criticised Bonwill's 
equilateral triangle and concluded that the 
mathematical method of establishing dental 
arch form was unsatisfactory. This view was 
also taken by Stanton (1922) and Izard (1927) 
who found a variance of arch form, repre­
sented by an ellipse in 75 %, a parabola in 
20 % and a 'U' or square shape in 5 %. 

Chuck (1934) suggested that the Bonwill-
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Hawley method should be used to construct 

symmetrical archwires which should then be 

altered to fit the patient. 
McConnail and Scher ( l 949) suggested 

that the ideal curve would correspond to a 

catenary curve-that is one formed when a 

fine chain is suspended at both ends. Scott 

(1957) and Musich and Ackerman (1973) 

claimed that a catenary curve best repre­

sented a good average fit for arch forms and 

that any variation from this form was a 

consequence of alveolar-process growth 

beyond the normal range. Musich and 

Ackerman ( 1973) described a hanging chain 

catenometer which permitted estimation of 

the arch shape and length, the shape of the 

curve being related to the length of the chain 

and the vertical distance from the apex of the 

curve to the horizontal between the attach­

ment points of the chain. 
Wheeler (1950) maintained that bio­

logical forms could not be reproduced with 

exactitude and Sicher ( 1952) supported this 

view having found considerable variation in 

the shape of the dental arch; the upper arch 

being elliptical and the lower parabolic. 
Baz ( 1958) determined normal arch size 

by a ''geometric construction" based on 

measurements taken directly on the patient's 

face. This was a development of Hawley's 

method of arch predetermination. 
Remsden (1964) studied various methods 

of predetermination by comparing them with 

arches of a sample of "normal" occlusions. 

He found inaccuracies in all methods but 

concluded that a parabola best represents 

the anterior curvature of the dental arch, 

although an arch that fitted a precise pattern 

was to be regarded as an exception rather 

than a rule. 
Kato (1964) examined the relative 

positions of teeth and average arch form by 

establishing landmarks on the teeth on study 

models. The landmarks were projected onto a 

glass plane and plotted on a co-ordinate 

system. Kato examined upper and lower 

dental arches of both sexes and concluded 

that there was no great disparity between the 

arches. He also pointed out that description 

of arch shape is largely subjective and that 

the same arch may be classified differently by 

different workers. 
More recent work has used computer 

analysis of occlusion and Lu (1964) claimed 

that the dental arch could be satisfactorily 

described by a polynomial equation of the 

4th degree. Currier (1969) tried to evaluate 

the arch shape of satisfactory occlusions in a 

selected sample by comparing them with 

several geometric curves using mathematical 

analyses and electronic data processing equip­

ment. He found that the buccal surfac.es of 

the maxillary arch conform more closely to 

an ellipse than to a parabola but that neither 

ellipse nor parabola exhibited a significant fit 

to the lingual curves of the arches. 
Sanin ( 1970) investigated the size and 

shape of ideal arches by measuring two­

dimensional co-ordinates of the mesial and 

distal points of teeth on 160 sets of study 

models. He stated that the length and shape 

of the curve could be determined by mathe­

matical functions such as exponential. logar­

ithmic. elliptical, parabolic, hyperbolic or 

polynomial. Computer analysis of point 

co-ordinates obtained. showed that the fit of 

a curve through the points was best described 

through a mathematical t'unction and that 

the 4th degree polynomial was among the 

easiest curves to fit while still adequately 

describing the dental arch. thus confirming 

the earlier views of Lu. Sanin also found that 

by using two easily obtained linear measure­

ments in a simple formula, an estimate of 

arch length could be calculated that was close 

to the estimate obtained by fitting a 4th 

degree polynominal curve. 
The regression equation derived was:­

Arch length=Arch widthx0.504..,-
arch lengthx 1.525+ 14.856 mms. 

where arch width was the distance between 

the buccal cusps of the first deciduous molars 

or premolars: arch length was the minimum 

distance from a point midway between the 

mesio-incisal angle of the central incisors and 

a line connecting the distal landmarks of the 

deciduous second molars or second 

premolars. 
The standard error of the estimate was 

1.532 mms. 
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IDEAL ARCHES 

Brader (1972) stated that dental arch _ form represents an equilibrium between the ,; forces of the tongue and the circumoral ( musculature, and thought that the geometry of the arch was best approximated by a closed curve with the curvilinear properties bherent in the trifocal ellipse (generated from 3 internal foci, and comprising a closed, compound elliptical curve) with the teeth occupying only a portion of the total curve at its constricted end. As the tissue forces in the resting state were considered to be the primary determinants of arch form morph· ology, the geometry of the curve was related to the resting forces of the tongue so that PR =C where P =pressure per unit area; F =radius of curvature at a point along the compound curve corresponding exactly with • the pressure site and C is a constant, exhibit­ing a variation in magnitude between individuals and variation in the same indi­vidual at different physiological ages. The arch form becomes stabilized and dental equilibrium attained where C = T (the tension of the circumoral tissues). That is to say, ti-ere is an inverse relation between the n 1gnitude of the pressure and the radius of curvature at each side. 
Further work by Proffit ( 1978) has shown that this is not the case in all patients and that tongue morphology is important but that the pressure exerted on the dentition varies. 
Trifocal elliptical arch forms are used in archwire fabrication (Brader, 1972; White, 1977) where the selection of the arch is based or the arch width at the buccolingual su ·faces of the second premolars. Brader arch forms are adapted to the labial surfaces of the teeth and are of the same shape, differing only in premolar arch width. The maxillary arch selected is one size larger than the mandibular arch so that arch co-ordina­tion is greatly simplified but often leads to a severe reduction in intercanine width (White, 1978). 

A geometric approach to arch analysis is pr::,vided by the arcogramme technique (herren et al., 1973). The arcogramme is an Open polygon drawn. using a binocular rnicroscope, to join landmarks of the mesial 
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and distal aspects of the crowns of the teeth directly, on study models or on photographs. The real contact points are connected by straight lines to produce the open polygon. Herren and his colleagues believe that the production of a polygon by interpolation of small straight lines gives a better expression of arch shape as it follows the normal dental arch and determines the length and shape of the den­tal arch more accurately than does the ellipse. 
Several authors have described the use of an X-Y digitizer and computer programme to analyse I : I photographs of study models (Pepe, 1975; Marcotte, 1976; Burstone, 1979). Pepe analysed a sample of only 7 models of normal occlusion by digitization of a full-size occlusal photograph to cartesian co-ordinates which were then compared with mathe­matically derived curves by computer. Of all the curve generating equations studied in this manner, the catenary was found to be the least descriptive of the arch forms. In more than 75 % of the arches studied the catenary curve was found to be inferior even to the quadratic curve fit. However, the polynomial curve was still not a good fit and Pepe concluded that although this curve may be used to describe arch form it is not sufficiently accurate to use for archwire construction. 

Computer derived arch forms, now in common use in practice, are produced from measurements of intermolar width, inter­canine width and arch depth from the labial surface of the central incisor to the last standing molar. The computer is pro­grammed with the cartesian X-Y co-ordinates necessary for a two-dimensional computer­derived formula. From clinical data, Schulof (1975) designed a biparameter catenary curve from the lower arch to estimate individual arch form, based on anterior tooth size, arch width at the molars, denture position and individual facial angle. 
White ( 1978) attempted to analyse arch shape in 24 ideal occlusions in terms of the usual descriptions of arches-ellipse, para­bola, trifocal ellipse and catenary. Overlays of arch shapes were constructed from tracings of the teeth and were then superimposed. 
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Subjective assessment of the close fit was 
made. 8 % of Bonwill-Hawley designs were 
found to be good and 52 % poor while I 2.5 % 
of Brader arch forms and 27 % of catenary 
curves were found to be good. The Rocky 
Mountain Data System arch forms showed 
none of poor fit, two of good fit and 95 % 
moderately good, but analysis was only made 
of mandibular arches. Rocky Mountain have 
now altered the computer programme to 
recognise asymmetry and use different mathe­
matical curves for each side, which may well 
be important because of the 48 arches tested 
by White only 6 % were found to be sym­
metrical. White concludes, as have others, 
that no generalized universal arch form 
seems to be applicable to the individual and 
that algebraic and geometric formulae provide 
symmetry which does not account for 
individual variations. 

Faber et al. ( 1978) pointed to the use of 
computerized cephalornetric study model 
analysis, stating that prederrnination of arch 
form permits the teeth to be arranged along 
the curve, and arch length or available space 
to be calculated. The drawback of this type 
of simulation is that the mathematical curve 
shape fitted to X-Y co-ordinates is usually 
either parabolic or a trifocal ellipse and no 
major study has yet shown that ideal arch 
form actually approaches these mathe­
matically derived curves. 

Burstone ( 1979) described a procedure 
for case analysis by digitizing points on a I : I 
occlusal photograph of study models to give 
measurements and tooth position on a visual 
display unit. Ideal arch forms are then 
constructed by the computer, taking account 
of the orthodontist's instructions on incisor 
inclination, extractions etc., to give a para­
bolic curve which Burstone believes, by using 
enough control points in arch form, can be 
individualized for each patient. The computer 
stores midline position and calculates space 
inadequacy. Different visual displays are 
provided for differing treatment plans pro­
vided by the orthodontist and the computer 
co-ordinates upper and lower arches with a 
given overbite and overjet together with 
estimates of anchorage loss. 

Discussion 

The use of computers in diagnosis an 
clinical management has increased con· 
siderably in recent years and will doubt! 
continue to do so with the progressi 
reduction in the cost of computer equipme 
but a review of the literature illustrates man 
divergent views on arch shape and analysis. 

Two opposing views have been stated on 
the development of dental arch and jaw 
shape; on one hand that the position is 
solely determined by the pressure of lips and. 
tongue (Tornes, 1873) and on the other· 
that arch form is determined prior to 
muscular development and is independent of 
functional activity of the oral musculature . 
(Scott, 1967). ' 

It is now generally believed, howevei-,•:~;."'­
that occlusion and arch shape are determined iI::' 
by an interplay between genetic factors and \1!-'.?': 
many varied external environmental factors.' ti'Y 
Proffit ( 1978) and Moss ( 1980) thought (i/i 
that the primary factors involved in the :,J '. '. 
determination of final tooth position are • ,£- • 
resting pressures or the lips, cheeks and .: • ,. 
tongue, and the force produced by metabolic (i. • 1 

activity within the periodontal membrane. 
These in turn are influenced by secondary 
factors such as postural position of the head, 
the jaw and the tongue. alterations in the 
eruptive mechanism and the morphology of 
the crowns of the teeth. 

Clinicians should therefore be cautious 
when treating individuals to a mathematically 
derived ideal and when making archwires to 
specific "ideal" shapes since studies have not 
yet determined conclusively what that shape 
might be or, indeed, whether the very many 
varying soft tissue factors affecting tooth 
position are such that any specific arch form 
can be applied to the individual. 
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Integrated information-processing system in clinical 
orthodontics: An approach with use of a computer network 
system 
Mamoru Sakuda, DDS, DDSc, Kazuo Tanne, DDS, DDSc, Kenmi Yoshida, DDS, MS, DDSc, Hiroyuki Inoue, 
DDS, DDSc, Hiroaki Ohmae, DDS, DDSc, Masafumi Tsuchiya, DDS, DDSc, Satoshi Adachi, DDS, DDSc, Koichi 
Nakagawa, DDS, DDSc, and Yasuko Inoue, DDS, DDSc 
Osaka, Japan 

A computer network system has been developed in the Orthodontic Clinic, Osaka University 
Dental Hospital, to improve treatment efficiency and patient service. The system consists of a 
32-bit host computer, its peripheral units, and personal computers connected to the host 
computer by data-transmission circuits, making up a local area network (LAN). It is possible in 
this system to integrate various types of data, such as the patient's basic information, treatment 
records, image data, and diagnostic analysis results to construct a relational database. It has 
been shown that the computer system developed in the orthodontic clinic has various clinical 
advantages. (AM J ORTH0D DENTOFAC ORTHOP 1992; 101:210-20.) 

In recent years, medical information-processing systemsl-4 have been developed in 
response to advances in computer technology. Applications of information-processing 
computers are found in patient administration, ordering systems, and integration of patient 
information, including treatment records and computer-aided diagnosis. However, it has been 
difficult to integrate all of these data in a computer network system. 

In the Orthodontic Clinic of Osaka University Dental Hospital, an integrated computer 
network system has been designed and is available for clinical use. This system makes it 
possible to integrate treatment records and diagnostic materials, including x-ray films and 
color slides, and to reduce chairside time by retrieving images and analyzed data of models 
and lateral cephalograms at the chairside terminals. 

The primary object of this article is to describe the system and to explain its technical 
features. 

DESCRIPTION OF SYSTEM 

System configuration 

Fig. 1 shows a schematic representation of the system. The main part of the system 
consists of a 32-bit host computer (ACOS system 3300/model 6, 16 MB; NEC Corp., Tokyo, 
Japan), magnetic disk drives (3630 MB), an optical disk library ( 48 GB), magnetic tape 
drives, a line printer, a center console,.and an engineering work station (EWS4800, 8 MB), as 
shown in Fig. 2, A. In the clinic and laboratories, 25 personal computers (PC-9801UX:41, 640 
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KB) are connected to the host computer by data-transmission circuits, making up the local 
area network (LAN) system. Fig. 2, B shows a terminal computer installed beside each dental 
chair. 

The main features of the system5 are summarized as follows: 

1. Integration of patient information 

2. Efficient administration of patients for making appointments and charging treatment 
fees 

3. Electronic filing of various data, including treatment records 

4. Image processing for color slides and various x-ray films 

5. Analyses of models and lateral cephalograms for diagnostic purposes 

6. Construction of a relational database, comprising character, code, image, and analytic 
numerical data, and the retrieval of information from the database 

All programs for executing these tasks were originally developed, using COBOL/S for the 
host computer system and C-language for the terminal computer system. Each of the features 
of the system is explained below. 

Integration of patient's basic information 

These data include the Dental Hospital identification card number and the Orthodontic 
Clinic patient's serial number, name, sex, birth date, zip code, address, type of malocclusion, 
and orthodontist's name (Fig. 3, A). Most of the data are processed with a code system 
designed for efficient data input on the keyboard. Each patient data file is stored in a master 
file. 

Patient information is retrieved by means of the patient's card number or name (Fig. 3, B). 

Efficient administration of patients 

Fig. 4, A shows a card reader and a CRT monitor. When a patient puts his or her 
identification card into the card reader, arrival of the patient is indicated on the CRT monitors 
in the clinic and the laboratories (Fig. 4, B and C). When a doctor assigns a patient to a 
vacant chair among 14 dental chairs in the clinic (Fig. 4, C, *4 and *5), all the patient data 
are transmitted from the host computer to the chairside terminal. 

Electronic filing of treatment data 
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Each electronic file includes treatment records, dental chart, medical and dental histories, 
growth curve of body height, image data (intraoral and facial photographs and various x-ray 
films), and diagnostic analyzed data of dental models and lateral cephalograms. These data 
are quickly reviewed on the CRT display of the chairside terminal (Fig. 5). 

Analyses of dental models and lateral cephalograms 

For diagnosis and treatment planning, analyses of dental models and lateral cephalograms 
are needed. Both analyses are available with use of the personal computers with peripheral 
devices in the laboratory (Fig. 6). 

For data input of dental model analysis, digital calipers (Digimatic Calipers, Mitsutoyo 
Co., Tokyo, Japan) are used (Fig. 6). Model analysis is executed by measuring mesiodistal 
width of teeth and width of dental arches. A sum total of mesiodistal widths of unerupted 
lateral teeth from the canine to the second premolar can be predicted with multiple 
regression. Available arch lengths are entered into the computer on the keyboard. On the 
basis of the input data, arch length discrepancy and tooth size ratios (Bolton index) are 
calculated. Results are graphically displayed (Fig. 7). Further, some results of the model 
analyses are used for cephalometric analyses. 

For data input and output of cephalometric analysis, a digitizer (Mediagraph), a printer, 
and a plotter (Miplot III, Graphtec, Tokyo, Japan) are connected to the personal computers in 
the laboratory (Fig. 6). Landmarks on the tracing of a lateral cephalogram are entered with a 
digitizer, and coordinates of these points are then processed to calculate measurements. In 
our department, an analysis technique6 for lateral cephalograms was developed by modifying 
the Downs, Northwestern, and Wylie analyses. In addition, the Tweed, 7 Steiner, 8 and 
Ricketts9 analyses are available in the system. Results are graphically displayed on the CRT 
display and the plotter (Fig. 8). 

These results are used for aiding diagnosis and determining treatment plans. 

Image data processing for x-ray films and color slides 

Image data are stored with a charge-coupled (CCD) camera (Fotovix II, Tamuron, 
Saitama, Japan) and an image processor (VP-150) (Fig. 9). An image is taken by the CCD 
camera as analog data, which are converted to digital data by the VP-150. All the data 
processed are compressed to 1/6 to 1/4 times the original data by means of a data 
compression technique (Table I) and transmitted to the host computer. For the review of the 
image on the CRT display, digital data accumulated in the host computer are converted again 
to analog data. Image data in electronic files can be viewed on each terminal in the clinic and 
the laboratories (Fig. 10). 
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Electronic filing of treatment records 

After treatment on each day, treatment records are stored into the computer memory (Fig. 
5, A). Most items for describing the treatment are coded. Thus data input may be done 
quickly and easily at each chairside terminal by means of cursor keys only. 

Colillllents and illustrations about treatment may also be entered with a keyboard and a pen 
digitizer (Fig. 2, B). 

Management for treatment fee charge and appointment 

There are two types of cost system for orthodontic treatment in Japan. One is for cleft lip 
and palate patients, who are covered by public health insurance, and the other is the 
responsibility of the patient. For both systems, items needed for the charge are selected with 
the cursor keys.Fig. 11 shows a list of items for treatment fee. Input data for treatment fee are 
automatically transmitted to a computer in the cashier's office of the Dental Hospital. 

For making an appointment, the patient's identification card number or orthodontic clinic's 
serial number is entered, and then the date and the time are chosen. This process is available 
at all the terminal computers in the clinic and the laboratories. Fig. 12 shows the scheduled 

table for a month and a week. 

Construction of database and information retrieval 

Various types of data are stored on magnetic and optical disks, constructing a relational 
database. 

For management of the database, RIQS (Relational Information Query System) is used, 
and DS/TQF (Decision Support/Table Oriented Query Facility) is applied for information 
retrieval. In this system, the retrieval of information, or multiaspect searches, is available. 
Information retrieval is useful for orthodontists who have many patients in the clinic and are 
involved in research. 

DISCUSSION 

Computer science has advanced in both hardware and software. With technologic 
innovation, computers have been applied for information processing in medicinel-4 and 
dentistry. 5,6, 1 o, 11 In the field of orthodontics, computers are employed mainly for various 
analytic and measuring systems to investigate craniofacial structure and function.1 2-14 These 

applications are useful for clinical orthodontics. Nevertheless, computer applications for 
information processing in dentistry or orthodontics are relatively few. 
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To develop an integrated computer system for clinical use, there have been several 
technical problems: ( 1) integration of various types of information, including treatment 
records, (2) image data processing,15,16 (3) quick data transmission within a computer 
network, (4) development of an analytic method for diagnostic aid and (5) construction of a 

database I consisting of different types of information. These points are discussed in the 
following paragraphs. 

The present system includes large amounts of patient information, most of which are 
entered into the computer daily to reduce chairside time. An efficient data input procedure is 
indispensable. In this system, most of the character data are converted to codes, so that an 
operator can select items with corresponding codes by using the cursor keys. This makes data 

input convenient. 

Our coding system was designed for electronic data processing . In medicine, various code 
systems, 17-20 such as ICD (International Classification of Diseases), SND (Standard 
Nomenclature of Diagnosis), and ICPC (International Classification of Primary Care), have 
been developed and are available for worldwide computerization of various diseases and 
treatments. A standardization of nomenclature in dentistry is needed to develop universal 
information-processing and communication systems. 

Recently, an image-processing system or PACS (Picture Archiving and Communication 
System)lS,16 has been designed in association with computerized radiography. Since images 

such as pictures and radiograms are categorized as analog data, a technique to convert data 
from analog to digital or vice versa is necessary. In the present system, an image processor 

was installed for this purpose and is capable of compressing data. Data-compressing 
techniques 15, 16,21 are classified into two methods, reversible and irreversible compressions. 

These methods have both advantages and disadvantages, but an irreversible technique that 
allows a higher compression rate was employed to achieve a rapid transmission of image data 

from the host computer to the terminal computers.16 With respect to the image produced by 
the irreversible compression technique, the CRT displaywas examined in comparison with 
the actual image. It was confirmed that an image compressed to 1/6 to 1/4 times the original 

data is clinically acceptable. 

The present system deals with large amounts of data, including image data. Efficient 
search and display of these data are necessary to improve treatment efficiency. Currently, a 
data-transmission circuit of 4 Mb/second speed is used for the network, and retrieval of 
various clinical data is achieved within a reasonable time. An optical cable circuit will be 
installed to achieve more rapid data transmission in the future. 

The computer network system provides various advantages in comparison with a 
stand-alone application. Data can be entered into the host computer from all the terminal 
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computers and viewed on any CRT. Information for treatment fees is quickly sent to the 
computer of the cashier in the Dental Hospital office. Further, all the staff members and 
students in the orthodontic clinic can make and change patients' appointments not only in the 
clinic but also in the laboratories. This system also makes it possible to announce a patient's 
arrival on all the CRT displays in the laboratories. Patient service has been significantly 
improved by the computer network system. 

Electronic filing of treatment records, modification, and deletion of accumulated data is a 
serious problem. It is also very important to protect a patient's privacy.22,23 To eliminate 
these problems, a user's identification number with a secret password is defined in this 
system for each doctor in the clinic. When a doctor or an auxiliary who is not in charge enters 
his or her identification number to access a patient's records, the electronic files are not open 
to the doctor. New data input and correction of the most recent record are allowed only after 
the doctor's identification number has been checked. Treatment records before the most 
recent one can never be altered by any doctor. 

For diagnosis and treatment planning, various analyses have been developed in clinical 
orthodontics. In particular, cephalometric analysis is an important tool to evaluate 
craniofacial structure. In this system, two types of cephalometric analysis were designed. A 
technique designed in our department compares patient data with longitudinal standard 
values for the Japanese population. The Tweed, Steiner, and Ricketts methods are used for 
determining a treatment plan for a patient. Both types of analysis are integrated into the 
system for aiding diagnosis and determining treatment plans. 

It has been shown that the computer network system is very useful for the large 
orthodontic clinic, and it may also be applicable to smaller private offices. A personal 
computer-based network system simulating the present system is now being designed, so 
various advantages produced by the system will be available to the private orthodontic 
clinics. In daily work, each orthodontist deals with a large amount of information that is 
beyond his or her memory. An approach to accumulate and retrieve various patient data will 
be significant in terms of improving the quality of orthodontic treatment. 

Mamoru Sakoda 

Professor and Chairman, Department of 
Orthodontics. 
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TABLES 

Table I 

Talile l Data compression for image processing 

.Amount 

of 

Data digital Total dot 

Modality of compression data number for CRT 

image rate (KB) display 

Color slide 116-1/4 20-30 170 X lO(i 

Cephalog,:am 1/6 200 400 x 40□ (PA) 

500 X 400 (Le.t) 

Hondwrist 116 200 300 X 300 

Panorama 1/6 200 040 X 250 

Occlus!ll 1/6 50 200 X 250 

TMJ 1/6 200 i540 lC 2.50 

Dentel 1/6 2:5-30 170 X 106 

Tracing 1/.5-1/6 15□ 40Q X 41)-□ 

Tables 
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FIGURES 
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Fig. 1. Block diagram of the integrated computer network system. 
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Fig. 2 

Fig. 2. A, Host computer and its peripheral devices, 1, host computer; 2, magnetic disk drives; 3, optical disk 

library; 4, line printer; 5, magnetic tape drives; 6, center console; 7, engineering work station. B, Personal 

computer in the clinic, 1, CRT; 2, keyboard; 3, stylus pen digitizer (for free illustration); 4, image processor; 5, 

CPU; 6, hard disk drive. 

Fig. 3 

Fig. 3. A, Patient's basic information. B, Retrieval of a patient based on the card number or name. 

Figures 2 
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Fig. 4 

Fig. 4. A, Card reader at the reception center of the clinic; B, patient arrival monitor; C, patient arrival 

information, *1, classification of patient's visit; ... indicates usual treatment with appointment; *2, arrival time; 
*3, appointment time; *4, approval of patient's arrival by doctor in charge; *5, dental chair number to be 
assigned. 
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Fig. 5 

Fig. 5. Patient's electronic file shown on CRT display. Patient's name with Dental Hospital identification card 
number and orthodontic file number is shown at the top of each display. A, Treatment records. B, Dental chart, 
A, present tooth; B, congenitally missing tooth; C, impacted tooth; D, macrodontia; E, others; F, erupted tooth; 
~ other abnormal tooth; H, supernumerary tooth; /, microdontia; J, fusion tooth; K, extracted tooth; L, missing 
tooth. C, List of diagnostic materials obtained at various treatment stages (A through G), 1, facial photograph; 
2, intraoral photograph; 3, dental model; 4, panoramic radiogram; 5, lateral cephalogram at centric occlusion; 6, 
lateral cephalogram at rest position; 7, P-Acephalogram; 8, occlusal radiogram; 9, hand wrist radiogram; 10, 
dental radiogram; 11, TMJ radiogram (Schuller); 12, TMJ radiogram (Grant-Lanting); 13, functional 
examination. D, Family, medical and dental histories. E, List of orthodontic appliances used during treatment. 
F, Growth cuNe. 

Figures 4 
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Fig. 6 

Fig. 6. Personal computer with peripheral devices for analyzing dental model and lateral cephalogram. A, 
Digital calipers; B, digitizer; C, plotter. 

Fig. 7 

Fig. 7. Dental model analysis. 

Figures 5 
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Fig. 8a 

Fig. 8. Lateral cephalogram analyses. A, Analysis used in our department. 
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Fig. 8b-d 

Fig. 8. (cont'd) B, Ricketts analysis. C, Tweed analysis. D, Steiner analysis. 
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Fig. 9 

Fig. 9. A, CCD cameras (for slides and x-ray films), and B, image processor. 
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Fig. lOa-d 

Fig. 10. Radiograms and color slides reviewed on the CRT display. A, Lateral cephalogram; B, P-A 
cephalogram; C, panoramic radiogram; D, facial and intraoral photographs taken at a stage. 

Figures 9 



AJO-DO on CD-ROM (Copyright© 1998 AJO-DO), Volume 1992 Mar ( Computer network system in orthodontics - Sakuda, Tanne, Yoshida 

Fig. lOe 

Fig. 10. (cont'd) E, facial and intraoral photographs taken at the three different stages during treatment. 

Fig. 11 

Fig. 11. Cost items for treatment fee. When one of main menus is selected (upper), its related cost items and 
submenus are shown for next selection (lower). 

Figures 
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Fig. 12 

Fig. 12. Scheduled tables for a month (A) and a week (B); ... and O denote off day in the clinic. 

Figures 
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Three-Dimensional Computed Tomography 

in Maxillofacial Surgical Planning 
Kurt P. Schellhas, MD; Mohammed El Deeb, DDS; Clyde H. Wilkes, MD, PhD; 
Richard K. Check, DDS; John W. Larsen, MD; Kenneth B. Heithoff, MD; Hollis M. Fritts, MD 

• Fifty-tour maxlllotaclal three-dlmen­
alonal computed tomographic examina­
tions were performed during a 12-month 
period tor the purpose of surgical plan­
ning. Pathologic entitles In the aeries 
Included trauma, neoplaala, cleft palate, 
and other developmental anomalies. 
Computer-assisted mandibular dlsartlcu­
latlon was performed routinely after each 
study to permit direct viewing ot the man• 
dlble or maxilla In Isolation. Three-dlmen­
alonal computed tomography la a useful 
technique tor maxlllotaclal surgical plan­
ning. 

(Arch Otolaryngol Head Neck Surg 
1988;114:438-442) 

T.hree-dimensional computed to­
mography (CT) is a valuable tech­

nique for the planning of skeletal, 
plastic, and maxillofacial surgical 
procedures.1•13 Anatomic measure­
ments can be made from three-dimen­
sional display images and manufac-
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tured life-sized models, and spatial 
relationships may be analyzed from 
desired perspectives.'·8

•
10 Three-dimen­

sional views provide key information 
to the radiologist and surgeon that 
may not be apparent on either conven­
tional roentgenograms or axial CT 
images alone. 

MATERIALS AND METHODS 

Fifty-four maxillofacial three-dimen­
sional CT studies (29 female and 25 male 
subjects, aged 6 to 59 years) were per­
formed in 12 months on a spectrum of 
abnormalities, including the following: 
anomalous development (including clefts), 
18 patients; trauma (mostly posttraumatic 
deformities), 12 patients; neoplasia, four 
patients; and infection/inflammation, four . 
patients. Ten patients being evaluated for 
permanent dental implants were also 
studied. There were also six miscellaneous 
entities that were scanned. Computed to­
mographic examinations were performed 
on a fourth-generation CT scanner (GE 
9800) using overlapping or • consecutive 
(stacked) 1.5- and 3-mm-thick axial or cor­
onal CT scans through the area of interest. 
Most patients with mandibular conditions 
were scanned in axial projection stopping 
at the inferior orbital rim, so as to exclude 
the eyes from direct radiation exposure. 
Patients were secured within the head 
holder with tape and sedated when neces­
sary, to ensure a motion-free study. 

Mandibular examinations were per-
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formed using overlapping 3-mm-thick axi­
al images at 2-mm scan intervals. Consecu­
tive (stacked) 1.5-mm-thickness scans were 
performed through the temporomandibu­
lar joints (TMJs). Cleft palates were 
scanned with either overlapping 3-mm­
thickness scans or consecutive 1.5-mm­
thick scans, depending on the size of the 
area of interest and patient limitations. 
Following each CT study, data were input 
to a three-dimensional processor (Dimen­
sional Medicine Inc) for rendering of dis­
crete voxel faces, later viewed in two 
dimensions on a specialized viewing appa­
ratus (also Dimensional Medicine Inc). 
Two-dimensional roentgenographic im­
ages were routinely obtained in various 
projections and viewed by both radiologist 
and clinician. 

Mandibular disarticulations were per­
formed by three different specially trained 
radiologic technologists. Disarticulation 
required painstaking manual removal of 
specific anatomic areas from each two­
dimensional axial image later processed 
into three-dimensional images. 

RESULTS 

Typical examination times ranged 
from ten minutes (for alveolar ridge 
examinations) to 30 minutes for a full 
mandible, including the TMJs. Twenty 
to 251.5-mm images were obtained for 
the alveolar ridge examinations, while 
up to 100 images were obtained for 
some of the full-face examinations. 

Computed Tomography-Schellhas et al 
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Fig 1.-Fracture and dislocation of mandibular condyle, presenting as severe closed-lock following intermaxillary fixation. Top left, Frontal roentgenogram shows ununited condylar neck fracture (arrow), with medial dislocation of condyle (C). Top right, Posterior view of disartic­ulated mandible. Fracture (arrow) appears united due to callus forma­tion, which was not apparent on conventional roentgenograms. (Solid bony and fibrous union was encountered surgically.) Bottom left, Three-dimensional base view shows dislocated condyle (C) pulled against lateral pterygoid plate (p), leaving glenoid fossa (arrows) empty. Bottom right, Axial T,-weighted (repetition time, 2000 ms; echo time, 20 ms) magnetic resonance image demonstrates normal signal within dislocated condyle (arrow), ruling out &vascular necrosis. 

COMMENT 
Three-dimensional images are gen­

erated from data obtained during 
highly specialized CT examinations. 
Computed tomographic studies can be 
performed with any of the newer 
scanners, provided that certain scan­
ning protocols are followed. It is vital­
ly important to properly secure the 
patient within the head-holding 
device and use sedation if necessary to 
ensure lack of motion during exami­
nation. Employment of high-resolu­
tion thin-scan sections (1.5 to 3 mm) is 
equally important to ensure accuracy 

of the three-dimensional images. The 
high sensitivity of CT provides dis­
tinct advantages over conventional 
imaging techniques, particularly for 
detecting soft-tissue lesions and sub­
tle calcifications, such as the early 
formation of callus (Fig 1). Three­
dimensional images provide valuable 
information when planning major ,· 
reconstructive procedures to correct· 
traumatic or developmental defects 
(Figs 2 and 3).7·u Implanted surgical 
materials are particularly well de­
tected with three-dimensional CT 
studies (Fig 4). Three-dimensional 
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images are of particular value to the 
clinician, who may be uncomfortable 
analyzing multiple two-dimensional 
axial or coronal CT images. The abili­
ty to view an area of interest in three 
dimensions allows both clinician and 
radiologist to examine subtle points of 
anatomy in various perspectives and 
assess spatial relationships. 

Computer-assisted disarticulation 
of key areas of interest has special 
application in mandibular and cleft 
palate surgery planning (Fig 5).IO 
Mandibular disarticulation permits 
direct, multiplanar viewing of the 
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Fig 2.-Severe posttraumatic facial deformity 
following self-inflicted gunshot wound. La_rge 
bony defect (arrows) accompanies soft-tissue 
injury. 

mandible in isolation. Traumatic, 
developmental, inflammatory, and 
neoplastic mandibular lesions may be 
viewed and precisely assessed follow­
ing disarticulation (Figs 1; 3, 6, and 
7).1

••
15 Life-sized visual images and 

models can be provided to permit pre­
cise measurement and the manufac­
ture of anatomically correct prosthet­
ic devices when needed. Cleft palates 
may be viewed directly after mandib­
ular disarticulation and removal. 
Soft-tissue overlay techniques are 
continually improving and provide· 
valuable· information for soft-tissue 
reconstruction. 

Recent advances in permanent den­
tal implants have expanded the need 
and applications for three-dimension­
al imaging.16 Life-sized images and 
manufactured models of the alveolar 
ridges may be provided with three­
dimensional techniques, often elimi­
nating the need for surgical proce­
dures performed entirely for the pur­
pose of obtaining intraoperative alve­
olar ridge impressions. In many cir­
cumstances, impressions can be taken 
from manufactured life-sized three­
dimensional models of the alveolar 
ridges, thus permitting the assembly 
of anatomically correct permanent 
dental implants without requiring a 
diagnostic surgical procedure. 

Overlapping 1.5-inm-thick images, 

440 Arch Otolaryngol Head Neck Surg-Vol 114, April 1988 

Fig 3.-Hypoplastic mandible with history of 
multiple previous operations and old avascular 
necrosis (AVN) of left mandibular condyle. 
Top, Left lateral three-dimensional view dem­
onstrates severe hypoplasia of mandible with 
silicone chin implant (thick arrow), covered by 
thin layer of calcification. Left condyle (open 
arrow) is severely deformed due fo old AVN. 
Old sagittal split osteotomy defect {arrow) is 
evident. Center, Base projection demon­
strates silicone chin implant (thick arrow) 
surrounded by thin layer of calcification. Note 
severely hypoplastic pterygoid plates (small 
arrows) and hypoplastic mandible relative to 
remainder of skull. Bottom, Anteroposterior 
view of disarticulated mandible demonstrates 
bilateral sagittal split osteotomy defects (ar­
rows). Chin implant (thick arrow) is slightly 
separated from subjacent mandible. Note 
asymmetric condyles (open arrows) with 
severe deformity on left suggesting old AVN. 
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Fig 4. -Orbital encroachment by surgically implanted hydroxyapatite used for previous malar augmentation procedure. Frontal (left) and oblique (right) views demonstrate orbital encroachment due to surgically implanted tiydroxyapatite (arrows). 
• 

Fig 5.-Facial cleft in 6-year-old boy. Frontal (left) and base (right) views of cleft following mandibular disarticulation and removal clearly demonstrate cleft (arrows in right). -

Fig 6. ~Osteoradionecrosis. Left, Oblique view of disarticulated mandible· shows irregular excavation (arrows) in alveolar ridge. Right, Irregular "dry socket"· (arrows) is well seen from above. 
• • 
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scanned at 1-mm intervals, provide 
the highest two- and three-dimen­
sional detail available. Such thin-sec­
tion examinations must be limited, 
however, to small parts such as the 
TMJs or alveolar ridges, as it is simply 
not practical to scan larger areas in 
this fashion. Maximum tube heating 
occurs while performing the 1.5-mm­
thick cuts; significantly prolonging 
examinations of this type. This pre­
cludes use of this technique in a full 
mandible examination. Gains in spa­
tial resolution associated-with the use 
of multiple 1.5-mm-thick cuts for 
large areas may be canceled by 
patient motion that commonly occurs 
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Fig 7.-lvory osteoma of mandible. Osteoma (arrows) is sharply defined and has broad base. 

in examinations lasting over 30 
minutes! Each case must be assessed 
individually before deciding on scan 
axis, image thickness, and whether 
sedation will be required. 

Some limitations to three-dimen­
sional imaging exist. Volume averag­
ing occurs in all CT studies and is 
directly proportional to scan thick­
ness. This is of particular importance 
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bony structures, such as degenerated 
TMJs, to appear fused with either 
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C H A P T E R 6 

SCHROEDER et al., "Algorithms I," The Visualization Toolkit chapter 6-9.9 1996 

Fundamental Algorithms 

We have seen how to represent basic 
types of visualization data such as structured points and grids, unstructured 
grids, and polygonal data. This chapter explores methods to transform this data 
to and from these various representations, eventually generating graphics prim­
itives that we can render. These methods are called algorithms, and are of spe­
cial interest to those working in the field of visualization. Algorithms are the 
verbs. that allow us to express our data in visual form. By combining these verbs 
appropriately, we can reduce complex data into simple, readily comprehensible 
sentences that are the power of data visualization. 

6.1 Introduction 

The algorithms that transform data are the heart of data visualization. To 
describe the various transformations available, we need to categorize algorithms 
according to the structure and type of transformation. By structure we mean the 
effects that transformation has on the topology and geometry of the dataset. By 
type we mean the type of dataset that the algorithm operates on. 

Structural transformations can be classified in four ways, depending on 
how they affect the geometry, topology, and attributes of a dataset. 

• Geometric transformations alter input geometry but do not change the 
topology of the dataset. For example, ifwe translate, rotate, and/or scale the 
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points of a polygonal dataset, the topology does not change, but the point 
coordinates, and therefore the geometry, does. 

• Topological transformations alter input topology but do not change geome­
try and attribute data. Converting a dataset type from polygonal data to 
unstructured grid data, or from structured points to unstructured grid, 
changes the topology but not the geometry. More often, however, the geome­
try changes whenever the topology does, so topological transformation is 
uncommon. 

• Attribute transformations convert data attributes from one form to another, 
or create new attributes from the input data. The structure of the dataset 
remains unaffected. Computing vector magnitude or creating scalars based 
on elevation are data attribute transformations. 

• Combined transformations change both dataset structure and attribute 
data. For example, computing contour lines or surfaces is a combined trans-. 
formation. 

We also may classify algorithms according to the type of data they operate 
on, or the type of data they generate. By type, we most often mean the type of 
attribute data, such as scalars or vectors. Typical categories include: 

• Scalar algorithms operate on scalar data. For example, the generation of 
contour lines of temperature on a weather map. 

• Vector algorithms operate on vector data. Showing oriented arrows of air­
flow (direction and magnitude) is an example of vector visualization. 

• Tensor algorithms operate on tensor matrices. An example of a tensor algo­
rithm is to show the components of stress or strain in a material using ori­
ented icons. 

• Modelling algorithms generate dataset topology or geometry, or surface 
normals or texture data. Modelling algorithms tend to be the catch-all cate­
gory for many algorithms, since some do not fit neatly into any single cate­
gory mentioned above. For example, generating glyphs oriented according 
to the vector direction and then scaled according to the scalar value, is a 
combined scalar/vector algorithm. For convenience we classify such an algo­
rithm as a modelling algorithm, because it does not fit squarely into any 
other category. 

Algorithms also can be classified according to the type of data they process. 
This is the most common scheme found in the visualization literature. However, 
this scheme is not without its problems. Often the categories overlap, resulting 
in confusion. For example, a category (not mentioned above) is volume visualiza­
tion, which refers to the visualization of volume data (or in our terminology, 
structured points). This category was initially created to describe the visualiza­
tion of scalar data arranged on a volume, but more recently, vector (and even ten­
sor) data has been visualized on a volume. Hence, we have to qualify our 
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techniques to volume vector visualization, or other potentially confusing combi­
nations. 

In the text that follows, we will use the attribute type classification scheme: 
scalar, vector, tensor, and modelling. In cases where the algorithms operate on a 
particular dataset type, we place them in the appropriate category according to 
our best judgment. Be forewarned, though, that alternative classification 
schemes do exist, and may be better suited to describing the true nature of the 
algorithm. 

Generality Versus Efficiency 

Most algorithms can be written specifically for a particular dataset type, or more 
generally, treating· any dataset type. The advantage of a specific algorithm is 
that it is usually faster than a comparable general algorithm. (See "Other Data 
Abstractions" on page 130 where we discussed the trade-off between abstract 
and concrete forms.) An implementation of a specific algorithm also may be more 
memory efficient and its implementation may better reflect the relationship 
between the algorithm and the dataset type it operates on. 

One example of this is contour surface creation. Algorithms for extracting 
contour surfaces were originally developed for volume data, mainly for medical 
applications. The regularity of volumes lends itself to efficient algorithms. How­
ever, the specialization of volume-based algorithms precludes their use for more 
general datasets such as structured or unstructured grids. Although the contour 
algorithms can be adapted to these other dataset types, they are less efficient 
than those for volume datasets. 

Our presentation of algorithms favors the more general implementations. 
In some special cases we will describe performance improving techniques for 
particular dataset types. Refer to the bibliography at the end of each chapter for 
detailed descriptions of specialized algorithms. 

6.2 Scalar Algorithms 

Scalars are single data values associated with each point and/or cell of a dataset. 
(Recall that in the Visualization Toolkit we associate data with points.) Because 
scalar data is commonly found in real-world applications, and. because scalar 
data is so easy to work with, there are many different algorithms to visualize it. 

Color Mapping 

Color mapping is a common scalar visualization technique that maps scalar data 
to colors, and displays the colors on the computer system. The scalar mapping is 
implemented by indexing into a color lookup table. Scalar values serve as indices 
into the lookup table. 

The mapping proceeds as follows. The lookup table holds an array of colors 
(e.g., red, green, blue components or other comparable representations). Associ-
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Figure 6-1 Mapping scalars to colors via a lookup table. 

ated with the table is a minimum and maximum scalar range (min, max) into 
which the scalar values are mapped. Scalar values greater than the maximum range are clamped to the maximum color, scalar values less than the minimum 
range are clamped to the minimum color value. Then, for each scalar value si, the index i into the color table with n entries (and 0-offset) is given by Figure 6-
1. 

A more general form of the lookup table is called a transfer function. A transfer function is any expression that maps scalar value into a color specifica­tion. For example, Figure 6-2 maps scalar values into separate intensity values 
for the red, green, and blue color components. We can also use transfer functions to map scalar data into other information such as local transparency. (Transfer 
functions are discussed in more detail in "Transparency and Alpha Values" on page 212 and "Volume Rendering" on page 216.) A lookup table is a discrete sam­
pling of a transfer function. We can create a lookup table from any transfer func­tion by sampling the transfer function at a set of discrete points. 

Color mapping is a one-dimensional visualization technique. It maps one 
piece of information (i.e., a scalar value) into a color specification. However, the 
display of color information is not limited to one-dimensional displays. Often we 

Red Green Blue 

Scalar Value 

Figure 6-2 Transfer function for color components red, green, and blue as a function of scalar value. 
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(a) Grayscale (b) Rainbow (blue to red) 

(c) Rainbow (red to blue) (d) Large contrast 

Figure 6-3 Flow density colored with different lookup tables: (a) Grayscale, (b) Rain­
bow (blue to red), (c) Rainbow (red to blue), (d) Large contrast (rainbow. tel). 

use color information mapped onto 1D, 2D, or 3D objects. This is a simple way to 
increase the information content of our visualizations. 

The key to color mapping for scalar visualization is to choose the lookup 
table entries carefully. Figure 6-3 shows four different lookup tables used to 
visualize gas density as fluid flows through a combustion chamber. The first 
lookup table is grayscale. Grayscale tables often provide better structural detail 
to the eye. The other three images in Figure 6-3 use different color lookup 
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tables. The second uses rainbow hues from blue to red. The third uses rainbow 
hues arranged from red to blue. The last table uses a table designed to enhance 
contrast. Careful use of colors can often enhance important features of a dataset. 
However, any. type of lookup table can exaggerate unimportant details or create 
visual artifacts because of unforeseen interactions between data, color choice, 
and human physiology. 

Designing lookup tables is as much art as it is science. From a practical 
point of view, tables should accentuate important features, while minimizing less 
important or extraneous details. It is also desirable to use palettes that inher­
ently contain scaling information. For example, a color rainbow scale from blue 
to red is often used to represent temperature scale, since many people associate 
"blue" with cold temperatures, and "red" with hot temperatures. However, even 
this scale is problematic: a physicist would say that blue is hotter than red, since 
hotter objects emit more blue light (i.e., shorter wavelength) than red. Also, there 
is no need to limit ourselves to "linear" lookup tables. Even though the mapping 
of scalars into colors has been presented as a linear operation (Figure 6-1 ), the 
table itself need not be linear. That is, tables can be designed to enhance small 
variations in scalar value using logarithmic or other schemes. 

There is another element to visualization that is the artistic, or aesthetic, 
quality. Good visualizations represent a balance between effective communica­
tion of information and aesthetically pleasing presentation. While it is true in 
this day of mass media that information is often sacrificed for the sake of image, 
improving the comfort level and engaging the human observer more deeply in 
the presentation of data improves the effectiveness of communication. 

Contouring 

A natural extension to color mapping is contouring. When we see a surface col­
ored with data values, the eye often separates similarly colored areas into dis­
tinct regions. When we contour data, we are effectively constructing the 
boundary between these regions. These boundaries correspond to contour lines 
(2D) or surfaces (3D) of constant scalar value. 

Examples of 2D contour displays include weather maps annotated with 
lines of constant temperature (isotherms), or topological maps drawn with lines 
of constant elevation. Three-dimensional contours are called isosurfaces, and can 
be approximated by many polygonal primitives. Examples of isosurfaces include 
constant medical image intensity corresponding to body tissues such as skin, 
bone, or other organs. Other abstract isosurfaces such as surfaces of constant 
pressure or temperature in fluid flow also may be created. 

Consider the 2D structured grid shown in Figure 6-4. Scalar values are 
shown next to the points that define the grid. Contouring always begins by 
selecting a scalar value, or contour value, that corresponds to the contour lines or 
surfaces generated. To generate the contours, some form of interpolation must be 
used. This is because we have scalar values at a finite set of points in the 
dataset, and our contour value may lie between the point values. Since the most 
common interpolation technique is linear, we generate points on the contour sur-
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Figure 6-4 Contouring a 2D structured grid with contour line value = 5. 

face by linear interpolation along the edges. If an edge has scalar values 10 and O 
at its two end points, and if we are trying to generate a contour line of value 5, 
then edge interpolation computes that the contour passes through the midpoint 
of the edge. 

Once the points on cell edges are generated, we can connect these points 
into contours using a few different approaches. One approach detects an edge 
intersection (i.e., the contour passes through an edge) and then "tracks" this con­
tour as it moves across cell boundaries. We know that if a contour edge enters a 
cell, it must exit a cell as well. The contour is tracked until it closes back on 
itself, or exits a dataset boundary. Ifit is known that only a single contour exists, 
then the process stops. Otherwise, every edge in the dataset must be checked to 
see whether other contour lines exist. 

Another approach uses a divide and conquer technique, treating cells inde­
pendently. This is the marching squares algorithm in 2D, and marching cubes 
[Lorensen87] in 3D. The basic assumption of these techniques is that a contour 
can only pass through a cell in a finite number of ways. A case table is con­
structed that enumerates all possible topological states of a cell, given combina­
tions of scalar values at the cell points. The number of topological states depends 
on the number of cell vertices, and the number of inside / outside relationships a 
vertex can have with respect to the contour value. A vertex is considered inside a 
contour if its scalar value is larger than the scalar value of the contour line. Ver­
tices with scalar values less than the contour value are said to be outside the 
contour. For example, if a cell has four vertices and each vertex can be either 
inside or outside the contour, there are 24 = 16 possible ways that the contour 
passes through the cell. In the case table we are not interested in where the con­
tour passes through the cell (e.g., geometric intersection), just how it passes 
through the cell (i.e., topology of the contour in the cell). 

Figure 6-5 shows the sixteen combinations for a square cell. An index into 
the case table can be computed by encoding the state of each vertex as a binary 
digit. For 2D data represented on a rectangular grid, we can represent the 16 
cases with 4 bit index. Once the proper case is selected, the location of the con­
tour line/ cell edge intersection can be calculated using interpolation. The alga-
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rithm processes a cell and then moves, or marches to the next cell. After all cells 
are visited, the contour will be completed. In summary, the marching algorithms 
proceed as follows: 

1. Select a cell. 

2. Calculate the inside / outside state of each vertex of the cell. 
3. Create an index by storing the binary state of each vertex in a separate bit. 
4. Use the index to look up the topological state of the cell in a case table. 
5. Calculate the contour location (via interpolation) for each edge in the case 

table. 

This procedure will construct independent geometric primitives in each cell. At 
the cell boundaries duplicate vertices and edges may be created. These dupli­
cates can be eliminated by using a special coincident point-merging operation. 
Note that interpolation along each edge should be done in the same direction. If 
not, numerical round-off will likely cause points to be generated that are not pre­
cisely coincident, and will not merge properly. 

There are advantages and disadvantages to both the edge-tracking and 
marching cubes approaches. The marching squares algorithm is easy to imple­
ment. This is particularly important when we extend the technique into three 
dimensions, where isosurface tracking becomes much more difficult. On the 
other hand, the algorithm creates disconnected line segments and points, and 
the required merging operation requires extra computation resources. The track­
ing algorithm can be implemented to generate a single polyline per contour line, 
avoiding the need to merge coincident points. 

As mentioned previously, the 3D analogy of marching squares is marching 
cubes. Here, there are 256 different combinations of scalar value, given that 
there are eight points in a cubical cell (i.e., 28 combinations). Figure 6-6 shows 
these combinations reduced to 15 cases by using arguments of symmetry. We use 
combinations of rotation and mirroring to produce topologically equivalent cases. 

□ W □ B □□ IIl □ Case O Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 

□ ITI □□ B □□□ Case 8 Case 9 Case 10 Case 11 Case 12 Case 13 Case 14 Case 15 

Figure 6-5 Sixteen different marching squares cases. Dark vertices indicate scalar value is above contour value. Cases 5 and 10 are ambiguous. 
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CaseO Case 1 Case2 Case3 

Case4 Case 5 Case6 Case 7 

/ 

Case8 Case9 Case 10 Case 11 

Case 12 Case 13 Case 14 

Figure 6-6 Marching cubes cases for 3D isosurface generation. The 256 possible cases 
have been reduced to 15 cases using symmetry. Dark vertices are greater than the 
selected isosurface value. 

An important issue is contouring ambiguity. Careful observation of march­
ing squares cases numbered 5 and 10 and marching cubes cases numbered 3, 6, 
7, 10, 12, and 13 show that there are configurations where a cell can be con­
toured in more than one way. (This ambiguity also exists when using an edge 
tracking approach to contouring.) Contouring ambiguity arises on a 2D square or 
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(a) Break contour (b) Join contour 

Figure 6-7 Choosing a particular contour case will break (a) or join (b) the current con­
tour. Case shown is marching squares case 10. 

the face of a 3D cube when adjacent edge points are in different states, but diag­
onal vertices are in the same state. 

In two dimensions, contour ambiguity is simple to treat: for each ambigu­
ous case we implement one of the two possible cases. The choice for a particular 
case is independent of all other choices. Depending on the choice, the contour 
may either extend or break the current contour as illustrated in Figure 6-7. 
Either choice is acceptable since the resulting contour lines will be continuous 
and closed (or will end at the dataset boundary). 

In three dimensions the problem is more complex. We cannot simply choose 
an ambiguous case independent of all other ambiguous cases. For example 
Figure 6-8 shows what happens if we carelessly implement two cases indepen­
dent of one another. In this figure we have used the usual case 3 but replaced 
case 6 with its complementary case. Complementary cases are formed by 
exchanging the "dark" vertices with "light" vertices. (This is equivalent to swap­
ping vertex scalar value from above the isosurface value to below the isosurface 
value, and vice versa.) The result of pairing these two cases is that a hole is left 
in the isosurface. 

Several different approaches have been taken to remedy this problem. One 
approach tessellates the cubes with tetrahedron, and uses a marching tetrahedra 
technique. This works because the marching tetrahedra exhibit no ambiguous 
cases. Unfortunately, the marching tetrahedra algorithm generates isosurfaces 
consisting of more triangles, and the tessellation of a cube with tetrahedra 
requires making a choice regarding the orientation of the tetrahedra. This choice 
may result in artificial "bumps" in the isosurface because of interpolation along 
the face diagonals as shown in Figure 6-9. Another approach evaluates the 
asymptotic behavior of the surface, and then chooses the cases to either join or 
break the contour. Nielson and Hamann [Nielson91] have developed a technique 
based on this approach they call the asymptotic decider. It is based on an analy­
sis of the variation of the scalar variable across an ambiguous face. The analysis 
determines how the edges of isosurface polygons should be connected. 

A simple and effective solution extends the original 15 marching cubes 
cases by adding additional complementary cases. These cases are designed to be 
compatible with neighboring cases and prevent the creation of holes in the iso­
surface. There are six complementary cases required, corresponding to the 
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Case 6c 

Figure 6--8 Arbitrarily choosing marching cubes cases leads to holes in the isosurface. 

1 2 1 2 

0 ~ 
4 3 4 3 

Isovalue = 2.5 

Figure 6-9 Using marching triangles or marching tetrahedra to resolve ambiguous 
cases on rectangular lattice (only face of cube is shown). Choice of diagonal orientation 
may result in "bumps" in contour surface. In 2D, diagonal orientation can be chosen arbi­
trarily, but in 3D diagonal is constrained by neighbor. 

marching cubes cases 3, 6, 7, 10, 12, and 13. The complementary marching cubes 
cases are shown in Figure 6-10. 

We can extend the general approach of marching squares and marching 
cubes to other topological types. In vtk we use marching lines, triangles, and tet­
rahedra to contour cells of these types (or composite cells that are composed of 
these types). In addition, although we speak ofregular types such as squares and 
cubes, marching cubes can be applied to any cell type topologically equivalent to 
a cube (e.g., hexahedron or noncubical voxel). 

Figure 6-11 shows four applications of contouring. In Figure 6-11 (a) we see 
2D contour lines of CT density value corresponding to different tissue types. 
These lines were generated using marching squares. Figure 6-11 (b) through 
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Case 3c Case 6c Case 7c 

Case 10c Case 12c Case 13c 

Figure 6-10 Marching cubes complementary cases. 

Figure 6-11(d) are isosurfaces created by marching cubes. Figure 6-11(b) is a 
surface of constant image intensity from a computed tomography (CT) X-ray 
imaging system. (Figure 6-11(a) is a 2D subset of this data.) The intensity level 
corresponds to human bone. Figure 6-11(c) is an isosurface of constant flow den­
sity. Figure 6-11 (d) is an isosurface of electron potential of an iron protein mole­
cule. The image shown in Figure 6-11(b) is immediately recognizable because of 
our familiarity with human anatomy. However, for those practitioners in the 
fields of computational fluid dynamics and molecular biology, Figure 6-11 (c) and 
Figure 6-11(d) are equally familiar. As these examples show, methods for con­
touring are powerful yet general techniques for visualizing data from a variety of 
fields. 

Scalar Generation 

The two visualization techniques presented thus far, color mapping and contour­
ing, are simple, effective methods to display scalar information. It is natural to 
turn to these techniques first when visualizing data. However, often our data is 
not in a form convenient to these techniques. The data may not be single-valued 
(i.e., a scalar), or it may be a mathematical or other complex relationship. That is 
part of the fun and creative challenge of visualization: We must tap our creative 
resources to convert data into a form we can visualize. 

For example, consider terrain data. We assume that the data is x-y-z coordi­
nates, where x and y represent the coordinates in the plane, and z represents the 
elevation above sea level. Our desired visualization is to color the terrain accord­
ing to elevation. This requires creating a colormap - possibly using white for 
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(a) Contour lines of X-ray intensity (b) Isosurface of human skull 

• • 

(c) Isosurface of flow density (d) Isosurface of electron potential 

Figure 6-11 Contouring examples. (a) Marching squares used to generate contour 
lines (headSlie. tel); (b) Marching cubes surface of human bone (headBone. tel); (c) 
Marching cubes surface of flow density (eombiso. tel); (d) Marching cubes surface of 
iron-protein (ironPiso. tel). 

high altitudes, blue for sea level and below, and various shades of green and 
brown corresponding to elevation between sea level and high altitude. We also 
need scalars to index into the colormap. The obvious choice here is to extract the 
z coordinate. That is, scalars are simply the z-coordinate value. 

This example can be made more interesting by generalizing the problem. 
Although we could easily create a filter to extract the z-coordinate, we can create 



166 

(Pi- Pz) • (ph- Pz) 
2 

IPh- Pzl 

Fundamental Algorithms 

Figure 6-12 Computing scalars using nonnalized dot product. Bottom half of figure 
illustrates technique applied to terrain data from Honolulu, Hawaii (hawaii. tel). 

a filter that produces elevation scalar values where the elevation is measured 
along any axis. Given an oriented line starting at the (low) point pz (e.g., sea 
level) and ending at the (high) point Ph (e.g., mountain top), we compute the ele­
vation scalar si at point Pi = (xi, Yi, z) using the dot product as shown in 
Figure 6-12. The scalar is normalized using the magnitude of the oriented line, 
and may be clamped between minimum and maximum scalar values (if neces­
sary). The bottom half of this figure shows the results of applying this technique 
to a terrain model of Honolulu, Hawaii. A lookup table of 256 ranging from deep 
blue (water) to yellow-white (mountain top) is used to color map this figure. 

Part of the creative practice of visualization is selecting the best technique 
for given data from the palette of available techniques. Often this requires cre­
ative mapping by the user of the visualization system. In particular, to use scalar 
visualization techniques we need only to create a relationship to g~nerate a 
unique scalar value. Other examples of scalar mapping include an index value 
into a list of data, computing vector magnitude or matrix determinate, evaluat­
ing surface curvature, or determining distance between points. Scalar genera-
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Figure 6-13 Vector visualization techniques: (a) oriented lines; (b) using oriented 
glyphs; (c) complex vector visualization (complexV. tel). 

tion, when coupled with color mapping or contouring, is a simple, yet effective, 

technique for visualizing many types of data. 

6.3 Vector Algorithms 

Vector data is a three-dimensional representation of direction and magnitude. 

Vector data often results from the study of fluid flow, or when examining d~riva­

tives (i.e., rate of change) of some quantity. 

Hedgehogs and Oriented Glyphs 

A natural vector visualization technique is to draw an oriented, scaled line for 

each vector (Figure 6-13(a)). The line begins at the point with which the vector is 

associated and is oriented in the direction of the vector components ( v x• v Y' u 
2
). 

Typically, the resulting line must be scaled up or down to control the size of its 

visual representation. This technique is often referred to as a hedgehog because 

of the bristly result. 
There are many variations of this technique (Figure 6-13(b )). Arrows may 

be added to indicate the direction of the line. The lines may be colored according 

to vector magnitude, or some other scalar quantity (e.g., pressure or tempera­

ture). Also, instead of using a line, oriented "glyphs" can be used. By glyph we 

mean any 2D or 3D geometric representation such as an oriented triangle or 

cone. 
Care should be used in applying these techniques. In 3D it is often difficult 

to understand the position and orientation of a vector because of its projection 

into a 2D image. Also, using large numbers of vectors can clutter the display to 

the point where the visualization becomes meaningless. Figure 6-13(c) shows 
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(a) Vibration of beam (b) Momentum profiles 

Figure 6-14 Warping geometry to show vector field; (a) Beam displacement (vib. tel); 
(b) Flow momentum (velProf. tel). 

167,000 3D vectors (using oriented and scaled lines) in the region of the human 
carotid artery. The larger vectors lie inside the arteries, the smaller vectors lie 
outside the arteries and are randomly oriented (measurement error) but small in 
magnitude. Clearly the details of the vector field are not discernible from this 
image. 

Scaling glyphs also poses interesting problems. In what Tufte has termed a 
"visualization lie," [Tufte83] scaling a 2D or 3D glyph results in nonlinear differ­
ences in appearance. The surface area of an object increases with the square of 
its scale factor, so two vectors differing by a factor of two in magnitude may 
appear up to four times different based on surface area. Such scaling issues are 
common in data visualization, and great care must be taken to avoiding mislead­
ing viewers. 

Warping 

Vector data is often associated with "motion." The motion is in the form of veloc­
ity or displacement._ An effective technique for displaying such vector data is to 
"warp" or deform geometry according to the vector field. For example, imagine 
representing the displacement of a structure under load by deforming the struc­
ture. Or if we are visualizing the flow of fluid, we can create a flow profile by dis­
torting a straight line inserted perpendicular to the flow. 

Figure 6-14 shows two examples of vector warping. In the first example the 
motion of a vibrating beam is shown. The original undeformed outline is shown 
in wireframe. The second example shows warped planes in a structured grid 
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dataset. The planes are warped according to flow momentum. The relative back 

and forward flow are clearly visible in the deformation of the planes. 

Typically, we must scale the vector field to control geometric distortion. Too 

small a distortion may not be visible, while too large a distortion can cause the 

structure to turn inside out or self-intersect. In such a case the viewer of the 

visualization is likely to lose context, and the visualization will become ineffec­

tive. 

Displacement Plots 

Vector displacement on the surface of an object can be visualized with displace­

ment plots. A displacement plot shows the motion of an object in the direction 

perpendicular to its surface. The object motion is caused by an applied vector 

field. In a typical application the vector field is a displacement or strain field. 

Vector displacement plots draw on the ideas in "Scalar Generation" on 

page 164. Vectors are converted to scalars by computing the dot product between 

the surface normal and vector at each point (Figure 6-15(a)). If positive values 

result, the motion at the point is in the direction of the surface normal (i.e., posi­

tive displacement). Negative values indicate that the motion is opposite the sur­

face normal (i.e., negative displacement). 

A useful appliration of this technique is the study of vibration. In vibration 

analysis, we are interested in the eigenvalues (i.e., natural resonant frequencies) 

and eigenvectors (i.e., mode shapes) of a structure. To understand mode shapes 

we can use displacement plots to indicate regions of motion. There are special 

regions in the structure where positive displacement changes to negative dis­

placement. These are regions of zero displacement. When plotted on the surface 

of the structure, these regions appear as the so-called modal lines of vibration. 

The study of modal lines has long been an important visualization tool for under­

standing mode shapes. 

Figure 6-15(b) shows modal lines for a vibrating rectangular beam. The 

vibration mode in this figure is the second torsional mode, clearly indicated by 

the crossing modal lines. (The aliasing in the figure is because of the coarseness 

of the analysis mesh.) To create the figure we combined the procedure of 

Figure 6-15(a) with a special lookup table. The lookup table was arranged with 

dark areas in the center (i.e., corresponds to zero dot product) and bright areas at 

the beginning and end of the table (corresponds to 1 or -1 dot product). As a 

result, regions of large normal displacement are bright and regions near the 

modal lines are dark. 

Time Animation 

Some of the techniques described so far can be thought of as moving a point or 

object over a small time step. The hedgehog line is an approximation of a point's 
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(a) Scalar computation (b) Displacement plot 

Figure 6-15 Vector displacement plots. (a) Vector converted to scalar via dot product 
computation; (b) Surface plot of vibrating plate. Dark areas show nodal lines. Bright 
areas show maximum motion (dispPlot. tel). 

motion over a tim➔ period whose duration is given by the scale factor. In other 
words, ifvelocity V = dxldt, then the displacement ofa point is 

➔ 

dx = Vdt (6-1) 

This suggests an extension to our previous techniques: repeatedly displace 
points over many time steps. Figure 6-16 shows such an approach. Beginning 
with a sphere S centered about some point C, we move S repeatedly to generate 
the bubbles shown. The eye tends to trace out a path by connecting the bubbles, 
giving the observer a qualitative understanding of the fluid flow in that area. 
The bubbles may be displayed as an animation over time (giving the illusion of 
motion) or as a multiple exposure sequence (giving the appearance of a path). 

Such an approach can be misused. For one thing, the velocity at a point is 
instantaneous. Once we move away from the point the velocity is likely to 
change. Using Equation 6-1 above assumes that the velocity is constant over the 
entire step. By taking large steps we are likely to jump over changes in the veloc­
ity. Using smaller steps we will end in a different position. Thus the choice of 
step size is a critical parameter in constructing accurate visualization of particle 
paths in a vector field. 
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Figure 6-16 Time animation ofa point C. Although the spacing between points varies, 

the time increment between each point is constant. 

To evaluate Equation 6-1 we can express it as an integral: 

➔ f ➔ x(t) = Vdt (6-2) 

t 

Although this form cannot be solved analytically for most real world data, its 

solution can be approximated using numerical integration techniques. Accurate 

numerical integration is a topic beyond the scope of this book, but it is known 

that the accuracy of the integration is a function of the step size dt. Since the 

path is an integration throughout the dataset, the accuracy of the cell interpola­

tion functions, as well as the accuracy of the original vector data, plays an impor­

tant role in realizing accurate solutions. No definitive study is yet available that 

relates cell size or interpolation function characteristics to visualization error. 

But the lesson is clear: the result of numerical integration must be examined 

carefully, especially in regions of large vector field gradient. However, as with 

many other visualization algorithms, the insight gained by using vector integra­

tion techniques is qualitatively beneficial, despite the unavoidable numerical 

errors. 

The simplest form of numerical integration is Euler's method, 

(6-3) 

where the position at time ±i + 1 is the vector sum of the previous position plus 

the instantaneous velocity times the incremental time step At . 

Euler's method has error on the order of O(M2 ), which is not accurate 

enough for some applications. One such example is shown in Figure 6-17. The 

velocity field describes perfect rotation about a central point. Using Euler's 

method we find that we will always diverge and, instead of generating circles, 

will generate spirals instead. 

In this text we will use the Runge-Kutta technique of order 2 [Conte72]. 

This is given by the expression 

(6-4) 
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' ✓ .. ... 
'.a) Rotational vector field (b) Euler's method (c) Runge-Kutta 

Figure 6-17 Euler's integration (b) and Runge-Kutt.a integration of order 2 (c) applied 
to uniform rotational vector field (a). Euler's method will always diverge. 

➔ . where the velocity Vi+ 1 is computed using Euler's method. The error of this 
method is O(M3). Compared to Euler's method, the Runge-Kutta technique 
allows us to take a larger integration step at the expense of one additional func­
tion evaluation. Generally this trade-off is beneficial, but like any numerical 
technique, the best method to use depends on the particular nature of the data. 
Higher-order techniques are also available, but generally not necessary, because 
the higher accuracy -is countered by error in interpolation function or inherent in 
the data values. If you are interested in other integration formulas, please check 
the references at the end of the chapter. 

One final note about accuracy concerns. The errors involved in either per­
ception or computation of visualizations is an open research area. The discussion 
in the preceding paragraph is a good example of this. There we characterized the 
error in streamline integration using conventional numerical integration argu­
ments. But there is a problem with this argument. In visualization applications, 
we are integrating across cells whose function values are continuous, but whose 
derivatives are not. AB the streamline crosses the cell boundary, subtle effects 
may occur that are not treated by the standard numerical analysis. Thus the 
standard arguments need to be extended for visualization applications. 

Integration formulas require repeated transformation from global to local 
coordinates. Consider moving a point through a dataset under the influence of a 
vector field. The first step is to identify the cell that contains the point. This oper­
ation is a search (see "Searching" on page 325), plus a conversion to local coordi­
nates. Once the cell is found, then the next step is to compute the velocity at that 
point by interpolating the velocity from the cell points. The point is then incre­
mentally repositioned (using the integration formula Equation 6-4). The process 
is then repeated until the point exits the dataset or the distance or time tra­
versed exceeds some specified value. 

This process can be computationally demanding. There are two important 
steps we can take to improve performance. 

• Improving search procedures. There are two distinct types of searches. Ini­
tially, the starting location of the particle must be determined by a global 
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search procedure. Once the initial location of the point is determined in the 
dataset, an incremental search procedure can then be used. Incremental 
searching is efficient because the motion of the point is limited within a sin­
gle cell, or at most across a cell boundary. Thus, the search space is greatly 
limited, and the incremental search is faster relative to the global search. 

• Coordinate transformation. The cost of a coordinate transformation from 
global to local coordinates can be reduced if either of the following condi­
tions are true: the local and global coordinate systems are identical with 
one another (or vary by x-y-z translation), or if the vector field is trans­
formed from global space to local coordinate space. The structured point 
coordinate system is an example of parallel coordinates, and global to local 
coordinate transformation can be greatly accelerated. If the vector field is 
transformed into local coordinates (either as a preprocessing step or on a 
cell-by-cell basis), then the integration can proceed completely in local 
space. Once the integration path is computed, selected points along the 
path can be transformed into global space for the sake of visualization. 

Streamlines 

A natural extension of the previous time animation techniques is to connect the 
point position .t(t) over many time steps. The result is a numerical approxima­
tion to a particle trace represented as a line. 

Borrowing terminology from the study of fluid flow, we can define three 
related line representation schemes for vector fields. 

• Particle traces are trajectories traced by fluid particles over time. 

• Streaklines are the set of particle traces at a particular time ti that have 
previously passed through a specified point xi. 

• Streamlines are integral curves along a curves satisfying the equation 

s = V ds, withs = s(x, t) J
➔ - (6-5) 

t 

for a particular time t . 

Streamlines, streaklines, and particle traces are equivalent to one another if the 
flow is steady. In time-varying flow, a given streamline exists only at one moment 
in time. Visualization systems generally provide facilities to compute particle 
traces. However, if time is fixed, the same facility can be used to compute stream­
lines. In general, we will use the term streamline to refer to the method of trac­
ing trajectories in a vector field. Please bear in mind the differences in these 
representations if the flow is time-varying. 

• Figure 6-18 shows forty streamlines in a small kitchen. The room has two 
windows, a door (with air leakage), and a cooking area with a hot stove. The air 
leakage and temperature variation combine to produce air convection currents 
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Figure 6-18 Flow velocity computed for a small kitchen (top and side view). Forty 
streamlines start along the rake positioned under the window. Some eventually travel 
over the hot stove and are convected upwards (Kitchen. cxx). 

throughout the kitchen. The starting positions of the streamlines were defined 
by creating a rake, or curve (and its associated points). Here the rake was a 
straight line. These streamlines clearly show features of the flow field. By releas­
ing many streamlines simultaneously we obtain even more information, as the 
eye tends to assemble nearby streamlines into a "global" understanding of flow 
field features. 

Many enhancements of streamline visualization exist. Lines can be colored 
according to velocity magnitude to indicate speed of flow. Other scalar quantities 
such as temperature or pressure also may be used to color the lines. We also may 
create constant time dashed lines. Each dash represents a constant time incre­
ment. Thus, in areas of high velocity, the length of the dash will be greater rela­
tive to regions of lower velocity. These techniques are illustrated in Figure 6-19 
for airflow around a blunt fin. This example consists of a wall with half a 
rounded fin projecting into the fluid flow. (Using arguments of symmetry, only 
half of the domain was modeled.) Twenty-five streamlines are released upstream 
of the fin. The boundary layer effects near the junction of the fin and wall are 
clearly evident from the streamlines. In this area, flow recirculation is apparent, 
as well as the reduced flow speed. 

6.4 Tensor Algorithms 

As we mentioned earlier, tensor visualization is an active area of research. How­
ever there are a few simple techniques that we can use to visualize 3 x 3 real 
symmetric tensors. Such tensors are used to describe the state of displacement or 
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Figure 6-19 Dashed streamlines around a blunt fin. Each dash is a constant time 
increment. Fast moving particles create longer dashes than slower moving particles. The 
streamlines also are colored by flow density scalar (bluntStr. cxx). 
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(b) Strain tensor 

Figure 6-20 Stress and strain tensors. Normal stresses in the x-y-z coordinate direc­
tions indicated as ax• a Y' a z , shear stresses indicated as "ij. Material displacement 
represented by u, v, w components. 

stress in a 3D material. The stress and strain tensors for an elastic material are 
shown in Figure 6-20. 

In these tensors the diagonal coefficients are the so-called normal stresses 
and strains, and the off-diagonal terms are the shear stresses and strains. Nor­
mal stresses and strains act perpendicular to a specified surface, while shear 
stresses and strains act tangentially to the surface. Normal stress is either com­
pression or tension, depending on the sign of the coefficient. 

A 3 x 3 real symmetric matrix can be characterized by three vectors in 3D 
called the eigenvectors, and three numbers called the eigenvalues of the matrix. 
The eigenvectors form a 3D coordinate system whose axes are mutually perpen-
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dicular. In some applications, particularly the study of materials, these axes also 
are referred to as the principle axes of the tensor and are physically significant. 
For example, if the tensor is a stress tensor, then the principle axes are the direc­
tions of normal stress and no shear stress. Associated with each eigenvector is an 
eigenvalue. The eigenvalues are often physically significant as well. In the study 
of vibration, eigenvalues correspond to the resonant frequencies of a structure, 
and the eigenvectors are the associated mode shapes. 

Mathematically we can represent eigenvalues and eigenvectors as follows. 
Given a matrix A, the eigenvector ± and eigenvalue A must satisfy the relation 

For Equation 6-6 to hold, the matrix determinate must satisfy 

detlA-UJ = o 

(6-6) 

{6-7) 

Expanding this equation yields a nth degree polynomial in A whose roots are the 
eigenvalues. Thus, there are always n eigenvalues, although they may not be dis­
tinct. In general, Equation 6-7 is not solved using polynomial root searching 
because of poor computational performance. (For matrices of order 3 root search­
ing is acceptable because we can solve for the eigenvalues analytically.) Once we 
determine the eigenvalues, we can substitute each into Equation 6-7 to solve for 
the associated eigenvectors. 

We can express the eigenvectors of the 3 x 3 system as 

&i = "-it, with i = I, 2, 3 (6-8) 

with ki a unit vector in the direction of the eigenvalue, and "-i the eigenvalues of 
the system. If we order eigenvalues such that 

(6-9) 

then we refer to the corresponding eigenvectors t 1 , t2 , and &3 as the major, 
medium, and minor eigenvectors. 

Tensor Ellipsoids 

This leads us to the tensor ellipsoid technique for the visualization of real, sym­
metric 3 x 3 matrices. The first step is to extract eigenvalues and eigenvectors as 
described in the previous section. Since eigenvectors are known to be orthogonal, 
the eigenvectors form a local coordinate system. These axes can be taken as the 
minor, medium, and major axes of an ellipsoid. Thus, th.e shape and orientation 
of the ellipsoid represent the relative size of the eigenvalues and the orientation 
of the eigenvectors. 

To form the ellipsoid we begin by positioning a sphere at the tensor loca­
tion. The sphere is then rotated around its origin using the eigenvectors, which 
in the form of Equation 6-8 are direction cosines. The eigenvalues are used to 
scale the sphere. Using 4 x 4 transformation matrices and referring to 
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Equation 3-6, Equation 3-9, and Equation 3-13, we form the ellipsoid by trans­
forming the sphere centered at the origin using the matrix T 

(6-10) 

(remember to read right-to-left). The eigenvectors can be directly plugged in to 
create the rotation matrix, while the point coordinates x-y-z and eigenvalues 
"-i 2': 1c2 2': 1c3 are inserted into the translation and scaling matrices. A concatena­
tion of these matrices forms the final transformation matrix T. 

Figure 6-21(a) depicts the tensor ellipsoid technique. In Figure 6-21(b) we 
show this technique to visualize material stress near a point load on the surface 
of a semi-infinite domain. (This is the so-called Boussinesq's problem.) From 
Saada [Saada74] we have the analytic expression for the stress components in 
Cartesian coordinates shown in Figure 6-21(c). Note that the z-direction is 
defined as the axis originating at the point of application of the force P. The vari­
able p is the distance from the point of load application to a point x-y-z. The ori­
entation of the x and y axes are in the plane perpendicular to the z axis. (The 
rotation in the plane of these axes is unimportant since the solution is symmetric 
around the z axis.) (The parameter v is Poisson's ratio which is a property of the 
material. Poisson's ratio relates the lateral contraction of a material to axial 
elongation under a uniaxial stress condition. See [Saada74] or [Timoshenko70] 
for more information.) 

In Figure 6-22 we visualize the analytical results of Boussinesq's problem 
from Saada. The left-hand portion of the figure shows the results by displaying 
the scaled and oriented principal axes of the stress tensor. (These are called ten­
sor axes.) In the right-hand portion we use tensor ellipsoids to show the same 
result. Tensor ellipsoids and tensor axes are a form of glyph (see "Glyphs" on 
page 185) specialized to tensor visualization. 

A certain amount of care must be taken to visualize this result since there 
is a stress singularity at the point of contact of the load. In a real application 
loads are applied over a small area and not at a single point. Also, plastic behav­
ior prevents stress levels from exceeding a certain point. The results of the visu­
alization, as with any computer process, are only as good as the underlying 
model. 

6.5 Modelling Algorithms 

Modelling algorithms are the catch-all category for our taxonomy of visualization 
techniques. Modelling algorithms have one thing in common: They create or 
change dataset geometry or topology. 

Source Objects 

As we have seen in previous examples, source objects begin the visualization 
pipeline. Source objects are used to create geometry such as spheres, cones, or 
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Figure 6-21 Tensor ellipsoids. (a) Ellipsoid oriented along eigenvalues (i.e., principle axes) of tensor; (b) Pictorial description of Boussinesq's problem; (c) Analytic results according to Saada. 

cubes to support visualization context or are used to read in data files. Source 
objects also may be used to create dataset attributes. Some examples of source 
objects and their use are as follows. 
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(a) Tensor axes (b) Tensor ellipsoids 

Figure 6-22 Tensor visualization techniques; (a) Tensor axes (TenAxes. tel); 
(b) Tensor ellipsoids (TenEllip. tel). 
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Modelling Simple Geometry. Spheres, cones, cubes, and other simple geometric 
objects can be used alone or in combination to model geometry. Often we visual­
ize real-world applications such as air flow in a room and need to show real­
world objects such as furniture, windows, or doors. Real~world objects often can 
be represented using these simple geometric representations. These source 
objects generate their data procedurally. Alternatively, we may use reader 
objects to access geometric data defined in data files. These data files may con­
tain more complex geometry such as that produced by a 3D CAD (Computer­
Aided Design) system. 

Supporting Geometry. During the visualization process we may use source 
objects to create supporting geometry. This may be as simple as three lines to 
represent a coordinate axis or as complex as tubes wrapped around line seg­
ments to thicken and enhance their appearance. Another common use is as sup­
plemental input to objects such as streamlines or probe filters. These filters take 
a second input that defines a set of points. For streamlines, the points determine 
the initial positions for generating the streamlines. The probe filter uses the 
points as the position to compute attribute values such as scalars, vectors, or ten­
sors. 

Data Attribute Creation. Source objects can be used as procedures to create data 
attributes. For example, we can procedurally create textures and texture coordi­
nates. Another use is to create scalar values over a uniform grid. If the scalar 
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values are generated from a mathematical function, then we can use the visual­
ization techniques described here to visualize the function. In fact, this leads us 
to a very important class of source objects: implicit functions. 

Implicit Functions 

Implicit functions are functions of the form 

F(x,y,z) = c (6-11) 

where c is an arbitrary constant. Implicit functions have three important proper­
ties. 

• Simple geometric description. Implicit functions are convenient tools to 
describe common geometric shapes. This includes planes, spheres, cylin­
ders, cones, ellipsoids, and quadrics. 

• Region separation. Implicit functions separate 3D Euclidean space into 
three distinct regions. These regions are inside, on, and outside the implicit 
function. These regions are defined as F(x, y, z) < 0, F(x, y, z) = 0, and 
F(x, y, z) > 0, respectively. 

• Scalar generation. Implicit functions convert a position in space into a sca­
lar value. That is, given an implicit function we can sample it at a point 
(xi, Yi, z) to generate a scalar value ci. 

An example of an implicit function is the equation for a sphere of radius R 

2 2 2 2 F(x,y,z) = x +y +z -R (6-12) 

This simple relationship defines the three regions F(x, y, z) = 0 (on the surface 
of the sphere), F(x, y, z) < 0 (inside the sphere), and F(x, y, z) > 0 (outside the 
sphere). Any point may be classified inside, on, or outside the sphere simply by 
evaluating Equation 6-12. 

Implicit functions have a variety of uses. This includes geometric modelling, 
selecting data, and visualizing complex mathematical descriptions. 

Modelling Objects. Implicit functions can be used alone or in combination to 
model geometric objects. For example, to model a surface described by an implicit 
function, we sample Fon a dataset and generate an isosurface at a contour value 
ci. The result is a polygonal representation of the function. Figure 6-23(b) shows 
an isosurface for a sphere of radius=l sampled on a volume. Note that we can 
choose nonzero contour values to generate a family of offset surfaces. This is use­
ful for creating blending functions and other special effects. 

Implicit functions can be combined to create complex objects using the bool­
ean operators union, intersection, and difference. The union operation Fu G 
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(a) Sphere sampling (b) Isosurface of sphere (c) Boolean combinations 

Figure 6-23 Sampling functions: (a) 2D depiction of sphere sampling; (b) Isosurface of 
sampled sphere; (c) Boolean combination of two spheres, a cone, and two planes. (One 
sphere intersects the other, the planes clip the cone.) (Refer to sphere. tel and 
iceCream. tel.) 

between two functions F(x, y, z) and G(x, y, z) at a point (x0, y 0, z0 ) is the min­
imum value 

(6-13) 

The intersection between two implicit functions is given by 

(6-14) 

The difference of two implicit functions is given by 

(6-15) 

Figure 6-23(c) shows a combination of simple implicit functions to create an ice~ 
cream cone. The cone is created by clipping the (infinite) con~ function with two 
planes. The ice cream is constructed by performing a difference operation on a 
larger sphere with a smaller offset sphere to create the "bite." The resulting sur­
face was extracted using surface contouring with isosurface value 0.0. 

Selecting Data. We can take advantage of the properties of implicit functions to 
select and cut data. In particular we will use the region separation property to 
select data. (We defer the discussion on cutting to "Cutting" on page 187.) 

Selecting or extracting data with an implicit function means choosing cells 
and points (and associated attribute data) that lie .within a particular region of 
the function. To determine whether a point x-y-z lies within a region, we simply 
evaluate the point and examine the sign of the result. A cell lies in a region if all 
its points lie in the region. 

Figure 6-24(a) shows a 2D implicit function, here an ellipse, used to select 
the data (i.e., points, cells, and data attributes) contained within it. Boolean com-
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(a) Selecting data with implicit function (b) Selecting data with boolean combination 

Figure 6-24 Implicit functions used to select data: (a) 2D cells lying in ellipse are selected; (b) Two ellipsoids combined using the union operation used to select voxels from a volume. Voxels shrunk 50 percent (extractD. tel). 

binations also can be used to create complex selection regions as illustrated in 
Figure 6-24(b). Here, two ellipses are used in combination to select voxels within 
a volume dataset. Note that extracting data often changes the structure of the 
dataset. In Figure 6-24 the input type is a structured points dataset, while the 
output type is an unstructured grid dataset. 

Visualizing Mathematical Descriptions. Some functions, often discrete or proba­
bilistic in nature, cannot be cast into the form of Equation 6-11. However, by 
applying some creative thinking we can often generate scalar values that can be 
visualized. An interesting example of this is the so-called strange attractor. 

Strange attractors arise in the study of norilinear dynamics and chaotic sys­
tems. In these systems, the usual types of dynamic motion - equilibrium, peri­
odic motion, or quasi-periodic motion - are not present Instead, the system 
exhibits chaotic motion. The resulting behavior of the system can change radi~ 
cally as a result of small perturbations in its initial conditions. 

A classical strange attractor was developed by Lorenz in 1963 [Lorenz63]. 
Lorenz developed a simple model for thermally induced fluid convection in the 
atmosphere. Convection causes rings of rotating fluid and can be developed from 
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Figure 6-25 Visualizing a Lorenz strange attractor by integrating the Lorenz equa­
tions in a volume. The number of visits in each voxel is recorded as a scalar function. The 
surface is extracted via marching cubes using a visit value of 50. The number of integra­
tion steps is 10 million, in a volume of dimensions 2003. The surface roughness is caused 
by the discrete nature of the evaluation function (Lorenz. cxx). 

the general Navier-Stokes partial differential equations for fluid flow. The 

Lorenz equations can be expressed in nondimensional form as 

: = cr(y-x) 

dy 
dt = px-y-xz 

(6-16) 

where x is proportional to the fluid velocity in the fluid ring, y and z measure the 

fluid temperature in the plane of the ring, the parameters cr and p are related to 

the Prandtl number and Raleigh number, respectively, and 13 is a geometric fac­

tor. 
Certainly these equations are not in the implicit form of Equation 6-11, so 

how do we visualize them? Our solution is to treat the variables x, y, and z as the 

coordinates of a three-dimensional space, and integrate Equation 6-16 to gener­

ate the system "trajectory", that is, the state of the system through time. The 

integration is carried out within a volume and scalars are created by counting 

the number of times each voxel is visited. By integrating long enough, we can 

create a volume representing the "surface" of the strange attractor, Figure 6-25. 

The surface of the strange attractor is extracted by using marching cubes and a 

scalar value specifying the number of visits in a voxel. 
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G 
Figure 6-26 Distance functions to a point, line, and triangle. 

Implicit Modelling 

In the previous section we saw how implicit functions, or boolean combinations of 
implicit functions, could be used to model geometric objects. Th!c) basic approach 
is to evaluate these functions on a regular array of points, or volume, and then to 
generate scalar values at each point in the volume. Then either volume render­
ing (see "Volume Rendering" on page 216), or isosurface generation in combina­
tion with surface rendering, is used to display the model. 

An extension of this approach, called implicit modeling, is similar to model­
ing with implicit functions. The difference lies in the fact that scalars are gener­
ated using a distance function instead of the usual implicit function. The 
distance function is computed as a Euclidean distance to a set of generating 
primitives such as points, lines, or polygons. For example, Figure 6-26 shows the 
distance functions to a point, line, and triangle. Because distance functions are 
well-behaved monotonic functions, we can define a series of offset surfaces by 
specifying different isosurface values, where the value is the distance to the gen­
erating primitive. The isosurfaces form approximations to the true offset sur­
faces, but using high volume resolution we can achieve satisfactory results. 

Used alone the generating primitives are limited in their ability to model 
complex geometry. By using boolean combinations of the primitives, however, 
complex geometry can be easily modeled. The boolean operations union, intersec­
tion, and difference (Equation 6-13, Equation 6-14, and Equation 6-15, respec­
tively) are illustrated in Figure 6-27. Figure 6-28 shows the application of 
implicit modeling to "thicken" the line segments in the text symbol "HELLO". 
The isosurface is generated on a 110 x 40 x 20 volume at a distance offset of 0.25 
units. The generating primitives were combined using the boolean union opera­
tor. Although Euclidean distance is always a nonnegative value, it is possible to 
use a signed distance function for objects that have an outside and an inside. A 
negative distance is the negated distance of a point inside the object to the sur­
face of the object. Using a signed distance function allows us to create offset sur­
faces that are contained within the actual surface. 

Another interesting feature of implicit modeling is that when isosurfaces 
are generated, more than one connected surface can result. These situations 
occur when the generating primitives form concave features. Figure 6-29 illus-
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Figure 6-27 Boolean operations using points and lines as generating primitives. 

Figure 6-28 Implicit modelling used to thicken a stroked font. Original lines can be 
seen within the translucent implicit surface (hello. tel). 

trates this situation. If desired, multiple surfaces can be separated by using the 
connectivity algorithm described in "Connectivity" on page 377. 

Glyphs 

Glyphs, sometimes referred to as icons, are a versatile technique to visualize 
data of every type. A glyph is an "object" that is affected by its input data. This 
object may be geometry, a dataset; or a graphical image. The glyph may orient, 
scale, translate, deform, or somehow alter the appearance of the object in 
response to data. We have already seen a simple form of glyph: hedgehogs are 
lines that are oriented, translated and scaled according to the position and vector 
value of a point. A variation of this is to use oriented cones or arrows. (See 
"Hedgehogs and Oriented Glyphs" on page 167.) 

More elaborate glyphs are possible. In one creative visualization technique 
Chernoff [Chernoff73] tied data values to an iconic representation of the human 
face. Eyebrows, nose, mouth, and other features were modified according to 
financial data values. This interesting technique built on the human capability 
to recognize facial expression. By tying appropriate data values to facial charac­
teristics, rapid identification of important data points is possible. 
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Figure 6-29 Concave features can result in multiple contour lines/surfaces. 

Figure 6-30 Glyphs indicate surface normals on model of human face. Glyph positions are randomly selected (spikeF. tel). 

In a sense, glyphs represent the fundamental result of the visualization process. Moreover, all the visualization techniques we p·resent can be treated as concrete representations of an abstract glyph class. For example, while hedge­hogs are an obvious manifestation of a vector glyph, isosurfaces· can be consid­ered a topologically two-dimensional glyph for scalar data. Delmarcelle and Hesselink [Delmarcelle95] have developed a unified framework for flow visual­ization based on types of glyphs. They classify glyphs according to one of three categories. 

• Elementary icons represent their data across the extent of their spatial domain. For example, an oriented arrow can be used to represent surface normal. 

• Local icons represent elementary information plus a local distribution of the values around the spatial domain. A surface normal vector colored by 
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local curvature is one example of a local icon, since local data beyond the 
elementary information is encoded. 

• Global icons show the structure of the complete dataset. An isosurface is an 
example of a global icon. 

This classification scheme can be extended to other visualization techniques such 
as vector and tensor data, or even to nonvisual forms such as sound or tactile 
feedback. We have found this classification scheme to be helpful when designing 
visualizations or creating visualization techniques. Often it gives insight into 
ways of representing data that can be overlooked. 

Figure 6-30 is an example of glyphing. Small 3D cones are oriented on a 
surface to indicate. the direction of the surface normal. A similar approach could 
be used to show other surface properties such as curvature or anatomical key­
points. 

Cutting 

Often we want to cut through a dataset with a surface and then display the 
interpolated data values on the surface. We refer to this technique as data cut­
ting or simply cutting. The data cutting operation requires two pieces of informa­
tion: a definition for the surface and a dataset to cut. We will assume that the 
cutting surface is defined by an implicit function. A typical application of cutting 
is to slice through a dataset with a plane, and color map the scalar data and/or 
warp the plane according to vector value. 

A property of implicit functions is to convert a position into a scalar value 
(see "Implicit Functions" on page 180). We can use this property in combination 
with a contouring algorithm (e.g., marching cubes) to generate cut surfaces. The 
basic idea is to generate scalars for each point of each cell of a dataset (using the 
implicit cut function), and then contour the surface value F(x, y, z) = 0. 

The cutting algorithm proceeds as follows. For each cell, function values are 
generated by evaluating F(x, y, z) for each cell point. If all the points evaluate 
positive or negative, then the surface does not cut the cell. However, if the points 
evaluate positive and negative, then the surface passes through the cell. We can 
use the cell contouring operation to generate the isosurface F(x, y, z) == 0. Data 
attribute values can then be computed by interpolating along cut edges. 

Figure 6-31 illustrates a plane cut through a structured grid dataset. The 
plane passes through the center of the dataset with normal (-0.287, 0, 0.9579). 
For comparison purposes a portion of the grid geometry is also shown. The grid 
geometry is the grid surface k==9 (shown in wireframe). A benefit of cut surfaces 
is that we can view data on (nearly) arbitrary surfaces. Thus, the structure of the 
dataset does not constrain how we view the data. 

We can easily make multiple planar cuts through a structured grid dataset 
by specifying multiple isovalues for the cutting algorithm. Figure 6-32 shows 
100 cut planes generated perpendicular to the camera's view plane normal. Ren­
dering the planes from back to front with an opacity of 0.05 produces a simula­
tion of volume rendering. (See "Volume Rendering" on page 216.) 
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Figure 6-31 Cut through structured grid with plane. The cut plane is shown solid shaded. A computational plane of constant k value is shown in wireframe for comparison (cut. tel). 

This example illustrates that cutting the volumetric data in a structured 
grid dataset produced polygonal cells. Similarly, cutting polygonal data produces 
lines. Using a single plane equation, we can extract "contour lines" from a sur­
face model defined with polygons. Figure 6-33 shows contours extracted from a 
surface model of the skin. At each vertex in the surface model we evaluate the 
equation of the plane F(x, y, z) = c and store the value of the function as a scalar 
value. Cutting the data with 46 isovalues from 1.5 to 136.5 produces contour 
lines that are 3 units apart. 

Figure 6-32 100 cut planes with opacity of0.05. Rendered back to front to simulate volume rendering (combVol. tel). 
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Figure 6-33 Cutting a surface model of the skin with a series of planes produces 
contour lines (cutModel. tel). Lines are wrapped with tubes for visual clarity. 

6.6 Putting It All Together 

Process Object Design 
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Algorithms are implemented in the Visualization Toolkit as process objects. 

These objects may be either sources, filters, or mappers (See "The Visualization 

Pipeline" on page 88.) In this section we will describe how these objects are 

implemented. 

Source Design. Source objects have no visualization data for input and one or 

more outputs, Figure 6-34. To create a source object, inheritance is used to spec­

ify the type of dataset that the process object creates for output. Figure 6-34 

illustrates this for the concrete source object vt.kSphereSource. This class 

inherits from vtkSource, indicating that it is a source object, and vt.kPoly­

Da ta, indicating that it creates polygonal data on output. 
The convenience object vt.kPolyDataSource has been created to simplify 

subclass derivation. For example, vtkBYUReader is also of type vtkPolyData­

Source. The major difference between vtkSphereSource and vtkBYUReader 

is the implementation of the virtual method Execute (). This method actually 

creates its output data. If you derive a source object you do not need to make it a 

subclass of any convenience object (e.g., vtkPolyDataSource) but you should 
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(a) Functional model (b) Object model 

Figure 6-34 Source object design. Example shown is a source object that creates a polygonal representation of a sphere. 

are created, since no convenience classes exist expressly for derivation in this case. 

Filter Design. Filter objects have one or more inputs and one or more outputs as shown in Figure 6-35. (You may also refer to "Multiple Input / Output" on page 103.) To create a filter object, inheritance is used to specify the type of input and output data objects. Figure 6-35 illustrates this for the concrete source object vtkContourFil ter (which implements marching cubes and other con­touring techniques). It is worth examining this object diagram in detail since it is the basis for the architecture of the visualization pipeline. 
The superclasses of vtkContourFilter are vtkSource, vtkFilter, vtkDataSetFilter, and vtkDataSetToPolyDataFilter. Although the inher­itance ofvtkContourFilter from vtkSource may be confusing at first glance, the meaning is this: the filter is a source of visualization data. Similarly, inherit­ance from vtkFilter means that vtkContourFilter has at least one input. The class vtkDataSetFilter specifies the type of data vtkContourFilter takes as input (i.e., a dataset), while vtkDataSetToPolyDataFilter specifies the type of output (i.e., • polygonal data). Note that inheritance from vtk­DataSetFil ter and vtkDataSetToPolyDataFilter is optional - this func­tionality could be implemented directly in vtkContourFil ter. These optional objects are simply convenience objects to make class derivation a little easier. 
What is left for vtkContourFilter to implement is its Execute () method (as well as constructor, print method, and any other methods special to this class). Thus the primary difference between classes with equivalent inherit­ance hierarchies is the implementation of the Execute () method. 
As we mentioned a moment ago, the class vtkDataSetFilter enforces fil­ter input type with the type checking features of the C++ compiler. It accepts type vtkDataSet (or subclasses). Since vtkDataSet is a base class for all data types, this filter will accept any type as input. Specialized filters are derived from other classes. For example, filters that accept polygonal data are derived from 
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(a) Functional model (b) Object model 

Figure 6-35 Filter object design. The example shown is for an object that receives a 
general dataset as input and creates polygonal data on output. 

vtkPolyData vtkPolyData vtkMapl"" vtk.Writer 

t t 
( vtkPolyDataMapper) ( vtkSTLWriter) vtkPolyOataMapper vtkSTI.Writer 

(a) Functional models (b) Object models 

Figure 6-36 Mapper object design. Graphics mapper shown (e.g., vtkPolyDataMap­
per) maps polygonal data through graphics library primitives. Writer shown (e.g., vtk­
STLWr i ter) writes polygonal data to stereo lithography format. 

vtkPolyDataFilter, and filters that accept structured point datasets are 
derived from vtkStructuredPointsFilter. 

We encourage you to examine the source code carefully (included on the 
CD-ROM) for a few filter and source objects. The architecture is simple enough 
that you can grasp it quickly. 

Mapper Design. Mapper objects have one or more inputs and no visualization 
data output, Figure 6-36. Two different types of mappers are available in the 
Visualization Toolkit: graphics mappers and writers. Graphics mappers interface 
geometric structure and data attributes to the graphics library; writers write 
datasets to disk or other VO devices. 
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Since mappers take datasets as input, type enforcement is required. Each 
mapper implements this functionality directly. For example, both classes vtk­
PolyDa taMapper and vtkSTLWriter implement a Setinput () method to 
enforce the input to be of type vtkPolyData. Other mappers and writers enforce 
input type as appropriate. 

Although writers and mappers do not create visualization data, they both 
have methods similar to the Execute () method of the sources and filters. Each 
subclass of vtkMapper must implement the Render ( ) method. This method is 
exchanged by the graphics system actors and its associated mappers during the 
rendering process. The effect of the method is to map its input dataset to the 
appropriate rendering library/system. Subclasses of the class vtkWriter must 
implement the WriteData () method. This method causes the writer to write its 
input dataset to disk (or other I/0 device). 

Color Maps 

Color maps are created in the Visualization Toolkit using instances of the class 
vtkLookupTable. This class allows you to create a lookup table using HSVA 
(e.g., hue, saturation, value, and alpha opacity value) specification. Although we 
discussed the HSV color system in Chapter 3, we haven't yet defined alpha opac­
ity. We shall do so in Chapter 7, but until then consider the alpha value to be the 
opacity of an object. Alpha values of one indicate that the object is opaque, while 
alpha values of zero indicate that the object is transparent. 

The procedure for generating lookup table entries is to define pairs of val­
ues for HSVA. These pairs define a linear ramp for hue, saturation, value, and 
opacity. When the Build () method is invoked, these linear ramps are used to 
generate a table with the number of table entries requested. Alternatively, vtk­
LookupTable also enables you to load colors directly into the table. Thus, you 
build custom tables that cannot be simply expressed as linear ramps of HSVA 
values. 

To demonstrate this procedure, we specify a starting and ending value for 
each of the components of HSVA, then we will create a rainbow lookup table 
from blue to red by using the following C++ code. 

vtkLookupTable *lut=vtkLookupTable::New(); 
lut->SetHueRange(0.6667, 0.0); 
lut->SetSaturationRange(l.0, 1.0); 
lut->SetValueRange(l.0, 1.0); 
lut->SetAlphaRange(l.0, 1.0); 
lut->SetNumberOfColors(256); 
lut->Build(); 

Since the default values for SaturationRange, ValueRange, AlphaRange, and 
the number oflookup table colors are (1,1), (1,1), (1,1), and 256, respectively, we 
can simplify this process to the following 
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vtkLookupTable *lut=vtkLookupTable::New(); 

lut->SetHueRange(0.6667, 0.0); 

lut->Build(); 

(The default values for HueRange are (0.0, 0.6667) - a red to blue color table. 
To build a black and white lookup table of 256 entries we use 

vtkLookupTable *lut=vtkLookupTable::New(); 

lut->SetHueRange(0.0, 0.0); 

lut->SetSaturationRange(0.0, 0.0); 

lut->SetValueRange(0.0, 1.0) 
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In some cases you may want to specify colors directly. You can do this by 
specifying the number of colors, building the table, and then inserting new col­
ors. When you insert colors, the RGBA color description system is used. For 
example, to create a lookup table of the three colors red, green, and blue, use the 
following C++ code. 

vtkLookupTable *lut=vtkLookupTable::New(); 

lut->SetNumberOfColors(3); 

lut->Build () ; 
lut->SetTableValue(0, 1.0, 0.0, 0.0, 1.0); 

lut->SetTableValue(0, 0.0, 1.0, 0.0, 1.0); 

lut->SetTableValue(0, 0.0, 0.0, 1.0, 1.0); 

Lookup tables in the Visualization Toolkit are associated with the graphics 
mappers. Mappers will automatically create a red to blue lookup table ifno table 
is specified, but if you want to create your own, use the mapper->SetLookup­
Table ( lut} operation where mapper is an instance of vtkMapper or its sub­
classes. 

A few final notes on using lookup tables. 

• Mappers use their lookup table to map scalar values to colors. If no scalars 
are present, the mappers and their lookup tables do not control the color of 
the object. Instead the vtkProperty object associated with the vtkActor 
class does. Use the method actor->GetProperty () ->SetColor (r, g, b) 
where r, g, and b are floating-point values specifying color. 

• If you want to prevent scalars from coloring your object, use the method 
mapper->ScalarVisibilityOff () to turn off color mapping. Then the 
actor's color will control the color of the object. 

• The scalar range (i.e., the range into which the colors are mapped) is speci­
fied with the mapper. Use the method mapper->SetScalarRange (min, 
max). 

You can also derive your own lookup table types. Look at vtkLogLookup­
Table for an example. This particular lookup table inherits from vtkLookup-
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Figure 6-37 Inheritance hierarchy ofvtkimplicitFunct:ion and subclasses. 

Table. It performs logarithmic mapping of scalar value to table entry, a useful capability when scalar values span many orders of magnitude. 

Implicit Functions 

As we have seen, implicit functions can be used for visualizing functions, creat­ing geometry, and cutting or selecting datasets. vtk includes several implicit functions including a single plane (vtkPlane), multiple convex planes (vtk­Planes), spheres (vtkSphere), cones (vtkCone), cylinders (vtkCylinder), and the general quadric (vtkQuadric). The class vtkimplicitBoolean allows you to create boolean combinations of these implicit function primitives. Other implicit functions can be added to vtk by deriving from the abstract base class vtkimplicitFunction. 
The existing inheritance hierarchy for implicit functions is shown in Figure 6-37. Subclasses of vtkimplicitFunction must implement the two methods Evaluate () and Gradient (}. The method Evaluate (} returns the value of the function at point (x,y,z), while the method Gradient (} returns the gradient vector to\ the function at point (x,y,z). 

Contouring 

Scalar contouring is implemented in the Visualization Toolkit with vtkCon­tourFilter. This filter object accepts as input any dataset type. Thus, vtkCon­tourFil ter treats every cell type and each cell type must provide a method for contouring itself 
Contouring in vtk is implemented using variations of the marching cubes algorithm presented earlier. That is, a contour case table is associated with each cell type, so each cell will generate contouring primitives as appropriate. For example, the tetrahedron cell type implements "marching tetrahedron" and cre­ates triangle primitives, while the triangle cell type implements "marching tri­angles" and generates lines segments. 
The implication of this arrangement is that vtkContourFil ter will gen­erate point, line, and surface contouring primitives depending on the combina­tion of input cell types. Thus vtkContourFil ter is completely general. We have created another contour filter, vtkMarchingCubes, that is specific to the dataset type structured points (in particular, 3D volumes). These two filters allow us to compare (at least for this one algorithm) the cost of generality. 
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(a) Quarter resolution (b) Half resolution (c) Full resolution 

Specific General General 
Resolution (w/ normals) (no normals) Factor (w/ normals) Factor 

64x64 X 93 1.000 2.889 2.889 7.131 7.131 

128 X 128 x93 5.058 11.810 2.330 23.260 4.600 

256 X 256 X 93 37.169 51.620 1.390 87.230 2.350 

Figure 6-38 The cost of generality. Isosurface generation of three volumes of different 
sizes are compared. The results show normalized execution times for two different 
implementations of the marching-cubes isosurface algorithm. The specialized filter. is 
vtkMarchingCubes. The general algorithms are first vtkContourFilter and then in 
combination with vtkPolyDataNormals. 

Recall from "Generality Versus Efficiency" on page 155 the issues regarding 
the trade-offs between general and specific algorithms. Figure 6-38 shows a com­
parison of CPU times for a volume dataset at 64 x 64 x 93, 128 x 128 x 93, and 
256 x 256 x 93 resolution. The volume is a CT dataset of a human head. Three 
cases were run. In the first case the vtkMarchingCubes object was used. The 
output of this filter is triangles plus point normals. In the second case vtkCon -
tourFilter was run. The output of this filter is just triangles. In the last case 
vtkContourFilter was combined with vtkPolyDataNormals (to generate 
point normals). The output of the combined filters is also triangles plus point 
normals. 

The execution times are normalized to the smallest dataset using the vtk­
MarchingCubes object. The results are clear: The specific object outperforms 
the general object by a factor of 1.4 to 7, depending on data size and whether nor­
mals are computed. The larger differences occur on the smaller datasets. This is 
because the ratio of voxel cells containing the isosurface to the total number of 
voxels is larger for smaller datasets. (Generally the total number of voxels 
increases as the resolution cubed, while the voxels containing the isosurface 
increase as the resolution squared.) As a result, more voxels are processed in the 
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smaller datasets relative to the total number of voxels than in the larger 
datasets. When the datasets become larger, more voxels are "empty" and are not 
processed. 

Although these results do not represent all implementations or the behav­
ior of other algorithms, they do point to the cost of generality. Of course, there is 
a cost to specialization as well. This cost is typically in programmer time, since 
the programmer must rewrite code to adapt to new circumstances and data. Like 
all trade-offs, resolution of this issue requires knowledge of the application. 

An example use of vtkContourFilter is shown in Figure 6-39. This 
example is taken from Figure 4-1, which is a visualization of a quadric function. 
The class vtkSampleFunction samples the implicit quadric function using the 
vtkQuadric class. Although vtkQuadric does not participate in the pipeline in 
terms of data flow, it is used to define and evaluate the quadric function. It is pos­
sible to generate one or more isolines/isosurfaces simultaneously using vtkCon -
tourFilter. As Figure 6-39 shows, we use the GenerateValues () method to 
specify a scalar range, and the number of contours within this range (including 
the initial and final scalar values). vtkContourFilter generates duplicate ver­
tices, so we can use vtkCleanPolyData to remove them. To improve the ren­
dered appearance of the isosurface, we use vtkPolyDataNormals to create 
surface normals. (We describe surface normal generation in Chapter 9.) 

Cutting 

vtkCutter performs cutting of all vtk cell types. The SetValue () and 
GenerateValues () methods permit the user to specify which multiple scalar 
values to use for the cutting. vtkCutter requires an implicit function that will 
be evaluated at each point in the dataset. Then each cell is cut using the cell's 
Contour method. Any point attributes are interpolated to the resulting cut ver­
tices. The sorting order for the generated polygonal data can be controlled with 
the SortBy method. The default sorting order, SortByValue (), processes cells 
in the inner loop for each contour value. SortByCell () processes the cutting 
value in the inner loop and produces polygonal data that is suitable for back-to­
front rendering (see Figure 6-32). (The sorting order is useful when rendering 
with opacity as discussed in Chapter 7.) Notice the similarity of this filter to the 
vtkContourFilter. Both of these objects contour datasets with multiple isoval­
ues. vtkCutter uses an implicit function to calculate scalar values while vtkC­
ontourFilter uses the scalar data associated with the dataset's point data. 

Glyphs 

The vtkGlyph3D class provides a simple, yet powerful glyph capability in the 
Visualization Toolkit. vtkGlyph3D is an example of an object that takes multiple 
inputs (Figure 6-tO). One input, specified with the Setinput () method, defines 
a set of points and possible attribute data at those points. The second input, 
specified with the SetSource ( ) method, defines a geometry to be copied to 
every point in the input dataset. The source is of type vtkPolyData. Hence, any 
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,(vtkQuadric) 

vtkSampleFunction 

vtkContourFilter 

( vtkPolyDataMapper ) 

// Define implicit function 

vtkQuadric *quadric= vtkQuadric::New(); 

quadric->SetCoefficients(.5,1,.2,0, .1,0,0, .2,0,0); 

vtkSampleFunction *sample= vtkSarnpleFunction::New(); 

sample->SetSampleDimensions(S0,50,50); 

sarnple->SetimplicitFunction(quadric); 

vtkContourFilter *contour= vtkContourFilter::New(); 

contour->Setinput(sample->GetOutput()); 

contour->GenerateValues(S,0,1.2); 

vtkPolyDataMapper *contourMapper = vtkPolyDataMapper::New(); 

contourMapper->Setinput(contour->GetOutput()); 

contourMapper->SetScalarRange(0,1.2); 

vtk.Actor *contourActor = vtk.Actor::New(); 

contourActor->SetMapper(contourMapper); 

// Create outline 
vtkOutlineFilter *outline= vtkOutlineFilter::New(); 

outline->Setinput(sample->GetOutput()); 

vtkPolyDataMapper *outlineMapper = vtkPolyDataMapper::New(); 

outlineMapper->Setinput(outline->GetOutput()); 

vtk.Actor *outlineActor = vtk.Actor::New(); 

outlineActor->SetMapper(outlineMapper); 

outlineActor->GetProperty()->SetColor(0,0,0); 
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Figure 6-39 Contouring quadric function. Pipeline topology, C++ code, and resulting 

image are shown (contQuad. cxx). 
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vtkDataSet vtkPolyData 

Input + 
Source vtkGlyph3D 

vtkPolyData 

Figure 6-40 Data flow into and out of the vtkGlyph3D class. 

filter, sequence of filters creating polygonal data, or a polygonal dataset may be used to describe the glyph's geometry. 
The behavior of an instance of vtkGlyph3D depends on the nature of the input data and the value of its instance variables. Generally, the input Source geometry will be copied to each point of the Input dataset. The geometry will be aligned along the input vector data and scaled according to the magnitude of the vector or the scalar value. In some cases, the point normal is used rather than the vector. Also, scaling can be turned on or off. 
We saw how to use vtkGlyph3D in the example given in Figure 4-14. Cones were used as the glyph and were located at each point on the sphere, ori­ented along the sphere's surface normal. 

Streamlines 

Streamlines and particle motion require numerical integration to guide a point through the vector field. Vector visualization algorithms that we will see in later chapters also require numerical integration. AB a result, we designed an object hierarchy that isolates the numerical integration process into a single base class. The base class is vtkStreamer and it is responsible for generating a particle path through a vector field of specified length (expressed as elapsed time). Each derived class of vtkStreamer takes advantage of this capability to move through the vector field but implements its own particular representational tech­nique to depict particle motion. Streamlines (vtkStreamLine) draw connected lines while particle motion is shown by combining the output of vtkStream­Points with the vtkGlyph3D object. Using vtkGlyph3D we can place spheres or oriented objects such as cones or arrows at points on the particle path created by vtkStreamPoints. The inheritance hierarchy for vtkStreamer and sub­classes is shown in Figure 6-41. 
The integration method in vtkStrearner is implemented as a virtual func­tion. Thus it can be overloaded as necessary. Possible reasons for overloading include implementing an integration technique of higher or lower accuracy, or creating a technique specialized to a particular dataset type. For example, the 
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vtkDataSe!ToPolyRlter 

vtkStreamPolats vtkStreamUne vtkOashedStreamLine 

Figure 6-41 Inheritance hierarchy for vtkStreamer and subclasses. 

search process in a volume is much faster than it is for other dataset types, 

therefore, highly efficient vector integration techniques can be constructed. 

The vector integration technique in vtk will accommodate any cell type. 

Thus, integration through cells of any topological dimension is possible. If the 

cells are of topological dimension 2 or less, the integration process constrains 
particle motion to the surface (2D) or line (1D). The particle may only leave a cell 

by passing through the cell boundary, and traveling to a neighboring cell, or exit­

ing the dataset. 

Abstract Filters 

Attribute transformations create or modify data attributes without changing the 

topology or geometry of a dataset. Hence filters that implement attribute trans­

formation (e.g., vtkElevationFilter) can accept any dataset type as input, 

and may generate any dataset type on output. Unfortunately, because filters 

must specialize the particular type of data they output, at first glance it appears 

that filters that create general dataset types on output are not feasible. This is 

because the type vtkDataSet is an abstract type and must be specialized to 

allow instantiation. 

Fortunately; there is a a solution to this dilemma. The solution is to use the 

"virtual constructor" MakeObj ect ( ) . Although C++ does not allow virtual con­

structors, we can simulate it by creating a special virtual function that con­

structs a copy of the object that it is invoked on. For example, if this function is 

applied to a dataset instance of type vtkPolyData, the result will be a copy of 
that instance (Figure 6-42). (Note that we use reference counting to make copies 

and avoid duplicating memory.) The virtual constructor function MakeObj ect () 

is implemented in a number of vtk classes including datasets and cells. 

Using the virtual constructor we can construct filters that output abstract 
data types like vtkDa ta Set. We simply apply MakeObj ect () to the input of the 

filter. This will then return a pointer to a concrete object that is the output of the 

filter. The result is a general filter object that can accept any dataset type for 

input and creates the general vtkDataSet type as output. In vtk, this function-
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vtkPolyData 

vtkDataSetToDataSetFilter 

Output= Input->Make0bject() 

vtkPolyData 

Figure 6-42 Depiction of data flow for abstract filter output. The output object type is the same as the input type. 

ality has been implemented in the abstract class vtkDataSetToDataSetFil­
ter. 

There are other filters that implement variations of this delegation tech­nique. The class vtkPointSetToPointSetFilter is similar to vtkDataSet­ToDataSetFilter. This class takes as input any dataset whose geometry is explicitly defined via an instance of vtkPoints (or subclass), and generates on output an object of the same type (i.e., vtkPointSet). The class vtkMergeFil­ter combines dataset structure and point attributes from one or more input datasets. For example, you can read multiple files and combine the geometry/ topology from one file with different scalars, vectors, and normals from other files. 
One difficulty using abstract filter types is that the output type may not match with the input type of a downstream filter. For example, the output of vtkElevationFilter is specified as vtkDataSet even though the input may be of type vtkPolyData, and we know from the previous discussion that the actual output type will be vtkPolyData. This difficulty is removed by using the filter vtkCas tToConcrete, which allows you to run-time cast to the appropriate output type. In this case we would use the GetPolyData0utput ( J from vtk­CastToConcrete. After checking the validity of the cast, this method returns a dataset cast to vtkPolyData. Of course, this process requires that the input to vtkCastToConcrete be set before the output is requested. 

Visualizing Blood Flow 

In this example we'll combine a few different techniques to visualize blood flow in the human carotid arteries. Our data contains both vectors that represent the velocity of blood and scalars that are proportional to the magnitude of the veloc­ity (i.e., speed). 
We can provide context for the visualization by creating an isosurface of speed. This isosurface shows regions of fastest blood flow, and is similar to, but 
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not the same as, the actual surface of the arteries. However, it provides us with a 
visual cue to the structure of the arteries. 

The first vector visualization technique we'll use is to generate vector 
glyphs (Figure 6-43). Unfortunately, we cannot just create glyphs at each point 
because of the number of points (over 167,000 points). To do so would result in a 
confusing mess, and the interactive speed would be poor. Instead, we'll use two 
filters to select a subset of the available points. These filters are vtkThreshold­
Points and vtkMaskPoints. 

vtkThresholdPoints allows us to extract points that satisfy a certain 
threshold criterion. In our example, we choose points whose speed is greater 
than a specified value. This eliminates a large number of points, since most 
points lie outside the arteries and have a small speed value. 

The filter vtkMaskPoints allows us to select a subset of the available 
points. We specify the subset with the OnRatio instance variable. This instance 
variable indicates that every OnRatio point is to be selected. Thus, if the OnRa­
tio is equal to one, all points will be selected, and if the OnRatio is equal to ten, 
every tenth point will be selected. This selection can be either uniform or ran­
dom. Random point selection is set using the RandomModeOn () and Randorn­
ModeOf f () methods. 

After selecting a subset of the original points, we can use the vtkGlyph3D 
filter in the usual way. A cone's orientation indicates blood flow direction, and its 
size and color correspond to the velocity magnitude. Figure 6-43 shows the pipe­
line, sample code, and a resulting image from this visualization. Note that we've 
implemented the example using the interpreted language Tel. See Chapter 11 if 
you want more information about Tel. 

In the next part of this example we'll generate streamtubes of blood veloc­
ity. Again we use an isosurface of speed to provide us with context. The starting 
positions for the streamtubes were determined by experimenting with the data. 
Because of the way the data was measured and the resolution of the velocity 
field, many streamers travel outside the artery. This is because the boundary 
layer of the blood flow is not captured due to limitations in data resolution. Con­
sequently, as the blood flows around curves, there is a component of the velocity 
field that directs the streamtub~ outside the artery. As a result it is hard to find 
starting positions for the streamtubes that yield interesting results. We use the 
source object vtkPointSource in combination with vtkThresholdPoints to 
work around this problem. vtkPointSource generates random points centered 
around a sphere of a specified radius. We need only find an approximate position 
for the starting points of the streamtubes and then generate a cloud of random 
seed points. vtkThresholdPoints is used to cull points that may be generated 
outside the regions of high flow velocity. 

Figure 6-44 shows the pipeline, sample Tel code, and a resulting image 
from the visualization. Notice that the isosurface is shown in wireframe. This 
provides context, yet allows us to see the streamtubes within the isosurface. 
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vtkStructuredPointsReader 

vtkThresholdPoints 

vtkMaskPoints 

vtkConeSource vtkGlyph3D 

vtkPolyDataMapper 

vtkStructuredPointsReader reader 
reader SetFileNarne " .. / .. / .. /vtkdata/carotid.vtk" 
reader Debugon 

vtkThresholdPoints threshold 
threshold Setinput [reader GetOutput] 
threshold ThresholdByUpper 200 

vtkMaskPoints mask 
mask Setinput [Threshold GetOutput] 
mask SetOnRatio 10 

vtkConeSource cone 
cone SetResolution 3 
cone SetHeight 1 
cone SetRadius 0.25 

vtkGlyph3D cones 
cones Setinput [mask GetOutput] 
cones SetSource [cone GetOutput] 
cones SetScaleFactor 0.005 
cones SetScaleModeToScaleByVector 

vtkPolyDataMapper vecMapper 
vecMapper Setinput [cones GetOutput] 
vecMapper SetScalarRange 2 10 

Figure 6-43 Visualizing blood flow in human carotid arteries. Cone glyphs indicate flow direction and magnitude. The code fragment shown is from the Tel script thrshldV. tel and shows creation of vector glyphs. 
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vtkStructuredPointsReader vtkPointSource 

vtkTubeFilter 

( vtkPolyDataMapper ) 

vtkStructuredPointsReader reader 
reader SetFileName " .. / .. / .. /vtkdata/carotid.vtk" 

vtkPointSource source 
source SetNurnberOfPoints 25 
source SetCenter 133.1 116.3 5.0 
source SetRadius 2.0 

vtkThresholdPoints threshold 
threshold Setinput [reader GetOutput] 
threshold ThresholdByUpper 275 

vtkStreamLine streamers 
streamers setinput [reader GetOutput] 
streamers SetSource [source GetOutput] 
streamers SetMaximumPropagationTime 100.0 
streamers SetintegrationStepLength 0.2 
streamers SpeedScalarsOn 
streamers SetTerminalSpeed .1 

vtkTubeFilter tubes 
tubes Setinput [streamers GetOutput) 
tubes SetRadius-0.3 
tubes SetNurnberOfSides 6 
tubes SetVaryRadiusToVaryRadiusOff 

vtkPolyDataMapper streamerMapper 
streamerMapper Setinput [tubes GetOutput] 
streamerMapper SetScalarRange 2 10 

Figure ~4 Visualizing blood flow in the human carotid arteries. Streamtubes of flow 
vectors (st:.reamV. tel). 
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6.7 Chapter Summary 

Visualization algorithms transform data from one form to another. These trans­
formations can change or create new structure and/or attributes of a dataset. 
Structural transformations change either the topology or geometry of a dataset. 
Attribute transformatiohs change dataset attributes such as scalars, vectors, 
normals, or texture coordinates. 

Algorithms are classified according to the type of data they operate on. Sca­
lar, vector, and tensor algorithms operate on scalar, vector, and tensor data, 
respectively. Modelling algorithms operate on dataset geometry or topology, tex­
ture coordinates, or normals. Modelling algorithms also may include complex 
techniques that may represent combinations of different data types. 

Algorithms can be designed and implemented for general types of data or 
specialized for a specific type. General algorithms are typically less efficient than 
their specialized counterparts. Conversely, general algorithms are more flexible 
and do not require rewriting as new dataset types are introduced. 

Important scalar algorithms include color mapping and contouring. Color 
maps are used to map scalar values to color values. Contouring algorithms cre­
ate isosurfaces or isolines to indicate areas of constant scalar value. 

Glyphs such as hedgehogs are useful for visualizing vector data. These 
techniques are limited by the number of glyphs that can be displayed at one 
time. Particle traces or streamlines are another important algorithm for vector 
field visualization. Collections of particle traces can convey something of the 
structure of a vector field. 

Real, symmetric 3 x 3 tensors can be characterized by their eigenvalues 
and eigenvectors. Tensors can be visualized using tensor ellipsoids or oriented 
axes. 

Implicit functions and sampling techniques can be used to make geometry, 
cut data, and visualize complex mathematical descriptions. Glyphs are objects 
whose appearance is associated with a particular data value. Glyphs are flexible 
and can be created to visualize a variety of data. 

6.8 Bibliographic Notes 

Color mapping is a widely studied topic in imaging, computer graphics, visual­
ization, and human factors. References [Durrett87) [Ware88) [Rheingans92) pro­
vide samples of the available literature. You also may want to learn about the 
physiological and psychological effects of color on perception. The text by 
Wyszecki and Stiles [Wyszecki82) serves as an introductory reference. 

Contouring is a widely studied technique in visualization because of its 
importance and popularity. Early techniques were developed for 2D data 
[Watson92). Three dimensional techniques were developed initially as contour 
connecting methods [Fuchs77) - that is, given a series of 2D contours on evenly 
spaced planes, connect the contours to create a closed surface. Since the intro­
duction of marching cubes, many other techniques have been implemented. (A 
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few of these include [Nielson91] [Montani94] and [Durst88]). A particularly 
interesting reference is given by Livnat et al. [Livnat96]. They show a contouring 
method with the addition of a preprocessing step that generates isocontours in 
near optimal time. 

Although we barely touched the topic, the study of chaos and chaotic vibra­
tions is a delightfully interesting topic. Besides the original paper by Lorenz 
[Lorenz63], the book by Moon [Moon87] is a good place to start. 

Two- and three-dimensional vector plots have been used by computer ana­
lysts for many years [Fuller80]. Streamlines and streamribbons also have been 
applied to the visualization of complex flows [Volpe89]. Good general references 
on vector visualization techniques are given in [Helman90] and [Richter90]. 

Tensor visualization techniques are relatively few in number. Most tech­
niques are glyph oriented [Haber90] [deLeeuw93]. We will see a few more tech­
niques in Chapter 9. 

Blinn [Blinn82], Bloomental {Bloomenthal88] [Bloomenthal97] and Wyvill 
[Wyvill86] have been important contributors to implicit modeling. Implicit mod­
eling is currently popular in computer graphics for modeling "soft" or "blobby" 
objects. These techniques are simple, powerful, and are becoming widely used for 
advanced computer graphics modeling. 
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6.10 Exercises 

6.1 Sketch contour cases for marching triangles. How many cases are there? 

6.2 Sketch contour cases for marching tetrahedron. How many cases are there? 
6.3 A common visualization technique is to animate isosurface value. The pro-

cedure is to smoothly vary isosurface value over a specified range. 
a) Create an animation sequence for the quadric example (Figure 4-1 ). 
b) Create an animation sequence for the head sequence (Figure 6-11(b)). 
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6.4 Marching cubes visits each cell during algorithm execution. Many of these 
cells do not contain the isosurface. Describe a technique to improve the per­
formance of isosurface extraction by eliminating visits to cells not contain­
ing isosurface. (Hint: use a preprocessing step to analyze data. Assume that 
many isosurfaces will be extracted and that the preprocessing step will not 
count against execution time.) 

6.5 Scan-line rasterization proceeds along horizontal spans in graphics hard­
ware (see "Rasterization" on page 60). Interpolation of color occurs along 
horizontal spans as well. 
a) Show how the orientation of a polygon affects interpolated color. 
b) Discuss potential problems caused by orientation dependent viewing of 
visualizations. 

6.6 Write a program to simulate beam vibration. Use the code associated with 
Figure 6-14(a) as your starting point. 

6.7 Using the filters vtkStreamLine, vtkMaskPoints, and vtkGlyph3D, cre­
ate a visualization consisting of oriented glyphs along a streamline. 

6.8 Visualize the following functions. 
a) Scalar S(x, y, z) = sin(xy), for x,y between O and 1t . 
b) The effective stress field (a scalar field) from Figure 6-21. 
c) The vector field described in the combustor data (i.e., combq. bin and 
combxyz . bin). 

6.9 Tensor ellipsoids are based on an ellipsoidal glyph. Describe two other 
glyphs that you might use. 

6.10 Write a source object to generate a polygonal representation of a torus. 

6.11 Design a glyph to convey airplane heading, speed, and altitude, and prox­
imity (i.e., distance) to other planes. 

6.12 Morphing is a process to smoothly blend images (2D) or geometry (3D) 
between two known images or geometry. Using an implicit modeling 
approach, how would you morph a torus into a cube? 

6. 13 Describe a technique to visualize vector information by animating a color 
map. (Hint: By choosing a map carefully, you can give the illusion of motion 
across a surface.) 

6.14 Isoline contours of different values are typically shown together in one 
image. 
a) Describe the advantages and disadvantages of displaying isosurfaces 
simultaneously. 
b) What two graphics properties might you adjust to improve the display of 
multiple isosurfaces? 

6.15 Describe a parallel algorithm for marching cubes. Use a parallel architec­
ture of your choice. 
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6.16 Decomposition can greatly increase the speed of an operation. 
a) Prove that 3D Gaussian smoothing can be decomposed into three lD 
operations. 
b) Give the complexity of the decomposed filter and the same filter imple­
mented as a 3D convolution. 
c) Under what conditions can constant smoothing be decomposed into 1D 
operations. 
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C H A P T E R 8 

Advanced Data Representation 

This chapter examines advanced topics in 
data representation. Topics include topological and geometric relationships and 
computational methods for cells and datasets. 

8.1 Coordinate Systems 

We will examine three different coordinate systems: the global, dataset, and 
structured coordinate systems. Figure 8-1 shows the relationship between the 
global and dataset coordinate systems, and depicts the structured coordinate 
system. • 

Global Coordinate System 

The global coordinate system is a Cartesian, three-dimensional space. Each 
point is expressed as a triplet of values (x,y,z) along the x, y, and z axes. This is 
the same system that was described in Chapter 3 (see "Coordinate Systems" on 
page 49). 

The global coordinate system is always used to specify dataset geometry 
(i.e., the point coordinates), and data attributes such as normals and vectors. We 
will use the word "position" to indicate that we are using global coordinates. 
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Advanced Data Representation 

Structured Coordinates 
(Location) ij,k, r,s,t 

Figure 8-1 Local and global coordinate systems. 

Dataset Coordinate System 

The dataset, or local, coordinate system is based on combined topological and 
geometric coordinates. The topological coordinate is used to identify a particular 
cell (or possibly a subcell), and the geometric coordinate is used to identify a par­
ticular location within the cell. Together they uniquely specify a location in the 
dataset. Here we will use the word "location" to refer to local or dataset coordi­
nates. 

The topological coordinate is an "id": a unique, nonnegative integer number 
referring to either a dataset point or cell. For a composite cell, we use an addi­
tional "sub-id" to refer to a particular primary cell that composes the composite 
cell. The sub-id is also unique and nonnegative. The id and sub-id together select 
a particular primary cell. 

To specify a iocation within the primary cell, we use geometric coordinates. 
These geometric coordinates, or parametric coordinates, are coordinates "natu­
ral" or canonical to the particular topology and dimension of a cell. 

We can best explain local coordinates by referring to an example. Ifwe con­
sider the polyline cell type shown in Figure 8-1, we can specify the position of a 
point by indicating 1) the polyline cell id, 2) the primary cell (i.e., line) sub-id and 
3) the parametric coordinate of the line. Because the line is one-dimensional, the 
natural or parametric coordinate is based on the one-dimensional parameter r. 
Then any point along the line is given by a linear combination of the two end 
points of the line xi and xi+ 1 

(8-1) 

where the parametric coordinate r is constrained between (0,1). In this equation 
we are assuming that the sub-id is equal to i. 

The number of parametric coordinates corresponds to the topological 
dimension of the cell. Three-dimensional cells will be characterized by the three 
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parametric coordinates (r, s, t). For cells of topological order less than three, we 
will ignore the last (3 - n) parametric coordinates, where n is the topological 
order of the cell. For convenience and consistency, we also will constrain each 
parametric coordinate to range between (0,1). 

Every cell type will have its own parametric coordinate system. Later in 
this chapter we will describe the parametric coordinate systems in detail. But 
first we will examine another coordinate system, the structured coordinate sys­
tem. 

Structured Coordinate System 

Many dataset types are structured. This includes structured points and struc­
tured grids. Because of their inherent structure, they have their own natural 
coordinate system. This coordinate system is based on the i-j-k indexing scheme 
that we touched on in Chapter 5 (see "Structured Points" on page 128). 

The structured coordinate system is a natural way to describe components 
of a structured dataset. By fixing some indices, and allowing the others to vary 
within a limited range, we can specify points, lines, surfaces, and volumes. For 
example, by fixing the i index i = i0, and allowing the j and k indices to range 
between their minimum and maximum values, we specify a surface. If we fix 
three indices, we specify a point, ifwe fix two indices, we specify a line, and ifwe 
allow three indices to vary, we specify a volume (or sub-volume). The structured 
coordinate system is generally used to specify a region of interest (or ROI). The 
region of interest is an area that we want to visualize, or to operate on. 

There is a simple relationship between the point and cell id of the dataset 
coordinate system and the structured coordinate system. To obtain a point id Pid 
given the indices (ip, j P' k p) and dimensions (nx, ny, n2 ) we use 

(8-2) 

with O ~ iP < nx, 0 ~ j P < ny, 0 ~ k < nz. (We can use this id to index into an array of 
points or point attribute data.! This equation implicitly assumes an ordering of 
the points in topological space. Points along the i axis vary fastest, followed by 
thej and then the k axes. A similar relationship exists for cell id's 

(8-3} 

Here we've taken into account that there are one fewer cells along each topologi­
cal axes than there are points. 

8.2 Interpolation Functions 

Computer visualization deals with discrete data. The data is either supplied at a 
finite number of points or created by sampling continuous data at a finite num­
ber of points. But we often need information at positions other than these dis­
crete point locations. This may be for rendering or for subsampling the data 
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during algorithm execution. We need to interpolate data from known points to 
some intermediate point using interpolatwn functions. 

Interpolation functions relate the values at cell points to the interior of the 
cell. Thus, we assume that information is defined at cell points, and that we 
must interpolate from these points. We can express the result as a weighted 
average of the data values at each cell point. 

General Form 

To interpolate data from the cell points Pi to a point p that is inside the cell, we 
need three pieces of information: 

1. the data values at each cell point, 

2. the parametric coordinates of the point p within the cell, and 

3. the cell type including interpolation functions. 

Given this information, the interpolation functions are a linear combination of 
the data values at the cell points 

n-1 

d= ~W--d­L,; t i {8-4) 

. where dis the data value at the interior cell location (r,s,t), di is the data value at 
the ih cell point, and Wi is a weight at the lh cell point. The interpolation 
weights are functions of the parametric coordinates Wi = W(r,s,t). In addition, 
because we want d = di when the interior point coincides with a cell point, we can 
place additional constraints on the weights 

(8-5) 

We also desire the interpolated data value d to be no smaller than the minimum 
di and no larger than the maximum di· Thus the weights should also satisfy 

(8-6) 

The interpolation functions are of a characteristic shape. They reach their 
maximum value Wi = 1 at cell point Pi, and are zero at all other points. Examin­
ing Equation 8-1, we draw Figure 8-2 and see that each interpolation function 
has the shape of a peaked "hat," and that interpolation is a linear combination of 
these hat functions, scaled by the data value at each point. 

Equation 8-4 is the general form for cell interpolation. It is used to interpo­
late any data value defined at the cell points to any other point within the cell. 
We have only to define the specific interpolation functions Wi for each cell type. 
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Figure 8-2 Interpolation is a linear combination of local interpolation functions. 
Interpolation functions are scaled by data values at cell points. 

Figure 8-3 Parametric coordinate system and interpolation functions for a line. 

Specific Forms 

313 

Each cell type has its own interpolation functions. The weights Wi are functions 
of the parametric coordinates r, s, and t. In this section we will define the para­
metric coordinate system and interpolation function for each primary cell type. 
Composite cells use the interpolation functions and parametric coordinates of 
their composing primary cells. The only difference in coordinate system specifica­
tion between primary and composite cells is that composite cells use the addi­
tional sub-id to specify a particular primary cell. 

Vertex. Vertex cells do not require parametric coordinates or interpolation func­
tions since they are zero-dimensional. The single weighting function is WO = 1. 

Line. Figure 8-3 shows the parametric coordinate system and interpolation 
functions for a line. The line is described using the single parametric coordinate 
r. 

Pixel. Figure 8-4 shows the parametric coordinate system and interpolation 
functions for a pixel cell type. The pixel is described using the two parametric 
coordinates (r,s). Note that the pixel edges are constrained to lie parallel to the 
global coordinate axes. These are often referred to as bilinear interpolation func­
tions. 

Quadrilateral. Figure 8-5 shows the parametric coordinate system and interpo­
lation functions for a quadrilateral cell type. The quadrilateral is described using 
the two parametric coordinates (r,s). 
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Figure 8-4 Parametric coordinate system and interpolation functions for a pixel. 
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Figure 8-5 Parametric coordinate system and interpolation functions for a 
quadrilateral. 

Triangle. Figure 8---6 shows the parametric coordinate system and interpolation 
functions for a triangle cell type. The triangle is characterized using the two 
parametric.coordinates (r,s). 

Polygon. Figure 8-7 shows the parametric coordinate system and interpolation 
functions for a polygon cell type. The polygon is characterized using the two 
parametric coordinates (r,s). The parametric coordinate system is defined by cre­
ating a rectangle oriented along the first edge of the polygon. The rectangle also 
must bound the polygon. 

The polygon poses a special problem since we do not know how many verti­
ces define the polygon. As a result, it is not possible to create general interpola­
tion functions in the fashion of the previous functions we have seen. Instead, we 
use a function based on weighted distance squared from each polygon vertex. 

The weighted distance squared interpolation functions work well in prac­
tice. However, there are certain rare cases where points topologically distant 
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Figure 8--6 Parametric coordinate system and interpolation functions for a triangle. 
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Figure 8-7 Parametric coordinate system and interpolation functions for a polygon. 

from the interior of a polygon have an undue effect on the polygon interior 
(Figure 8-8). These situations occur only if the polygon is concave and wraps 
around on itself. 

Tetrahedron. Figure 8-9 shows the parametric coordinate system and interpola­
tion functions for a tetrahedron cell type. The tetrahedron is described using the 
three parametric coordinates (r;s,t). 

Voxel. Figure 8-10 shows the parametric coordinate system and interpolation 
functions for a voxel cell type. The voxel is described using the three parametric 
coordinates (r;s,t). Note that the voxel edges are constrained to lie parallel to the 
global coordinate axes. These are often referred to as trilinear interpolation func­
tions. 
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Region of strong influence 

Figure 8-8 Potential problem with distance-based interpolation functions. 
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Figure 8-9 Parametric coordinate system and interpolation functions for a tetrahedron. 
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Figure 8-10 Parametric coordinate system and interpolation functions for a voxel. 
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Figure 8-11 Parametric coordinate system and interpolation functions for a 
hexahedron. 
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Hexahedron. Figure 8-11 shows the parametric coordinate system and interpo­
lation functions for a hexahedron cell type. The hexahedron is described using 
the three parametric coordinates (r,s,t). 

8.3 Coordinate Transformation 

Coordinate transformation is a common visualization operation. This may be 
either transformation from dataset coordinates to global coordinates, or global 
coordinates to dataset coordinates. 

Dataset to Global Coordinates 

Transforming between dataset coordinates and global coordinates is straightfor­
ward. We st::rrt by identifying a primary cell using the cell id and sub-id. Then 
the global coordinates are generated from the parametric coordinates by using 
the interpolation functions of Equation 8-4. Given cell points Pi = p/xv Yv z;) the 
global coordinate p is simply 

n-1 

P = L W/ro, so, to)Pi 
i=O 

(8-7) 

where the interpolation weights Wi are evaluated at the parametric coordinate 
(ro, so, to)-

In the formulation presented here, we have used the same order interpola­
tion functions for both data and cell geometry. (By order we mean the polynomial 
degree of the interpolating polynomials.) This is termed iso-parametric interpo­
lation. It is possible to use different interpolation functions for geometry and 
data. Super-parametric interpolation is used when the order of the interpolation 
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functions for geometry is greater than those used for data. Sub-parametric inter­
polation is used when the order of the interpolation functions for geometry is less 
than those used for data. Using different interpolation functions is commonly 
used in numerical analysis techniques such as the finite element method. We 
will always use the iso-parametric interpolation for visualization applications. 

Global to Dataset Coordinates 

Global to dataset coordinate transformations are expensive compared to dataset 
to global transformations. There are two reasons for this. First, we must identify 
the particular cell Ci that contains the global point p. Second, we must solve 
Equation 8-4 for the parametric coordinates of p. 

To identify the cell Ci means doing some form. of searching. A simple but 
inefficient approach is to visit every cell in a dataset and determine whether p 
lies inside any cell. If so, then we have found the correct cell and stop the search. 
Otherwise, we check the next cell in the list. 

This simple technique is not fast enough for large data. Instead, we use 
accelerated search techniques. These are based on spatially organizing struc­
tures such as an octree or three-dimensional hash table. The idea is as follows: 
we create a number of "buckets," or data place holders, that are accessed by their 
location in global space. Inside each bucket we tag all the points or cells that are 
partially or completely inside the bucket. Then, to find a particular cell that con­
tains point p, we find the bucket that contains p, and obtain all the cells associ­
ated with the bucket. We then evaluate inside/outside for this abbreviated cell 
list to find the single cell containing p. (See "Searching" on page 325 for a more detailed description.) •• 

The second reason that global to dataset coordinate transformation is 
expensive is because we must solve the interpolation function for the parametric 
coordinates of p. Sometimes we can do this analytically, but in other cases we 
must solve for the parametric coordinates using numerical techniques. 

Consider the interpolation functions for a line (Figure 8-2). We can solve 
this equation exactly and find that 

(x-x0) (y-y0) (z-z0) 
r=---=---=---

(x,-xo) (Yi-Yo) <2 1- 2 0) 
(8-8) 

Similar relations exist for any cell whose interpolation functions are linear com­
binations of parametric coordinates. This includes vertices, lines, triangles, and 
tetrahedra. The quadrilateral and hexahedron interpolation functions are non­
linear because they are products oflinear expressions for the parametric coordi­
nates. As a result, we must resort to numerical techniques to compute global to 
dataset coordinate transformations. The interpolation functions for pixels and 
voxels are nonlinear as well, but because of their special orientation with respect 
to the x, y, and z coordinate axes, we can solve them exactly. (We will treat pixel 
and voxel types in greater depth in "Special Techniques for Structured Points" on page 329.) 
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To solve the interpolation functions for parametric coordinates we must use 
nonlinear techniques for the solution of a system of equations. A simple and 
effective technique is Newton's method [Conte72]. 

To use Newton's method we begin by defining three functions for the known 
global coordinate p = p(x,y,z) in terms of the interpolation functions Wi = Wlr,s,t) 

f (r, s, t) = 0 = x - 2, Wixi 

g(r, s, t) = 0 = y-2, Wiyi 

h(r,s,t)=O=z-I,Wizi 

and then, expanding the functions using a Taylor's series approximation, 

ar ar ar f = O = f O + ~r -r0) + ;f;.s -s0) + a/t-t0) + ... 

ag . ag ag g = 0 =go+ a/r-ro) + a/s -so)+ a/t- to>+ ... 

ah ah ah h = 0 = h0 + a/r - r 0) + a/s -s0) + a/t - t0 ) + ... 

(8-9) 

(8-10) 

we can develop an iterative procedure to solve for the parametric coordinates. 
This yields the general form 

-I 
ar ar ar 

f
ri+l] 

l::]-
ar as at 

l~j Si+ I = dg ag ag (8-11) 
ar as at 

ti+ I ah dh ah 
ar as at 

Fortunately, Newton's method converges quadratically (if it converges) and the 
interpolation functions that we have presented here are well behaved. In prac­
tice, Equation 8-11 converges in just a few iterations. 

8.4 Computing Derivatives 

Interpolation functions enable us to compute data values at arbitrary locations 
within a cell. They also allow us to compute the rate of change, or derivatives, of 
data values. For example, given displacements at cell points we can compute cell 
strains and stresses - or, given pressure values, we can compute the pressure 
gradient at a specified location. 

To introduce this process, we will begin by examining the simplest case: 
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z 

Figure 8-12 Computing derivatives in an lD line cell. 

computing derivatives in a lD line (Figure 8-12). Using geometric arguments, 
we can compute the derivatives in the r parametric space according to 

(8-12) 

where si is the data value at point i. In the local coordinate system x' , which is 
parallel to the r coordinate system (that is, it lies alorig the vector i 1 - io ), the 
derivative is 

(8-13) 

where l is the length of the line. 
Another way to derive Equation 8-13 is to use the interpolation functions of 

Figure 8-3 and the chain rule for derivatives. The chain rule 

d d d , 
-=-·-X 
dr dx' dr 

allows us to compute the derivative di dx' using 

d (d}'d , -= - -x 
dx' dr dr 

(8-14) 

(8-15) 

With the interpolation functions we can compute the x' derivatives with respect 
tor as 

( 
I l d . _ d w .. ,_ _ , , _ -x - - 2i , x , - - x 0 + x 1 - l dr dr 

i = 0 

(8-16) 

which, when combined with Equation 8-15 and Equation 8-12 for the s deriva­
tives, yields Equation 8-13. 

One final step remains. The derivatives in the i coordinate system must be 
converted to the global x-y-z system. We can do this by creating a unit vector D 
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as 

(8-17) 

where ±o and ± 1 are the locations of the two end points of the line. Then the 
derivatives in the x, y, and z directions can be computed by taking the dot prod­
ucts along the axes. 

: = cl ~sO}f. (1, 0, 0) 

: = (SI ~S0)6. (0, l, 0) 

: = (SI ~SO)iJ. (0, 0, l) 

(8-18) 

To summarize this process, derivatives are computed in the local r-s-t para­
metric space using cell interpolation. These are then transformed into a local 
x' - y' - z' Cartesian system. Then, if the x' - y' - z' system is not aligned with the 
global x - y - z coordinate system, another transformation is required to gener­
ate the result. 

We can generalize this process to three dimensions. From the chain rule for 
partial derivatives 

or after rearranging 

a 

a a ar a as a at ----+--+ -­ax - ar ax as ax at ax 

a a ar a as a at 
-=--+--+--dy dr dy as dy at ay 

a a ar a as a at 
az = ar oz+ as az + at az 

ax oy az a a 
Jr ar ar or ax ax 
a = ax ay az a =J a 
as as as as ay ay 
a ax oy az a a 
at at at at az az 

(8-19) 

(8-20) 

The 3 x 3 matrix J is called the Jacobian matrix, and it relates the parametric 
coordinate derivatives to the global coordinate derivatives. We can rewrite 
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Equation 8-20 into more compact form 

(8-21) 

and solve for the global derivatives by taking the inverse of the Jacobian matrix 

(8-22) 

The inverse of the Jacobian always exists as long as there is a one-to-one correspondence between the parametric and global coordinate systems. This means that for any (r, s, t) coordinate, there corresponds only one (x, y, z) coordi­nate. This holds true for any of the parametric coordinate systems presented here, as long as pathological conditions such as cell self-intersection or a cell fold­ing in on itself are avoided. (An example of cell folding is when a quadrilateral becomes nonconvex.) 
In our one-dimensional example, the derivatives along the line were con­stant. However, other interpolation functions (e.g., Figure 8-5) may yield non­constant derivatives. Here, the Jacobian is a function of position in the cell and must be evaluated at a particular (r, s, t) coordinate value. 

8.5 Topological Operations 
Many visualization algorithms require information about the topology of a cell or dataset. Operations that provide such information are called topological opera­tions. Examples of these operations include obtaining the topological dimension of a cell, or accessing neighboring cells that share common edges or faces. We might use these operations to decide whether to render a cell (e.g., render only one-dimensi9nal lines) or to propagate particles through a flow field (e.g., tra­versing cells across common boundaries). 

Before proceeding we need to define some terms from topology. Manifold topology describes a region surrounding a point that is topologically connected. That is, a region around the point is topologically equivalent to a small "disk" (in two-dimensions) or "ball" (in three-dimensions). Topology that is not manifold is termed nonmanifold. Examples of manifold and nonmanifold geometry are shown in Figure 8-13. 
There are some simple rules we can use to decide whether a surface or region approximated with cells is manifold or nonmanifold. In two dimensions, if every edge of a two-dimensional cell is used by exactly one other cell, than the surface is locally manifold. In three dimensions, if every face of a three-dimen­sional cell is used by exactly one other cell, than the region is locally manifold. 
We also will use the term simplex on some occasions. A simplex of dimen­sion n is the convex region defined by a set of n+l independent points. A vertex, line, triangle, and tetrahedron are simplices of dimension 0, I, 2, and 3, respec­tively. These are shown in Figure 8-14. 
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Locally manifold Locally nonmanifold 

Figure 8-13 Manifold and nonmanifold surface topology. If the local neighborhood 
around a vertex is topologically a 2D disk (i.e., a small disk can be placed on the surface 
without tearing or overlapping), then the surface is manifold at that vertex. 

• ~ 
OD point 1D line 2D triangle 3D tetrahedron 

Figure 8-14 Simplices of dimension three and lower. 

Cell Operations 

Cell operations return information about the topology of a cell. Typically, we 
want to know the topological order of the cell or the topology of the cell boundary. 

Given a cell Ci of topological dimension d, the cell is (implicitly) composed of 
boundary cells of topological order d-1 and lower. For example, a tetrahedron is 
composed of four two-dimensional triangles, six one-dimensional edges, and four 
zero-dimensional vertices. Cell operations return information about the number 
of boundary cells of a particular topological dimension, as well as the ordered list 
of points that define each bounding cell. 

Another useful cell operation returns the closest boundary cell of dimension 
d-1 given the parametric coordinates of the cell. This operation ties the geometry 
to the topology of the cell, as compared to the parametric coordinate system, 
which ties the topology to the geometry. The closest boundary cell operation is 
implemented by partitioning each cell into various regions, as illustrated in 
Figure 8-15. To determine the closest boundary cell we need only to identify the 
parametric region that the point lies in, and then return the appropriate bound­
ary cell. 

Another useful cell operation is cell decomposition into simplices. Every cell 
can be decomposed into a collection of simplices. By doing so, and by operating on 
the simplex decomposition rather than the cell itself, we can create algorithms 
that are independent of cell type. For example, if we want to intersect two 
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edge 0: r > s and r < 1 - s 

edge 1: r >sand r > 1 - s 

edge 2: r < s and r > 1 - s 

edge 3: r < s and r <1 - s 

Figure 8-15 Closest boundary cell operation for quadrilateral cell. 

datasets of varied cell type, without simplex decomposition we would have to cre­
ate methods to intersect every possible combination of cells. With simplex decom­
position, we can create a single intersection operation that operates on only the 
limited set of simplices. The significant advantage of this approach is that as 
new cells are added to the visualization system, only the cell object (including its 
method for simplex decomposition) must be implemented, and no other objects 
need be modified. 

Dataset Operations 

Dataset operations return information about the topology of a dataset or topolog­
ical information about the adjacency of cells. Typical operations include deter­
mining the neighbors of a cell or returning a list of all cells that use a particular 
point. 

We can formalize the adjacency operations by continuing the discussion of 
"Cell Types" on page 119. Adjacency methods are used to obtain information 
about the neighbors ofa cell. A neighbor of a particular cell Ci is simply a cell 
that shares one or more points in common with Ci. A vertex neighbor is a neigh­
bor that shares one or more vertices. An edge neighbor is a neighbor that shares 
one or more edges. A face neighbor is a cell that shares vertices that define one of 
the faces of the cell. Note that a face neighbor is also an edge neighbor, and an 
edge neighbor is also a vertex neighbor. 

The adjacency operators are simple set operations. For a particular cell Ci 
defined by points 

(8-23) 

and a point list P = (p1, p2, ... , Pn) with Pc P, where P typically corresponds to 
the points defining a boundary cell of Ci; the neighbors of Ci are the adjacency 
set A(C, P) . The adjacency set is simply the intersection of the use sets for each 
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point, excluding the cell Ci . 

A(Ci, P) = (0 U(Jii))- Ci 
t = I 

(8-24) 

The adjacency set represents a variety of useful information. In a manifold 
object represented by a polyhedra, for example, each polygon must have exactly 
one edge neighbor for each of its edges. Edges that have no neighbors are bound­
ary edges; edges that have more than one edge neighbor represent nonmanifold 
topology:. Datasets that consist of three-dimensional cells (e.g., unstructured 
grids) are topologically consistent only if, for each cell, there is exactly one face 
neighbor for each face. Faces that have no neighbors are on the boundary of the 
dataset. More than one face neighbor implies that the neighbors are self-inter­
secting (in 3D space). 

8.6 Searching 

Searching is an operation to find the cell containing a specified point p, or to 
locate cells or points in a region surroundingp. Algorithms requiring this opera­
tion include streamline generation, where we need to find the starting location 
within a cell; probing, where the data values at a point are interpolated from the 
containing cell; or collision detection, where cells in a certain region must be 
evaluated for intersection. Sometimes (e.g., structured point datasets), searching 
is a simple operation because of the regularity of data. However, in less struc­
tured data, the searching operation is more complex. 

To find the cell containing p, we can use the following naive search proce­
dure. Traverse all cells in the dataset, finding the one (if any) that contains p. To 
determine whether a cell contains a point, the cell interpolation functions are 
evaluated for the parametric coordinates (r,s,t). If these coordinates lie within the 
cell, then p lies in the cell. The basic assumption here is that cells do not overlap, 
so that at most a single cell contains the given point p. To determine cells or 
points lying in the region surrounding p, we can traverse cells or points to see 
whether they lie within the region around p. For example, we can choose to 
define the region as a sphere centered at p. Then, if a point or the points compos­
ing a cell lie in the sphere, the point or cell is considered to be in the region sur­
rounding p. 

These naive procedures are unacceptable for all but the smallest datasets, 
since they are of order O(n), where n is the number of cells or points. To improve 
the performance of searching, we need to introduce supplemental data struc­
tures to support spatial searching. Such structures are well-known and include 
MIP maps, octrees, kd-trees, and binary sphere trees (see "Bibliographic Notes" 
on page 350 at the end of this chapter). 

The basic idea behind these spatial search structures is that the search 
space is subdivided into smaller parts, or buckets. Each bucket contains a list of 
the points or cells that lie within it. Buckets are organized in structured fashion 
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so that constant or logarithmic time access to any bucket is possible. For exam­ple, if we assign a portion of 2D Euclidean space into a grid of n by m buckets the location of p in a particular bucket can be determined with two subtraction~ and two divisions: a constant time access. Similarly, the location of p in a non­uniformly subdivided octree is determined in logarithmic time, since recursive insertion into octant children is required. Once the bucket is found, the search is then limited to the points or cells contained within it. In a properly designed spa­tial search structure, the number of points or cells in a bucket is a small portion of the total number of cells and less then a fixed value. Thus, the time to search within a bucket can be bounded by a fixed constant. The result is that introduc­ing spatial search structures reduces search times to a maximum oaog n), or better yet O(n). 
We have tw:o options when applying spatial search structures. We may insert points into the search structure, or we may insert cells, depending on the application. There are advantages and disadvantages to both approaches. Insert­ing cells into buckets is not a trivial operation. In general, cells are arbitrarily oriented and shaped, and will not fit completely into a single bucket. As a result, cells often span multiple buckets. To reliably determine whether a cell is in a bucket requires geometric intersection tests, a costly operation. Another approach is to use the bounding box of a cell to decide which bucket(s) a cell belongs in. We only need to intersect the bounding box with a bucket to deter­mine whether the cell may belong in the bucket. Unfortunately, even though this operation is generally fast, often cells are associated with buckets even though they may not actually lie inside them, wasting (in large models) memory resources and extra processing time. 

Inserting points into a search structure is easier because points can be uniquely placed into a bucket. Inserting points also allows us to search for both points and cells. Cells can be found by using p to index into the appropriate bucket. The closest point(s) Pi top are then located. Using the topological adja­cency operator to retrieve the cells using points Pi, we can then search these cells for the cell containing p. This procedure must be used with caution, however, since the closest points may not be used by the cells containing p (Figure 8-16). 
( 

8.7 Cell/ Line Intersection 
An important geometric operation is intersection of a line with a cell. This opera­tion can be used to interactively select a cell from the rendering window, to per­form ray-casting for rendering, or to geometrically query data. 

In the Visualization Toolkit each cell must be capable of intersecting itself against a line. Figure 8-17 summarizes these operations for the nine primitive cell types supported by vtk. {Intersections on composite cells are implemented by intersecting each primitive cell in turn.) 
Line/cell intersection for OD, 1D, and 2D cells follows standard approaches. Intersection against 3D cells is difficult. This is because the surfaces of these cells are described parametrically and are not necessarily planar. For example, to 



8.8 Scalars and Colors 

(a) Cell search process 

candidate 
cells 

search 
structure 
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(b) Potential problems 

Figure 8-16 Using search structure (containing points) to find cells. (a) Points are asso­
ciated with appropriate bucket. Point pis used to index into bucket, anddosest point(s) Pi 
is found. Cells using Pi are evaluated for the cell containing p. (b) Sometimes closest 
points Pi are not used by cells containing p. 

intersect a line with a tetrahedron, we can intersect the line against the four tri­
angular faces of the tetrahedron. Hexahedron, however, may have nonplanar 
faces. Thus, we cannot intersect the line against six quadrilateral, planar faces. 
Instead, we use line/face intersection as an initial guess, and project the intersec­
tion point onto the surface of the cell. This produces an approximate result, but 
is accurate enough for most applications. 

8.8 Scalars and Colors 

There is a close correspondence between scalar data and colors. We saw this in 
"Color Mapping" on page 155, where we saw how to use a color table to map sca­
lar values into a color specification (i.e., red, green, and blue, or RGB). There are 
cases, however, when we want to circumvent this mapping process. Such cases 
occur when color data is supplied instead of scalar data. 

A common_ example occurs in imaging. Recall that an image is a regular, 
two-dimensional array of points. The points define pixels, which in turn form a 
two-dimensional structured points dataset. Images are frequently stored as a 
pair of dimensions along with data values. The data values may be one of black 
and white (e.g., a bitmap), grayscale, or color (e.g., a pixmap). Bitmaps and gray-· 
scale images can be directly cast into the form of single-values scalar data, and 
we can use our earlier approach. Pixmaps, however, consist of (at a minimum) 
three values per pixel of red, green, and blue. (Sometimes, a fourth alpha opacity 
value may also be included.) Thus, pixmaps cannot be directly cast into scalar 
form. 

To accommodate color data, special types of scalar objects need to be cre­
ated. Each class must act as if it were a scalar: that is, a request for data at a 
particular point must return a single scalar value. This allows us to use standard 
scalar visualization techniques such as contouring or warping. Thus a mapping 
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Vertex 
• project point onto ray 
• distance to line must be 

within tolerance 
• t must lie between [0,1) 

Quadrilateral 
• line/plane intersection 
• intersection point must 

lie in quadrilateral 
• t must lie between (0,1) 

Line 
• 3D line intersection 
• distance between lines 

must be within tolerance 
• s,t must lie between [0,1) 

Pixel 
• line/plane intersection 
• intersection point must lie 

in pixel (uses efficient in/ 
out test) 

• t must lie between (0,1) 

Intersection point 
(minimum t value) 

Tetrahedron 
• intersect each (triangle) 

face 
• t must lie between [0,1] 

Hexahedron 
• intersect each (quadrilat­

eral) face 
• since face may be non­

planar, project previous 
result onto hexahedron 
surface 

• t must lie between (0,1] 
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Triangle 
• line/plane intersection 
• intersection point must lie 

in triangle 
• t must lie between (0,1) 

Polygon 
• line/plane intersection 
• intersection point must lie 

in polygon (uses ray cast­
ing for polygon in/out) 

• t must lie between [0,1] 

Voxel 
• intersect each (pixel) face 
• t must lie between [0,1] 

Figure 8-17 Summary ofline/cell intersection operations for nine primitive cell types. Line is assumed normalized in parametric coordinate t with 0 '.> t:,; I . 
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i = floor((x -x0)/(x1 -x0)) 

j = floor((y-y0)/(y 1 -y0 )) 

k = floor((z-z0)/(z 1 -z0)) 

r = frac((x-x0)/(x1 -x0)) 

s = frac((Y-Yo)/(y, -Yo)) 

t = frac((z-z0)/(z1 -z0)) 

Figure 8-18 Structured point coordinate transformation. 

from RGB or RGBA color coordinates to a single scalar value is required. 
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One simple mapping returns the luminance Y of a color. Given three compo­
nents, RGB, the luminance is 

Y = 0.30R + 0.59G + 0.11B 

If the color includes transparency, RGBA, the luminance is 

Y = A(0.30R + 0.59G + 0.1 IB) 

(8-25) 

(8-26) 

Using this abstraction allows us to treat single-valued scalars and scalars con­
sisting of multivalued colors the same. The end result is that we can mix both 
types of scalar data into our visualization networks. 

8.9 Special Techniques for Structured Points 

A significant attraction of the structured points dataset is the speed and simplic­
ity of computation. In this section, we will explore specific techniques that 
exploit the special regular topology and geometry of structured point datasets. 

Coordinate Transformation 

Given a point p we can find the structured coordinates by performing three divi­
sion operations (Figure 8-18). Taking the integer floor function yields the 
structured coordinates. Taking the fractional part of the result yields the para­
metric coordinates of the cell. We can then use Equation 8-3 to convert to dataset 
coordinates. 

Derivative Computation 

Because the structured point dataset is oriented parallel to the coordinate x, y, 
and z axes, and because the spacing of points in each of these directions is regu-
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Figure 8-19 Using finite differences to compute derivatives on structured points dataset. 

lar, finite difference schemes can be used to compute partial derivatives at the cell points. Referring to Figure 8-19, we see that central differences can be used in each of the three directions according to 
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gx = 2~ 

d(x0, Yo+ .1y, z0)-d(x0, Yo -.1y, z0) 
gy = 2.1y (8-27) 

d(x0, y 0, z0 + k)-d(x0, y 0, z0 -k) 
gz = 2.12 

(Note that at the boundary of the dataset, one-sided differences may be used.) We can use these equations to compute derivatives within the cell as well. We simply compute the derivatives at each cell point from Equation 8-27, and then use the cell interpolation functions to compute the derivative at the point inside the cell. 

Topology 

Structured datasets lend themselves to efficient topological operations (i.e., both structured points and structured grids). Given a cell id, it is possible to deter­mine vertex, edge, or face neighbors using simple constant time operations. First, given the cell id in a three-dimensional structured dataset, we use a combi­nation of division and modulo arithmetic to compute the structured coordinates 

i = id modulo (nx- l) 

j = (idl(nx - l)) modulo (ny - I) 
k = idl((nx - I )(ny - I)) 

(8-28) 
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Face neighbors are determined by incrementing one of the i,j, or k indices. Edge 
neighbors are determined by incrementing any two indices, while vertex neigh­
bors are found by incrementing all three indices. Care must be taken while incre­
menting to insure that the indices fall in the range 

0Si<(nx-1) 

0Sj<(ny-1) 

0Sk<(nz-1) 

(8-29) 

An attempt to index outside these ranges indicates that the neighbor in question 
does not exist. • 

Searching 

Given a point p = (x, y, z) we can determine the cell containing p by using the 
equations given in Figure 8-18. These equations generate the structured coordi­
nates (i, j, k), which can then be converted to cell id (i.e., dataset coordinates) 
using Equation 8-3. 

To find the closest point to p, we compute the structured coordinates by 
rounding to the nearest integer value (instead of using the floor function). Thus, 

i = int((x-x0)/(x1-x0 )) 

j = int((y-Yo)l(Yi - Yo)) 

k = int((z - z0)/(z 1 -z0 )) 

8.1 O Putting It All Together 

(8-30) 

In this section we will finish our earlier description of an implementation for 
unstructured data. We also define a high-level, abstract interface for cells and 
datasets. This interface allows us to implement the general (i.e., dataset specific) 
algorithms in the Visualization Toolkit. We also describe implementations for 
color scalars, searching and picking, and conclude with a series of examples to 
demonstrate some of these concepts. 

Unstructured Topology 

In Chapter 5 we described data representations for the unstructured dataset 
types vtkPolyData and vtkUnstructuredGrid. Close examination of this 
data structure reveals that operations to retrieve topological adjacency are ineffi­
cient. In fact, to implement any operation to retrieve vertex, edge, or face neigh­
bors requires a search of the cell array, resulting in O(n) time complexity. This is 
unacceptable for all but the smallest applications, since any algorithm travers-
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Cell 

Face 

Edge 

Point 

(a) Hierarchical topological 
structure 

Cell 

Point 

(b) Basic unstructured 
data representation 
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Cell 

Links 

Point 

(c) Full unstructured data 
representation 

Figure 8-20 Enhancing hierarchical unstructured data representation. (a) Conven­tional topological hierarchy for geometric model. (b) Basic unstructured data hierarchy. (c) Full unstructured data hierarchy. By introducing upward references from points to cells, the unstructured data hierarchy may be efficiently traversed in both directions, and is more compact than conventional topological hierarchies. 

ing the cell array and retrieving adjacency information is at a minimum O(n2 ). 
The reason for this inefficiency is that the data representation is a "down­

ward" hierarchy (Figure 8-20(b)). That is, given a cell we can quickly determine 
the topological features lower in the topological hierarchy such as faces, edges, 
and points. However, given a face, edge, or point we must search the cell array to 
determine the owning cells. To improve the efficiency of this data representation, 
we must introduce additional information into the hierarchy that allows 
"upward" hierarchy traversal (similar to that shown in Figure 8-20(a)). 

The solution to this problem is to extend the unstructured data structure 
with cell links. The cell links array is a list of lists of cells that use each point and 
corresponds to the upward links of Figure 8-20(c). The cell links array trans­
forms the hierarchical structure of Figure 5-10 into a ring structure. Cells refer­
ence their composing points, and points in turn reference the cells that use them. 
The full unstructured data structure is shown in Figure 8-21. 

The cell links array is in fact an implementation of the use sets of 
Equation 5-1. We can use this equation to compute adjacency operation in con­
stant time, if the maximum number of cells using a point is much smaller than 
the number of points in a dataset. To see this, we refer to Equation 8-24 and see 
that the adjacency operations consist of a finite number of set intersections. Each 
operation is an intersection of the link lists for each point. If the number of cells 
in each link list is "small," then the intersection operation can be bounded by a 
fixed constant in time, and the total operation can be considered a constant time 
operation. 
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xo n type0 nCells0 
Yo offset0 cells0 
-ZO type1 nCells1 
XJ offset1 cells1 
Yl type2 nCells2 
ZJ offset2 cells2 

• 
• • 

• 
• • 

• 
• • 

Xn-1 

Yn-1 typem-1 nCellsn-I 
Zn-1 offsetm-1 -c~i~~-; 

Points Cell Array Cell Types Cell Links 

Figure 8-21 Complete unstructured data representation including link lists_ There are 
m cells and n points. The n structures in the link list are lists of cells that use each ver­
tex. Each link list is variable in length_ 

There are several important characteristics of this data representation. 

• The cell links array is an extension of the basic unstructured data represen­
tation_ AB a result, we can defer the construction of the cell links until they 
are required. Often the cell links are never needed and require no computer 
resources to compute or store. 

• Building the cell links is a linear O(n) operation. Each cell is traversed and 
for every point that the cell uses, the list of using cells for that point is 
extended to include the current cell. Building the cell links is only needed 
once as an initialization step. 

• The data representation is compact relative to other topology representa­
tion schemes (e.g., the winged-edge structure and the radial-edge struc­
tures [Baumgart74] [Weiler88]). These other data structures contain 
explicit representation of intermediate topology such as edges, loops, faces, 
or special adjacency information such as adjacent edges (winged-edge struc­
ture) or extensive "use" descriptions (radial-edge structure). The compact­
ness of representation is particularly important for visualization, since the 
data size is typically large. 
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The unstructured data structure in the Visualization Toolkit is implemented 
using the four classes vtkPoints (and subclasses), vtkCellArray, vtk­
Cell Types, and vtkCellLinks. The building of this data structure is incre­
mental. At a minimum, the points and cells are represented using vtkPoints 
and vtkCellArray. If random access or extra type information is required, then 
the object vtkCellTypes is used. If adjacency information is required, an 
instance of the class vtkCellLinks is created. These operations are carried out 
behind the scenes, and generally do not require extra knowledge by the applica­
tion programmer. 

Abstract Interfaces 

With the completion of Chapters 5 and 8, we can summarize the abstract inter­
face for cells, datasets, and the point data attributes. These pseudo-code descrip­
tions encapsulate the core functionality of the classes vtkDataSet, vtkCell, 
and vtkPointData, and their subclasses. All algorithms presented in this text 
can be implemented using combinations of these methods. 

Dataset Abstraction. The dataset is the central data representation in vtk. 
Datasets are composed of one or more cells and points. Associated with the 
points are attribute data consisting of scalars, vectors, normals, texture coordi­
nates, and user-defined data. 

type= GetDataType() 
Return the type of dataset (e.g., vtkPolyData, vtkStructured­
Points, vtkStructuredGrid, vtkRectilinearGrid, or 
vtkUnstructuredGrid). 

numPoints = GetNumberOfPoints() 
Return the number of points in the dataset. 

numCells = GetNumberOfCells() 
Return the number of cells in the dataset. 

GetPoint(ptid,x) 
Given a point id, return the (x,y,z) coordinates of the point. 

cell= GetCell(cellid) 
Given a cell id, return a pointer to a cell object. 

type= GetCellType(cellid) 
Return the type of the cell given by cell id. 

GetCellTypes(types) 
Return a list of types of cells that compose the dataset. 

cells= GetPointCells(ptid) 
Given a point id, return the cells that use this point. 
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GetCellPoints(cellid, ptids) 
Given a cell id, return the point ids (e.g., connectivity list) defining the 
cell. 

GetCellNeighbors(cellid, ptids, neighbors) 
Given a cell id and a list of points composing a boundary face of the 
cell, return the neighbors of that cell sharing the points. 

cellid = FindCell(x, cell, cellid, tol2, subid, pcoords, 
weights) 
Given a coordinate value x, an initial search cell defined by cell and 
cellid, and a tolerance measure (squared), return the cell id and 
sub-id of the cell containing the point and its interpolation function 
weights. The initial search cell is used to speed up the search process 
when the position x is known to be near the cell. If no cell is found, 
cell Id< 0 is returned. 

pointData = GetPointData() 
Return a pointer to the object maintaining point attribute data. This 
includes scalars, vectors, normals, tensors, texture coordinates, and 
user-defined data. 

bounds= GetBounds() 
Get the bounding box of the dataset. 

length= GetLength() 
Return the length of the diagonal of the bounding box of the dataset. 

center= GetCenter() 
Get the center of the bounding box of the dataset. 

range= GetScalarRange() 
A convenience method to return the (minimum, maximum) range of 
the scalar attribute data associated with the dataset. 

dataset= MakeObject() 
Make a copy of the current dataset. A "virtual" constructor. (Typically, 
reference counting methods are used to copy data.) 

CopyStructure(dataSet) 
Update the current structure definition (i.e., geometry and topology) 
with the supplied dataset. 

Cell Abstraction. Cells are the atomic structures of vtk. CeHs consist of a topol­
ogy, defined by a sequence of ordered point ids, and a geometry, defined by point 
coordinates. The cell coordinate consists of a cell id, a subcell id, and a paramet­
ric coordinate. The suhid specifies a primary cell that lies within a composite cell 
such as a triangle strip. Cell edges and faces are defined implicitly from the 
topology of the cell. 
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type= GetCellType() 
Return the type of the cell. Must be one of the twelve vtk cell types (or 
the empty cell type). 

dim= GetCellDimension() 
Return the topological definition of the cell. 

order= GetinterpolationOrder() 
Return the degree of the interpolating polynomial of the cell. (The 
twelve cell types are all degree 1; cells added in the future may be of 
higher-order.) 

numberPoints = GetNumberOfPoints() 
Return the number of points that define the cell. 

points= GetPoints() 
Return a list of point ids defining the cell. 

numberEdges = GetNumberOfEdges() 
Return the number of edges in the cell. 

edge= GetEdge(i) 
Given an edge id (0 $ i < numberEdges) return a pointer to a cell that 
represents an edge of the cell. 

nurnberFaces = GetNumberOfFaces() 
Return the number of faces in a cell. 

face= GetFace(i) 
Given an face id (0 $ i < numberFaces) return a pointer to a cell that 
represents a face of the cell. 

inOutStatus = CellBoundary(subid, pcoords, poindids) 
Given a cell subid and parametric coordinates, return a list of point 
ids that define the closest boundary face of the cell. Also return 
whether the point is actually in the cell. 

inOutStatus = EvaluatePosition(x, closestPoint, subid, 
pcoords, weights, dist2) 
Given a point coordinate x, return the sub-id, parametric coordinates, 
and interpolation weights of the cell if x lies inside the cell. The posi­
tion closestPoint is the closest point on the cell to x (may be the 
same) and dist2 is the squared distance between them. The method 
returns an inOutStatus indicating whether xis topologically inside 
or outside the cell. That is, the point may satisfy parametric coordi­
nate conditions but may lie off the surface of the cell (e.g., point lies 
above polygon). Use both inOutStatus and dist2 to determine 
whether point is both topologically and geometrically in the cell. 
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EvaluateLocation(subid, pcoords, x, weights) 
Given a point location (i.e., sub-id and parametric coordinates), return 
the position x of the point and the interpolation weights. 

Contour(value, cellScalars, locator, verts, lines, polys, 
inputPointData, outputPointData) 
Given a contour value and scalar values at the cell points, generate 
contour primitives (vertices, lines, or polygons with associated points 
and attribute data values). The points are placed in a locator object 
(see "Searching" on page 331) which merges coincident points, and the 
attribute data values are interpolated (along the cell edge) from the 
inputPointDat.a to the out.putPointData. 

Clip(value, cellScalars, locator, cells, inputPointData, 
outputPointData, insideOut) 
Given a contour value and scalar values at the cell points, clip the cell 
to generate new cells of the same topological dimension as the original 
cell. The points are placed in a locator object (see "Searching" on 
page 331) which merges coincident points, and the attribute data val­
ues are interpolated (or copied) from the inputPointData to the 
out.putPointData. The clipped cells are placed in the cells list. 

Derivatives(subid, pcoords, values, dim, derivs) 
Given a cell location (i.e., subid and parametric coordinates) and data 
values at the cell points, return dim*3 derivatives (i.e., corresponds to 
the x, y, and z directions times dimension of data). 

inOutStatus = IntersectWithLine(pl, p2, tol, t, x, 
pcoords, subid) 
Given a finite line defined by the two points pl and p2 and an inter­
section tolerance, return the point of intersection x. The parametric 
coordinate t along the line and cell location at the point of intersection 
is also returned. Returns a nonzero if intersection occurs. 

Triangulat.e(index, ptids, points) 
Decompose the cell into simplices of dimension equal to the topological 
cell dimension. The index is an integer that controls the triangulation 
if more than one triangulation is possible. The simplices are defined 
by an ordered list of point ids and their corresponding coordinates. 

bounds= GetBounds() 
Return the bounding box of the cell. 

Point Attribute Abstraction. Point attribute data is information associated with 
the points of a cell/dataset. This information consists of scalars, vectors, normals, 
tensors, texture coordinates, and/or user-defined data. There is a one-to-one rela­
tionship between the points in a dataset and the attribute data. For example, 
scalar value at location 100 is associated with point id 100. 

Many of the methods described below deal with moving data from the input 
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to the output of a filter. Since the possibility exists that new types of attribute 
data could be added in the future, the details of moving data is hidden as much 
as possible (i.e., minimize the knowledge that the filter has about specific 
attribute types). Thus, generic functions like CopyData () allow for copying data 
from the input to the output without knowing what this data is. 

CopyScalarsOn() I CopyScalarsOff() 
Turn on/off boolean flag controlling copying of scalar data from input 
to output of filter. 

CopyVectorsOn() / CopyVectorsOff() 
Turn on/off boolean flag controlling copying of vector data from input 
to output of filter. 

CopyNormalsOn() I CopyNormalsOff() 
Turn on/off boolean flag controlling copying of normal data from input 
to output of filter. 

CopyTensorsOn() I CopyTensorsOff() 
Turn on/off boolean flag controlling copying of tensor data from input 
to output of filter. 

CopyTextureCoordsOn() I CopyTextureCoordsOff() 
Turn on/off boolean flag controlling copying of texture coordinates 
data from input to output of filter. 

CopyUserDefinedOn() / CopyUserDefinedOff() 
Turn on/off boolean flag controlling copying of user-defined data from 
input to output of filter. 

CopyAllOn() / CopyAllOff() 
Turn on/off all boolean flags controlling copying of data from input to 
output of filter. 

PassData(pointData) 
Transfer all point attribute data (pointData) to the output according 
to the copy flags listed previously. 

CopyAllocate(pointData) 
Initialize and allocate storage for point-by-point copy process. 

CopyData(pointOata, fromld, told) 
Given point data and a specific point id, copy the point attribute data 
(pointData) to the output point. 

lnterpolateAllocate(pointData) 
Initialize and allocate storage for point-by-point interpolation process. 

lnterpolatePoint(pointData, told, ptlds, weights) 
Given input point data (pointData) and a list of points and their 
interpolation weights, interpolate data to the specified output point. 
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InterpolateEdge(pointData, toid, pl, p2, t) 
From an edge defined by the two points pl and p2, interpolate the 
pointData at the edge parametric coordinate t and copy the interpo­
lated attribute data to the output point pt Id. 

NullPoint(int ptid) 
Set the data value(s) of the specified output point id to a null value. 

SetScalars() / GetScalars() 
Set I return scalar data. The GetScalars () method may return a 
NULL value, in which case the scalars are not defined. 

SetVectors() / GetVectors() 
Set I return vector data. The GetVectors () method may return a 
NULL value, in which case the vectors are not defined. 

SetNormals() / GetNormals() 
Set I return normal data. The GetNormals () method may return a 
NULL value, in which case the normals are not defined. 

SetTensors() / GetTensors() 
Set I return tensor data. The GetTensors () method may return a 
NULL value, in which case the tensors are not defined. 

SetTextureCoords() / GetTextureCoords() 
Set I return texture coordinate data. The GetTextureCoords () 
method may return a NULL value, in which case the texture coordi­
nates are not defined. 

SetUserDefined() / GetUserDefined() 
Set I return user-defined data. The GetUserDefined () method may 
return a NULL value, in which case user-defined data is not defined. 

Traversing Intermediate Topology 

The dataset abstraction implemented by vtk provides simple techniques to 
traverse points and cells. Sometimes we want to traverse intermediate topology 
such as edges or faces. For example, to identify boundary edges in a triangular 
mesh we must traverse each edge, counting the number of triangles that use 
each edge. (Recall that boundary edges are used by just one triangle.) Unfortu­
nately, there is no obvious way to traverse edges. The same problem holds true if 
we want to traverse the faces of a dataset containing 3D cells. 

A simple solution is to traverse each cell and then obtain the edges (or 
faces) that compose the cell. The problem with this approach is that edges and 
faces are generally used by more than one cell, resulting in multiple visits to the 
same face or edge. This may be acceptable in some algorithms, but usually we 
count on visiting each edge or face only once. 

A better solution to this problem is to traverse each cell as before, but only 
process intermediate topology if the current cell has the smallest cell id. (The 
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Figure 8-22 Color scalars object model. 

current cell is the cell being visited in the traversal process.) To determine whether the current cell has the smallest cell id, we obtain all cells using the intermediate topology. This information can be obtained using the topological adjacency operators described earlier (e.g., Equation 8-24). 
To illustrate this process consider visiting the edges of a triangle mesh. We begin by visiting the first triangle, t, and then its edges. For each edge we deter­mine the adjacent triangle(s) (if any) that use the edge. If the id of the adjacent triangle(s) is greater than triangle t's id, or there are no adjacent triangles, then we know to process the current edge. (Of course the first triangle will always have the smallest id - but this will change as the traversal proceeds.) We then continue traversing the triangle list for new t's. In this way all the edges of the mesh will be visited. 

Color Scalar Data 

Multivalued scalar data, or scalars represented by various color representations, are a special type in the Visualization Toolkit. These classes are of generic type vtkColorScalars, which is in turn a subclass ofvtkScalars (Figure 8-22). vtkColorScalars is an abstract class that specifies a uniform interface to its concrete subclasses, as well as implementing the methods required by vtk­Scalars. Special features of this class are as follows. 

• Subclasses of vtkColorScalars operate on color specification in the RGBA (i.e., red-green-blue-alpha transparency) format. The internal repre­sentation of data may be different, but must be converted to this form to satisfy the abstract interface. For example, vtkGraymap, which represents data as a single unsigned char value, converts its value to RGBA by set­ting its alpha value a = I and each color component to the gray value R = G = B = gray . 

• To satisfy the abstract interface specified by vtkScalars, subclasses of vtkColorScalars must also be capable of converting their multivalued color values into a single value. Equation 8-25 and Equation 8-26 are used. 
• Special methods provide information about the type of scalar, either Sin­gleValued or ColorScalar, and the number of data values per scalar 
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Figure 8-23 Determining closest point top in vtkPointLocator. Initial search in bucket results in point a. Search must extend beyond local bucket as a function of search radius R, resulting in point b. 

(i.e., GetScalarType () and GetNumber0fValuesPerScalar (} ). This 
information allows us to differentiate between general types of scalar and 
to perform special_ operations like texture mapping and writing data to 
disk. 

• Every subclass of v:tkColorScalars must be capable of returning an 
array of unsigned char values. The array consists of 1-4 values per sca­
lar (depending on the number of values per scalar). This operation is used 
for high-performance texture and imaging operations. 

Searching 

The Visualization Toolkit provides two classes to perform searches for dataset 
points and cells. These are vtkPointLocator and vtkCellLocator. (Both of 
these classes are subclasses of vtkLocator, which is an abstract base class for 
spatial search objects.) vtkPointLocator is used to search for points and, if 
used with the topological dataset operator GetPointCells (), to search for cells 
as well. vtkCellLocator is used to search for cells. 

vtkPointLocator is implemented as a regular grid of buckets (i.e., same 
topology and geometry as a structured point set). The number of buckets can be 
user-specified, or more conveniently, automatically computed based on the num­
ber of dataset points. On average, vtkPointLocator provides constant time 
access to points. However, in cases where the point distribution is not uniform, 
the number of points in a bucket may vary widely, giving O(n) worst-case behav­
ior. In practice this is rarely a problem, but adaptive spatial search structures 
(e.g., an octree) may sometimes be a better choice. 

Determining closest point to a point p using vtkPointLocator (as well as 
other spatial search structures) is a three-step process. In the first step, the 
bucket containing pis found using the appropriate insertion scheme. (For vtk­
PointLocator this is three divisions to determine bucket indices (i, j, k).) Next, 
the list of points in this bucket is searched to determine the closest point. How-
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Figure 8-24 Structure of spatial search structure vtkCellLocator. The data struc­
ture represents a uniformly subdivided octree. 

ever, as Figure 8-23 shows, this may not be the true closest point, since points in 
neighboring buckets may be closer. Consequently, a final search of neighboring 
buckets is necessary. The search distance is a function of the distance to the cur­
rent closest point. Once all neighbors within this distance are searched, the clos­
est point is returned. 

vtkCellLocator is implemented as a uniformly subdivided octree with 
some peculiar characteristics (Figure 8-24). Conventional octree representations 
use upward parent and downward children pointers to track parent and children 
octants. Besides the required list of entities (i.e., points or cells) in each octant, 
additional information about octant level, center, and size may also be main­
tained. This results in a flexible structure with significant overhead. The over­
head is the memory resources to maintain pointers, plus the cost to allocate and 
delete memory. 

In contrast, vtkCellLocator uses a single array to represent the octree. 
The array is divided into two parts. The first part contains a list of parent 
octants, ordered according to level and octant child number. In the second part 
are the terminal, or leaf octants. The terminal octants are ordered on a regular 
array of buckets, just the same as vtkLocator. The terminal octants contain a 
list of the entities inside the octant. The parent octants maintain a value indicat­
ing whether the octant is empty, or whether something is inside it. (Both types of 
information are represented in the same portion of the octant structure.) 
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Because the octree is uniformly subdivided, parent-child relationships, as well as 
octant locations, can be computed quickly using simple division operations. 

The advantage of this structure is that memory can be allocated and 
deleted quickly. In addition, insertion into the octree is exactly the same as with 
vtkLocator, and is simpler than conventional octrees. The parent octants pro­
vide quick culling capability, since their status (empty or nonempty) allows us to 
stop certain types of search operations. On the downside, because the octree is 
uniformly subdivided, this structure is wasteful of memory resources if the data 
is nonuniformly distributed. 

Our experience with the search structures described here is that they work 
well for many types of visualization data. However, if your data is non-uniform, 
you may want to implement your own special search classes. 

Picking 

The Visualization Toolkit provides four classes to perform actor, point, cell, and 
world point picking. These are the classes vtkPicker, vtkPointPicker, vtk­
Cel lPicker, and vtkWorldPointPicker. These pickers vary in speed and 
functionality as described in the following. 

The object vtkPicker intersects a ray defined from camera position to a 
screen (i.e., pixel coordinate) against the bounding box of all pickable and non­
transparent actors. (An actor is pickable if its Pickable instance variable is 
true.) The result of the vtkPicker pick operation is to return a list of the actors 
whose bounding box is intersected. The actor closest to the camera position is 
also returned. 

The object vtkPointPicker intersects the ray against the points defining 
each actor, and returns the point coordinate closest to the camera position, as 
well as the actor that the point belongs to. Since screen resolution prevents pre-

- cise selection of a point, a tolerance around the ray must be specified. The toler­
ance is expressed as a fraction of the rendering window size. (Rendering window 
size is measured across the window diagonal.) Points must lie within this toler­
ance to be picked. 

The object vtkCellPicker intersects the ray with the cells defining each 
actor, and returns the point of intersection, as well as the actor that the cell 
belongs to. If you are trying to select a unique actor, vtkCellPicker is the 
object to use because it performs surface (or cell) intersection. Picking actors 
using vtkPicker can yield undesirable results because of the overlap of bound­
ing boxes; the same is true of vtkPointPicker because of tolerance problems. 
Unfortunately, vtkCellPicker is the slowest object of the three because of 
greater computational requirements. 

The class vtkWorldPointPicker returns the (x,y,z) coordinate value of a 
pick in the rendering window. To determine this information, it combines the dis­
play (x,y) values with the z-buffer depth values. Of all the pickers it is the fastest, 
but it cannot determine the actual cell, point or actor that is selected. (Note: on 
some systems z-buffer operations are inoperative and this object will not func­
tion properly.) 
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(a)vtkPicker (b) vtkPointPicker 

(c) vtkCellPicker (d)vtkWorldPointPicker 

Figure 8-25 Summary of picking operations. 

Figure 8-25 summarizes these four picking classes. Picking is built into the 
vtkRenderWindowinteractor class using the "p" key (see "Introducing 
vtkRenderWindowlnteractor" on page 70). By default a vtkCellPicker is cre­
ated, but you are free to specify your own picker type. 

Examples 

To conclude this section, we will examine how some of the dataset, cell, and point 
attribute operations are used. These operations tend to be used by class develop­
ers. You will not need to use them if you build applications by constructing visu­
alization pipelines with existing filters. 

Find Free Edges. In our first example we will take a peek inside the filter vtk­
LinearExtrus ionFil ter. This filter implements the following modelling oper­
ation. Given a polygonal mesh, extrude the mesh in a given direction, 
constructing a "skirt" or "walls" from the free edges. If the polygonal example is a 
single square, the result of this operation is a cube. Or, if the polygonal data con­
sists of a single line, the result of the operation is a quadrilateral. A point will 
generate a line as shown in Figure 8-26(a). 

Recall that fr~e edg~s are edges used by only one polygon. We can deter­
mine this information using the dataset topology operation GetCellEdgeNeig­
bors { ) . We use Equation 8-24 and the two points defining the edge of the 
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Figure 8-26 Depiction oflinear and rotational extrusion. 

polygon to determine the adjacency set (i.e., the polygons sharing this edge). Ifno other polygon uses this edge, then the edge is extruded to generate a triangle strip. The C++ pseudo code is as follows. 

for (cellid=0; cellid < numCells; cellid++} 

cell= mesh.GetCell(cellid); 
if ((dim=cell->GetCellDimension{)) 0) 
//create lines from points 
else if (dim== 1 ) 
II create strips from lines 

else if { dim 2 ) // create strips from boundary edges 

numEdges = cell->GetNumberOfEdges{); 
for (i=0; i<numEdges; i++) 

edge= cell->GetEdge(i); 
for (j=0;_j<(edge->GetNumberOfPoints()-1); j++) 

{ 

pl= edge->Pointids.Getid(j}; 
p2 = edge->Pointids.Getid(j+l); 
rnesh.GetCellEdgeNeighbors(cellid, pl, p2, cellids); 
if ( cellids.GetNumberOfids() < 1 ) 

//generate triangle strip 
} 

//for each subedge 
//for each edge 

//for each polygon or triangle strip 
//for each cell 
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Figure 8-27 Models created using linear and rotational extrusion. 

This same approach is used in the vtkRotationalExtrusionFilter 
(Figure 8-26(b)). The difference between these two functions is that the type of 
motion is rotational as compared to linear (vtkLinearExtrusionFilter). 
These two filters can be used to perform some nifty modelling operations. Linear 
extrusion can be· used to create bar charts with arbitrary cross sections, or to 
sweep out three-dimensional fonts. The rotational extrusion filter can be used to 
create rotationally symmetric objects such as bottles or wine glasses. Examples 
of these techniques are shown in Figure 8-27. 

Find Cells. In this example we combine picking and a topological operation to 
select cells sharing a common point. Specifically, we use vtkPointPicker and 
the topological dataset operation GetP.ointCells (). Figure 8-28 depicts this 
operation. We have also included a fragment of C++ code implementing this pro­
cedure. Note that this procedure will work for any dataset type, even if the geom­
etry is implicitly defined (e.g., vtkStructuredPoints). 

The most difficult part of this procedure is the picking process. The selec-
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(a) Original data (b) Selected cells 

sphereActor->SetPosition(picker->GetPickPosition()); 

if ( picker->GetPointid() >= 0 ) 
{ 

cout << "Point id: "<< picker->GetPointid() << "\n"; 
cellsActor->VisibilityOn(); 
plateActor->VisibilityOff(); 
cells->Initialize(); 
cells->Allocate(l00); 
cells->SetPoints(plateOutput->GetPoints()); 

plateOutput->GetPointCells(picker->GetPointid(), cellids); 
for (i=0; i < cellids.GetNwnberOfids(); i++) 

{ 

cellid = cellids.Getid(i); 
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plateOutput->GetCellPoints(cellid, ptids); 
cells->InsertNextcell(plateOutput->GetCellType(cellid), ptids 
} 

else 

cellsActor->VisibilityOff(); 
plateActor->VisibilityOn(); 
} 

renWin->Render(); 

(c) C++ code (pickCells. cxx) 

Figure 8-28 Selecting group of cells sharing a common point. (a) Original data. 
(b) Selected cells sharing point on corner. Cells shrunk for clarity. The small 
sphere indicates the selected point. (c) C++ code fragment in pick routine. 
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tion point must be specified in pixel coordinates. The vtkPointPicker converts 
these coordinates into world and then dataset coordinates using the renderer in 
which the pick occurred. (The renderer uses the transformation matrix of its 
active camera to perform coordinate transformation.) 

The picking process is conveniently managed in vtkRenderWindowinter­
actor. This object allows the specification of functions to execute just before 
picking and just after picking (i.e., StartPick:Method () and EndPick­
Method () ). Using this facility we can define a postpicking function to retrieve 
the point id and then execute the GetPointCells () operation. This process is 
shown in Figure 8-28. 

Point Probe. In this example we will show how to build a point probe using the 
dataset and cell operations described in this chapter. A point probe is defined as 
follows. Given a (x,y,z) point coordinate, find the cell coordinates (i.e., cell id, sub­
cell id, and parametric coordinates) and the interpolation weights. Once the 
interpolation weights are found, we can then compute local data values at (x,y,z). 

The point probe is implemented using the dataset operation FindCell (). 
This method requires a point specified in global coordinates (our (x,y,z) value) 
and a tolerance. The tolerance is often necessary because of numerical precision 
or when picking near the surface of 3D cells, or on OD, lD, and 2D cells. The 
FindCell () operation returns the information we require, plus the interpola­
tion weights of the cell containing our point probe. To determine the data value 
at our probe point, we need to retrieve the data values on the cell points. We can 
then use the interpolation functions of Equation 8-4 to determine the probe sca­
lar value. 

Figure 8-29 depicts this process and includes C++ code. In the example we 
use the combustor dataset with the objects vtkCursor3D, vtkProbeFilter, 
and vtkGlyph3D. The purpose of the cursor is to control the position of the probe 
point. The class vtkProbeFilter performs the probing operation just 
described. (This filter has been generalized so that it can handle more than one 
input point.) vtkGlyph3D is used to place an oriented, scaled cone at the cursor 
focal point. This gives us visual feedback about the scalar and vector quantities 
at the probe. Of course, we can extract numeric values and display them to the 
user if this is important. 

8.11 Chapter Summary 

Three important visualization coordinate systems are the world, dataset, and 
structured coordinate systems. The world coordinate system is an x-y-z Carte­
sian three-dimensional space. The dataset coordinate system consists of a cell id, 
subcell id, and parametric coordinates. The structured coordinate system con­
sists of (ij,k) integer indices into a rectangular topological domain. 

Visualization data is generally in discrete form. Interpolation functions are 
used to obtain data at points between the known data values. Interpolation func­
tions vary depending on the particular cell type. The form of the interpolation 
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vtkPLOT3DReader vtkStructuredGridOutlineFilter 

vtkProbeFilter 

vtkConeSource 

vtkGlyph3D 

II 
II Loop over all input points, interpolating source data II 
for (ptid=O; ptid < numPts; ptid++) 

{ 

II Get the xyz coordinate of the point in the input dataset x = input->GetPoint(ptid); 

II Find the cell that contains xyz and get it 
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cell= source->FindAndGetCell(x,NULL,-l,tol2,subid,pcoords,weights if (cell) 
{ 

II Interpolate the point data 
outPD->InterpolatePoint(pd,ptid,&(cell->Pointids),weights); 
} 

else 

outPD->NullPoint(ptid); 
} 

Figure 8-29 Creating a point probe. Visualization network shown in diagram above. C++ code shows inner loop ofvtkProbeFilter and resulting image for combustor data (probe. cxx). 

functions are weighting values located at each of the cells points. The interpola­tions functions form the basis for conversion from dataset to global coordinates and vice versa. The interpolation functions also are used to compute data deriva­tives. 

Topological operators provide information about the topology of a cell or dataset. Obtaining neighboring cells to a particular cell is an important visual­ization operation. This operation can be used to determine whether cell bound­aries are on the boundary of a dataset or to traverse datasets on a cell-by-cell basis. 
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Because of the inherent regularity of structured point datasets, operations 
can be efficiently implemented compared to other dataset types. These opera­
tions include coordinate transformation, derivative computation, topological 
query, and searching. 

8.12 Bibliographic Notes 

Interpolation functions are employed in a number of numerical techniques. The 
finite element method, in particular, depends on interpolation functions. If you 
want more information about interpolation functions refer to the finite element 
references suggested below [Cook89] [Gallagher75] [Zienkiewicz87]. These texts 
also discuss derivative computation in the context of interpolation functions. 

Basic topology references are available from a number of sources. Two good 
descriptions of topological data structures are available from Weiler [Weiler86] 
[Weiler88] and Baumgart [Baumgart74]. Weiler describes the radial-edge struc­
ture. This data structure can represent manifold and nonmanifold geometry. The 
winged-edge structure described by Baumgart is widely known. It is used to rep­
resent manifold geometry. Shephard [Shephard88] describes general finite ele­
ment data structures - these are similar to visualization structures but with 
extra information related to analysis and geometric modelling. 

There are extensive references regarding spatial search structures. Samet 
[Samet90] provides a general overview of some. Octrees were originally devel­
oped by Meagher [Meagher82] for 3D imaging. See [Williams83], [Bentley75], 
and [Quinlan94] for information about MIP maps, kd-trees, and binary sphere 
trees, respectively. 
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8.1 Given a volume of dimensions 5 x IO x 15 with origin (1.0, 2.0,3.0) and voxel spacing(0.5, 0.5, 1.0). 
a) Compute minimum point position. 
b) Compute maximum point position. 
c) For cell id 342, compute cell minimum point position and maximum point position. 
d) What points (list ids) define cell id 342? 
e) Given point specified in structured coordinates as i, j, k = (3, 6, 4) ; r, s, t = (0.1, 0.2, 0.5) , compute global coordinates. 
D Given point id 342; compute global coordinates. 

8.2 Compute global coordinates and interpolation weights for the points speci­fied in dataset coordinates (refer to Figure 8-30(a-d)). 
a) Line with r = 0.5 . 
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(c) 
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Figure 8-30 Exercise figures. 

b) Triangle with r, s = (0.25, 0.33) . 
c) Voxel with r, s, t = (0.25, 0.33, 0.5) . 

8.3 Compute parametric coordinates for cells shown in Figure 8-30(a-d). a) Line with x, y, z = (0.3, 0.6, 0.9) . 
b) Triangle with x, y, z = (0.5, 0.25, 0.0) . 
c) Voxel with x, y, z = (0.5, 0.4, 2.0) . 

8.4 Given the line shown in Figure 8-30(a), if scalar data values are (s0, s 1) = (0.0, 0.25) , what are the derivatives in the x, y, z directions? 
8.5 Refer to Figure 8-30(d) and let the numbers indicate cell ids and the letters indicate point ids. 

a) List the cells using point A. 
b) List the cells using point B. 
c) List cells using edge (A, B) . How does this list correspond to your answers in parts a) and b) above? 

8.6 Refer to Figure 8-30(e). 
a) How many boundary faces are there? 
b) How many "internal" faces? 

8.7 Describe a procedure to intersect two finite lines. How does tolerance value come into play? 

8.8 Describe a procedure to intersect a line and triangle. Are there special char­acteristics of a triangle that can be used to speed this operation? 
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8.9 Compare memory requirements for the three unstructured grid data struc­
tures shown in Figure 8-20. Assume that two cells use each face, four faces 
use each edge, and six edges use each vertex (i.e., a structured dataset). 

8.10 Using the abstract cell and dataset interface, write a program to compute 
a) number of points in a dataset, 
b) number of cells in a dataset, 
c) number of edges in a dataset, 
d) number of faces in a dataset. 

8.11 Given a volume of dimensions 5 x 10 x 15 . 
a) How many internal faces are there (i.e. used by two voxels)? 
b) How many boundary faces are there (i.e., used by one voxel)? 

8.12 Write a general extrusion filter that sweeps an object along a path to con­
struct a new surface. Assume that the path is defined by a sequence of 
transformation matrices. Can you think of a way to prevent self-intersec­
tion? 
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C H A P T E R 9 

Advanced Algorithms 

We return again to visualization algo­
rithms. This chapter describes algorithms that are either more complex to imple­
ment, or less widely used for 3D visualization applications. We retain the 
classification of algorithms as either scalar, vector, tensor, or modelling algo­
rithms. 

9.1 Scalar Algorithms 

As we have seen, scalar algorithms often involve mapping scalar values through 
a lookup table, or creating contour lines or surfaces. In this section, we examine 
another contouring algorithm, dividing cubes, which generates contour surfaces 
using dense point clouds. We also describe carpet plots. Carpet plots are not true 
3D visualization techniques, but are widely used to visualize many types of sca­
lar data. Finally, clipping is another important algorithm related to contouring, 
where cells are cut into pieces as a function of scalar value. 

Dividing Cubes 

Dividing cubes is a contouring algorithm similar to marching cubes [Cline88]. 
Unlike marching cubes, dividing cubes generates point primitives as compared 
to triangles (3D) or lines (2D). If the number of points on the contour surface is 
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Figure 9-1 Overview of the dividing cubes algorithm. Voxels through which the contour passes are subdivided into subvoxels at less than screen resolution. If the contour passes through a subvoxel, a center point is generated. 

large, the rendered appearance of the contour surface appears "solid." To achieve this solid appearance, the density of the points must be at or greater than screen resolution. (Also, the points must be rendered using the standard lighting and shading equations used in surface rendering.) 
The motivation for dividing cubes is that rendering points is much faster than rendering polygons. This varies depending upon rendering hardware/soft­ware. Special purpose hardware has been developed to render shaded points at high speed. In other systems, greater attention has been placed on polygon ren­dering, and the rendering speed differences are not so great. Also, certain geo­metric operations such as clipping and merging data are simple operations with points. Comparable operations with polygons are much more difficult to imple­ment. 
One disadvantage of creating contours with dense point clouds is that mag­nification of the surface (via camera zooming, for example) reveals the discon­nected nature of the surface. Thus, the point set must be constructed for maximum zoom, or constructed dynamically based on the relative relationship between the camera and contour. 
Although dividing cubes was originally developed for volume datasets, it is possible to adapt the algorithm to other dataset types by subdividing in paramet­ric coordinates. Our presentation assumes that we are working with volumes. Figure 9-1 provides an overview of the dividing cubes algorithm. Like other 
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Figure 9-2 Recursive dividing cubes algorithm. Top half of figure shows algorithm 
depicted in two dimensions. Lower half depicts algorithm in three dimensions. 

contouring algorithms, we first choose a contour value. We begin by visiting each 
voxel and select those through which the isosurface passes, (The isosurface 
passes through a voxel when there are scalar values both above and below the 
contour value.) We also compute the gradient at each voxel point for use in com­
puting point normals. 

After selecting a voxel that the isosurface passes through, the voxel is sub­
divided into a regular grid of n I x n 2 x n 3 subvoxels. The number of divisions is 
controlled by the width of a voxel wi in combination with screen resolution R. 
The screen resolution is defined as the distance between adjacent pixels in world 
coordinates. We can express the number of divisions ni along the coordinate 
axes xias 

(9-1) 

where the quotient is rounded up to the nearest integer. The scalar values at the 
subpoints are generated using the interpolation functions for a voxel (see 
Figure 8-10). Then we determine whether the contour passes through each sub­
voxel. If it does, we simply generate a point at the center of the subvoxel and 
compute its normal using the standard interpolation functions. 

An interesting variation on this algorithm is a recursive implementation as 
shown in Figure 9-2. Instead of subdividing the voxel directly (i.e., procedurally) 
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Figure 9-3 Examples of dividing cubes isosurface. The left image consists of 50,078 points, and the right image consists of2,506,989 points (dcubes. tel). 

into a regular grid we recursively divide the voxel (similar to octree decomposi­tion). The voxel is subdivided regularly creating eight subvoxels and 19 new points (12 midedge points, 6 midface points, and 1 midvoxel point). The scalar values at the new points are interpolated from the original voxel using the tri­Iinear interpolation functions. The process repeats for each subvoxel if the iso­surface passes through it. This process continues until the size of the subvoxel is less than or equal to screen resolution. In this case, a point is generated at the center of the subvoxel. The collection of all such points composes the dividing cubes' isosurface. 
The advantage of the recursive implementation is that the subdivision pro­cess terminates prematurely in those regions of the voxel where the contour can­not pass. On the other hand, the recursive subdivision. requires that the voxel subdivision occurs in powers of two. This can generate far more points than the procedural implementation. 
Figure 9-3 shows two examples of dividing cubes isosurfaces. The contour surface on the left consists of 50,078 points. Because the points are not generated at display resolution, it is possible to see through the contour surface. The second contour surface on the right is composed of 2,506,989 points. The points are gen­erated at display resolution, and as a result the contour surface appears solid. 
As Figure 9-1 and Figure 9-2 show, the points generated by dividing cubes do not lie exactly on the contour surface. We can determine the maximum error by examining the size of the terminal subvoxels. Assume that a terminal sub­voxel is a cube, and that the length of the side of the cube is given by l. Then the maximum error is half the length of the cube diagonal, or l ,[312 . 
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Figure 9-4 Carpet plots. {a) Visualization of an exponential cosine function. Function 
values are indicated by surface displacement. Colors indicate derivative values (exp­
Cos. cxx). (b) Carpet plot of combustor flow energy in a structured grid. Colors and plane 
displacement represent energy values (warpComb. tel). 

Carpet Plots 

A common data form is a 2D structured point set with associated scalar data. 

Carpet plots can visualize data in this form. A carpet plot is created by warping a 

2D surface in the direction of the surface normal (or possibly some user-defined 
direction). The· amount of warping is controlled by the scalar value, possibly in 

combination with a scale factor. Carpet plots are similar to the vector displace­

ment plots (see "Displacement Plots" on page 169). 

Although carpet plots are typically applied to structured point data, they 

can be used to visualize datasets composed of 2D structured grids or 2D unstruc­

tured grids. In their basic form carpet plots can be used to visualize only three 

variables: two surface position coordinates and a scalar value. However, it is 

common to introduce another variable by using color mapping on the surface. 

Figure 9-4 illustrates application of carpet plots. Figure 9-4(a) shows the 

exponential cosine function centered at the origin with points located at radius r 

F(r) = e -r cos( lOr) (9-2) 

The function values are used to warp the surface while the function derivatives 

are used to color it. 
Figure 9-4(b) shows a carpet plot that visualizes flow energy in a struc­

tured grid. Both displacement and color are used to show the energy values. 

Although this figure is similar to Figure 6-14(b) there are some important differ­
ences. Figure 6-14(b) displays vector data whereas Figure 9-4(b) displays scalar 
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Figure 9-5 Clipping a triangle produces a polygon. The dark line represents an infinite plane. 

data. Figure 9-4(b) deforms the surface in the direction of surface normal (or possibly a user-defined direction). The vector data (i.e., vector orientation) con­trols the direction of deformation in Figure 6-14(b). 

Clipping With Scalar Fields 

Clipping is a common graphics operation that limits the extent of a polygon so that it does not lie outside the view frustrum (See "Cameras" on page 46.) Figure 9-5 shows a triangle before and after clipping with an infinite plane. The clip operation transforms a polygon into a polygon. Clipping can also be a power­ful modeling tool. Clipping part of a structure can reveal internal details of the surface or other parts contained within the surface. Objects can be split into pieces and the pieces can be individually moved and controlled. 
We can do clipping with arbitrary implicit functions using a variation of the "marching" primitives discussed in "Contouring" on page 158. We illustrate the technique for triangles. 
Recall that marching triangles transforms triangles into lines that approxi­mate a scalar value called the isovalue. This is accomplished using the inside/ outside relationship that each vertex has with respect to some scalar value. For our purposes here, we use a scalar value that represents the signed distance of the triangle vertex to a plane. This infinite plane, described by an implicit func­tion of the form F(x,y,z) = nxx+nyy+nzz-d = 0, partitions space into two infinite half spaces. All points with negative scalar values lie on one side of the plane and all with positive values lie on the other side. Figure 9-6 shows a finite plane represented by a grid of triangles. The thick line shows the infinite plane defined by F(x,y,z) = x + y + z - c = 0. The cut algorithm described in "Cutting" on page 187 creates a set of lines using the contour operations specific to each cell primitive. In this example, the triangle's contour operator extracts lines that lie on the intersection of the infinite plane and the triangles that comprise the finite plane. The contour operation for a triangle uses the eight cases shown in 
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Figure 9-6 Cutting polygons produces lines (cutPlane. tel). 

Figure 9-7 The eight cases for cutting (contouring) a triangle. Black dots 
show triangle vertices that are "inside" the scalar cutting region. Solid lines 
show the output of the cutting operation. 
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Figure 9-8 The eight cases for clipping a triangle. Black dots show triangle verti­
ces that are "inside" the scalar clipping region. Shaded regions show the output of 
the clip operation. 

Figure 9-7 to contour or "cut" each triangle appropriately. 

Clipping transforms polygons into polygons. We do clipping with a modified 
case table for the triangle that outputs polygons shown in Figure 9-8. In vtk, 
each polygonal data cell has a different case table to define the clip operation. 
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Figure 9-9 A plane of triangles clipped with a plane function (elipPlane. tel). 

Clip 

Figure 9-10 A scanned image clipped with a scalar value of 1/2 its maximum intensity produces a mixture of quadrilaterals and triangles (ereateBFont. tel). 

Applying the clip algorithm to the polygonal data in Figure 9-9 using the same scalar field generated with a plane equation produces a new set of triangles. Formulating clipping using scalar fields permits more sophisticated opera­tions. Clipping can use scalar data that is computed or scalar data that is part of a polygonal dataset's point attributes. Figure 9-10 shows a scanned image that is first converted to a quadrilateral mesh with vertex scalar values set to the scanned image intensity. Clipping this quadrilateral mesh with a value equal to 1/2 the maximum intensity of the scanned image produces a polygonal model show in Figure 9-10. 
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9.2 Vector Algorithms 

In Chapter 6 we showed how to create simple vector glyphs and how to integrate 
particles through a vector field to create streamlines. In this section we extend 
these concepts to create streamribbons and streampolygons. In addition, we 
introduce the concept of vector field topology, and show how to characterize a vec­
tor field using topological constructs. 

Streamribbons and Streamsurfaces 

Streamlines depict particle paths in a vector field. By coloring these lines, or cre­
ating local glyphs (such as dashed lines or oriented cones), we can represent 
additional scalar and temporal information. However, these techniques can con­
vey only elementary information about the vector field. Local information (e.g., 
flow rotation or derivatives) and global information (e.g., structure of a field such 
as vortex tubes) is not represented. Streamribbons and streamsurfaces are two 
techniques used to represent local and global information. 

A natural extension of the streamline technique widens the line to create a 
ribbon. The ribbon can be constructed by generating two adjacent streamlines 
and then bridging the lines with a polygonal mesh. This technique works well as 
long as the streamlines remain relatively close to one another. If separation 
occurs, so that the streamlines diverge, the resulting ribbon will not accurately 
represent the flow, because we expect the surface of the ribbon to be everywhere 
tangent to the vector field (i.e., definition of streamline). The ruled surface con­
necting two widely separated streamlines does not generally satisfy this require­
ment. 

The streamribbon provides information about important flow parameters: 
the vector vorticity and flow divergence. Vorticity cb is the measure of rotation of 
the vector field, expressed as a vector quantity: a direction (axis of rotation) and 
magnitude (amount of rotation). Strearnwise vorticity Q is the projection of ~ 
along the instantaneous velocity vector, 6 . Said another way, streamwise vortic­
ity is the rotation of the vector field around the streamline defined as follows. 

(9-3) 

The amount of twisting of the streamribbon approximates the streamwise vortic­
ity. Flow divergence is a measure of the "spread" of the fl.ow. The changing width 
of the streamribbon is proportional to the cross-flow divergence of the flow. 

A streamsurface is a collection of an infinite number of streamlines passing 
through a base curve. The base curve, or rake, defines the starting points for the 
streamlines. If the base curve is closed (e.g., a circle) the surface is closed and a 
streamtube results. Thus, streamribbons are specialized types of streamsurfaces 
with a narrow width compared to length. 

Compared to vector icons or streamlines, streamsurfaces provide additional 
information about the structure of the vector field. Any point on the streamsur-
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face is tangent to the velocity vector. Consequently, taking an example from fluid flow, no fluid can pass through the surface. Streamtubes are then representa­tions of constant mass flux. Streamsurfaces show vector field structure better than streamlines or vector glyphs because they do not require visual interpola­tion across icons. 
Streamsurfaces can be computed by generating a set of streamlines from a user-specified rake. A polygonal mesh is then constructed by connecting adjacent streamlines. One difficulty with this approach is that local vector field diver­gence can cause streamlines to separate. Separation can introduce large errors into the surface, or possibly cause self-intersection, which is not physically possi­ble. 
Another approach to computing streamsurfaces has been taken by Hultquist [Hultquist92]. The streamsurface is a collection of streamribbons con­nected along their edges. In this approach, the computation of the streamlines and tiling of the streamsurface is carried out concurrently. This allows stream­lines to be added or removed as the flow separates or converges. The tiling can also be controlled to prevent the generation oflong, skinny triangles. The surface may also be "torn", i.e., ribbons separated, if the divergence of the flow becomes too high. 

Stream Polygon 

The techniques described so far provide approximate measures of vector field quantities such as streamwise vorticity and divergence. However, vector fields contain more information than these techniques can convey. As a result, other techniques have been devised to visualize this information. One such technique is the stream polygon [Schroeder91], which serves as the basis for a number of advanced vector and tensor visualization methods. The stream polygon is used to visualize local properties of strain, displacement, and rotation. We begin by describing the effects of a vector field on the local state of strain. 
Nonuniform vector fields give rise to local deformation in the region where they occur. ff the vector field is displacement in a physical medium such as a fluid or a solid, the deformation consists oflocal strain (i.e., local distortion) and rigid body motion. To mathematically describe the deformation, we examine a 3D vector t = (u, u, w) at a s~ecified point f = (x, y, z). Using a first order Taylor's series expansion about x, we can express the local deformation eij as 

(9-4) 

where Eij is the local strain and roij is the local rotation. Note that these vari­ables are expressed as 3 x 3 tensors. (Compare this equation to that given in Figure 6-20. Note that this equation and the following Equation 9-5 differ in their off-diagonal terms by a factor of 1/2. This is because Figure 6-20 expresses engineering shear strain which is used in the study of elasticity. Equation 9-5 expresses a tensor quantity and is mathematically consistent.) 
The local strain is expressed as a combination of the partial derivatives at 
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k as follows. 

£·· = lj 

du 
dx 

du 
dy 
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(9-5) 

The terms on the diagonal of £ij are the normal components of strain. The off­
diagonal terms are the shear strain. The local rigid-body rotation is given by 

O !(au_ au) !(au_ aw 
2 ay ax 2 az ax 

O)ij = 1(~: -~~) 0 1(~~ -~-;) 

Equation 9-6 can also be represented using tensor notation as 

(9-6) 

(9-7) 

where ~ is the vorticity vector referred to in the previous section. The vorticity, 
or local rigid body rotatio~ is then 

aw au 
ay -az 

➔ au aw (9-8) 0) = 
az -ox 
au OU 
ax -ay 

For the reader unfamiliar with tensor notation, this presentation is cer­
tainly less than complete. However, the matrices in Equation 9-5 and 
Equation 9-6 directly translate into visual form, which will help clarify the con­
cepts presented here. Referring to Figure 9-11, the normal strain, shear strain, 
and rigid body motion create distinct deformation modes. These modes combine 
to produce the total deformation. Modes of normal strain cause compression or 
extension in the direction perpendicular to a surface, while shear strains cause 
angular distortions. These strains combined with rigid body rotation around an 
axis yield the total strain at a point. 

The essence of the stream polygon technique is to show these modes of 
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(a) Normal strain (b) Shear strain 

(c) Rotation (d) Total deformation 

Figure 9-11 Components of local deformation due to vector field. Dotted line shows 
initially undeformed object. 

deformation. A regular n-sided polygon (Figure 9-12) is placed into a vector field 
at a specified point and then deformed according to the local strain. The compo­
nents of strain may be shown separately or in combination. The orientation of 
the normal of the polygon is arbitrary. However, it is convenient to align the nor­
mal with the local vector. Then the rigid body rotation about the vector is the 
streamwise vorticity, and the effects of normal and shear strain are in the plane 
perpendicular to a streamline passing through the point. 

The stream polygon offers other interesting possibilities. The stream poly­
gon may be swept along a trajectory, typically a streamline, to generate tubes. 
The radius of the tube r can be modified according to some scalar function. One 
application is to visualize fluid flow: In incompressible flow with no shear, the 
radius of the tube can vary according to the scalar function vector magnitude. 
Then the equation 

(9-9) 

represents an area of constant mass flow. As a result, the tube will thicken as the 
flow slows and narrow as the velocity increases. Each of the n sides of the tube 
can be colored with a different scalar function, although for visual clarity, at 
most, one or two functions should be used. 

The streamtubes generated by the streampolygon and the streamtubes we 
• described in the previous section are not the same. The stream polygon does not 
necessarily lie along a streamline. Ifit does, the streampolygon represents infor-
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Figure 9-12 The stream polygon. (a) Planar view. (b) Aligned with vector. (c) Aligned 
along streamline. (d) Sweeping polygon to form tube (officeTube. tel). 

mation at a point, while the streamtube is an approximation constructed from 
multiple streamlines. Also, the radial variation in the tubes constructed from 
streampolygon sweeps do not necessarily relate to mass flow since the radius in a 
streampolygon can be tied to an arbitrary scalar variable. 

Vector Field Topology 

Vector fields have a complex structure characterized by special features called 
critical points [Globus91] [Helman91]. Critical points are locations in the vector 
field where the local vector magnitude goes to zero and the vector direction 
becomes undefined. At these points the vector field either converges or diverges, 
and/or local circulation around the point occurs. 

Critical points lie in dataset cells where the u, v, and w components of th~ 
vector field each pass through zero. These points are located using an iterative 
search procedure such as the bi-section technique. Each iteration evaluates the 
cell interpolation function until the zero vector is found. Once a critical point is 
found, its local behavior is determined from the matrix of partial derivatives. 
This is because at the critical point the velocity is zero, and the vector field can 
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be approximated by a first-order expansion of partial derivatives [Helman91] 

au au au 
u "'axdx+~y+ azdz 

av av av 
V "'axdx+ff;ly+~z 

aw aw aw W"'-dx+-dy+-dz ax ay az 

The matrix of partial derivatives J can be written in vector notation as 

au au au 
ax ay az 

il = Jd± with J = av av av 
ax ay az 

aw aw aw 
ax ay az 

(9-10) 

(9-11) 

and is referred to as the Jacobian. The behavior of the vector field in the vicinity 
of a critical point is characterized by the eigenvalues of J. The eigenvalues con­
sist of an imaginary and real component. The imaginary component describes 
the rotation of the vector field around the critical point, while the real part 
describes the relative attraction or repulsion of the vector field to the critical 
point. In two dimensions the critical points are as shown in Figure 9-13. 

A number of visualization techniques have been developed to construct vec­
tor field topology from an analysis of critical points. These techniques provide a 
global understanding of the field, including points of attachment and detachment 
and field vortices. Using a fluid flow analogy, points of attachment and detach­
ment occur on the surface of an object where the tangential component of the 
vector field goes to zero, and the flow is perpendicular to the surface. Thus, 
streamlines will begin or end at these points. There is no common definition for a 
vortex, but generally speaking, vortices are regions of relatively concentrated 
vorticity (e.g., flow rotation). The study of vortices is important because they rep­
resent areas of energy loss, or can have significant impact on downstream flow 
conditions (e.g., trailing vortices behind large aircraft). 

One useful visualization technique creates vector field skeletons that divide 
the vector field into separate regions. Within each region, the vector field is topo­
logically equivalent to uniform flow. These skeletons are created by locating crit­
ical points, and then connecting the critical points with streamlines. In 3D vector 
fielcl analysis this technique can be applied to the surface of objects to locate 
lines of flow separation and attachment and other important flow features. Also, 
in general 3D flow, the regions of uniform flow are separated by surfaces, and 
creation of 3D flow skeletons is a current research topic. 

Vortex visualization is another area of current research. One technique 
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Figure 9-13 Critical points in two dimensions. The real part of the eigenvalues (R 1, R2 ) 
of the matrix of first derivatives control the attraction or repulsion of the vector field. 
The imaginary part of the eigenvalues (11, 12 ) controls the rotation. 

computes the helicity-density 

(9-12) 

This is a scalar func~ion of the vector dot product between the vorticity and the 
local vector. Large positive values of Hd result in right-handed vortices, while 
large negative values indicate left-handed vortices. Helicity-density can be con­
veniently shown using isosurfaces, which gives an indication for the location and 
structure of a vortex. 

9.3 Tensor Algorithms 

In Chapter 6 we saw that 3 x 3 real symmetric tensors can be characterized by 
the -eigenvalues and eigenvectors of the tensor. Recall that we can express the 
eigenvectors of the system as 
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(a) Ellipse definition (b) Ellipse swept to create tube 

Figure 9-14 Creation ofhyperstreamlines. An eJiipse is swept along a streamline of the eigenfield. Major/minor axes of the ellipse are controlled by the other two eigenvectors. 

(9-13) 

where ei is a unit vector in the direction of the eigenvalue, and \ are the eigen­
values. Thus, we can decompose a 3 x 3 real symmetric tensor field into three 

• vector fields, each field defined by one of the three eigenvectors described in 
Equation 9-13. We call these vector fields eigenfields, since they are derived from 
the eigenvectors of the tensor field. 

Decomposition of the tensor field in this fashion provides additional insight 
into visualizing 3 x 3 real symmetric tensors. We can directly use the vector field 
visualization techniques presented previously or use variations of them. One 
such technique is a novel extension of the streampolygon technique, the method 
of hyperstreamlines. 

Hyperstreamlines 

Hyperstreamlines are constructed by creating a streamline through one of the 
three eigenfields, and then sweeping a geometric primitive along the streamline 
[Delmarcelle93]. Typically, an ellipse is used as the geometric primitive, where 
the remaining two eigenvectors define the major and minor axes of the ellipse 
(Figure 9-14). Sweeping the ellipse along the eigenfield streamline results in a 
tubular shape. Another useful generating georp.etric primitive is a cross. The 
length and orientation of the arms of the cross are controlled by two of the eigen­
vectors. Sweeping the cross results in a helical shape since the eigenvectors (and 
therefore cross arms) will rotate in some tensor fields. 

Figure 9-15 shows an example of hyperstreamlines. The data is from a 
point load applied to a semi-infinite domain. Compare this figure to Figure 6-22 
that used tensor ellipsoids to visualize the same data. Notice that there is less 
clutter and more information available from the hyperstreamline visualization. 

I 
··~ .g 
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Figure 9-15 Example of hyperstreamlines (Hyper. tel). The four hyperstreamlines 
shown are integrated along the minor principle stress axis. A plane (colored with a differ-
ent lookup table) is also shown. • 

9.4 Modelling Algorithms 

Visualizing Geometry 

One of the most common applications of visualization is to view geometry. We 
may have a geometric representation of a part or complex assembly (perhaps 
designed on a CAD system) and want to view the part or assembly before it is 
manufactured. While viewing geometry is better addressed in a text ori computer 
graphics, often there is dataset structure we wish to view in the same way. For 
example, we may want to see data mapped on a particular portion of the dataset, 
or view the structure of the dataset itself(e.g., view a finite element mesh). 

Three-dimensional datasets have a surface and interior. Typically we want 
to visualize the surface of the dataset or perhaps a portion of the interior. (Note: 
volume rendering is a different matter - see "Volume Rendering" on page 216.) 
To visualize the dataset we must extract a portion of the dataset topology/geome­
try (and associated data) as some form of surface primitives such as polygons. If 
the surface of the dataset is opaque, we may also wish to eliminate occluded inte­
rior detail. 

We have already seen how structured datasets, such as structured points or 
structured grids, have a natural i-j-k coordinate system that allow extraction of 
points, lines, and planes from the interior of the dataset (see "Structured Coordi­
nate System" on page 311). For example, to extract the fifth i-plane from a struc-
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Figure 9-16 Boundary edges and faces. 

tured grid of dimensions (im, jm, km), we specify the data extents using (4, 4, 0, Um -1 ), 0, (km -1)) (assuming zero-offset addressing). 
More generally, we can extract boundary edges and faces from a dataset. A boundary edge is an 1D cell type (e.g., line or polyline), or the edge of a 2D cell used by only that single cell. Similarly, a boundary face is a 2D cell type (e.g., polygon, triangle strip) or the face of a 3D cell used by only that single cell (Figure 9-16). We can obtain this information using the topological operators of • the previous chapter. Cells of dimensions two or less are extracted as is, while boundary edges and faces are determined by counting the number of cell neigh­bors for a particular topological boundary (i.e., edge or face neighbors). If there are no neighbors, the edge or face is a boundary edge or face, and is extracted. 
Using these techniques we can view the structure of our dataset. However, there are also situations where we want more control in the selection of the data. We call this data extraction. 

Data Extraction 

Often we want to extract portions of data from a dataset. This may be because we want to reduce the size of the data, or because we are interested in visualiz­ing only a portion of it. 
Reducing dataset size is an important practical capability, because visual­ization data size can be huge. By reducing data size, reductions in computation and memory requirements can be realized. This results in better interactive response. 

We also may need to reduce data size in order to visualize the important features of a large dataset. This can be used to reduce image clutter and improve the effectiveness of the visualization. Smaller data size also enables the visual­ization user to navigate through and inspect data more quickly relative to larger datasets. Next we describe two techniques to extract data. One is based on geom­etry extraction, and the other is based on data thresholding, or thresholding. 
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EB-□ W-® 
(a) Subsampling structured data (b) Subsampling unstructured data 

Figure 9-17 Subsampling data. (a) Structured data can be subsampled by choosing every nth point. (b) Subsampling unstructured data requires local retriangulation. 

Geometry Extraction. Geometry extraction selects data based on geometric or topological characteristics. A common extraction technique selects a set of points and cells that lie within a specified range of ids. A typical example is selecting all cells having ids between 0-100, or all cells using point ids 250-500. Finite ele­ment analysts use this method frequently to isolate the visualization to just a few key regions. 
Another useful technique called spatial extraction, selects dataset structure and associated data attributes lying within a specified region in space. For exam­ple, a point and radius can be used to select (or deselect) data within an enclos­ing sphere. Implicit functions are particularly useful tools for describing these regions. Points that evaluate negative are inside the region, while points outside the region evaluate positive; thus, cells whose points are all positive are outside the region, and cells whose points are all negative are inside the region. 
Subsampling (Figure 9-17) is a method that reduces data size by selecting a subset of the original data. The subset is specified by choosing a parameter n, specifying that every nth data point is to be extracted. For example, in struc­tured datasets such as structured points and grids, selecting every nth point pro­duces the results shown in Figure 9-17(a). 
Subsampling modifies the topology of a dataset. When points or cells are not selected, this leaves a topological "hole." Dataset topology must be modified to fill the hole. In structured data, this is simply a uniform selection across the structured i-j-k coordinates. In unstructured data (Figure 9-17(b)), the hole must be filled in by using triangulation or other complex tessellation schemes. Subsampling is not typically performed on unstructured data because of its inherent complexity. 
A related technique is data masking. In data masking we select every nth cell that at a minimum leaves one or more topological "holes" in the dataset. Masking also may change the topology of the dataset, since partial selections of cells from structured datasets can only be represented using unstructured grids. Masking is typically used to improve interactive performance or to quickly pro­cess portions of data. 

Thresholding. Thresholding extracts portions of a dataset data based on attribute values. For example, we may select all cells having a point with scalar 
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Figure 9-18 Probing data. The geometry of one dataset (Probe) is used to extract 

dataset attributes from another dataset (Input). 

value between (0,1) or all points having a velocity magnitude greater than 1.0. 

Scalar thresholding is easily implemented. The threshold is either a single 

value that scalar values are greater than or less than, or a range of values. Cells 

or points whose associated scalar values satisfy the threshold criteria can be 

·extracted. Other dataset attribute types such as vectors, normals, or tensors can 

be extracted in similar fashion by converting the type to a single scalar value. 

For example, vectors can be extracted using vector magnitude, and tensors using 

matrix determinate. 
A problem with both geometry extraction and thresholding is that the 

approaches presented thus far extract "atomic" pieces of data, that is, a complete 

cell. Sometimes the cell may lie across the boundary of the threshold. In this case 

the cell must be clipped (see "Clipping With Scalar Fields" on page 360) and only 

a portion of the cell is extracted. 

Probing 

Probing obtains dataset attributes by sampling one dataset (the input) with a set 

of points (the probe) as shown in Figure 9-18(a). Probing is also called "resam­

pling." Examples include probing an input dataset with a sequence of points 

along a line, on a plane, or in a volume. The result of the probing is a new dataset 

(the output) with the topological and geometric structure of the probe dataset, 

and point attributes interpolated from the input dataset. Once the probing oper­

ation is completed, the output dataset can be visualized with any of the appropri­

ate techniques described in this text. 

Figure 9-18(b) illustrates the details of the probing process. For every point 

in the probe dataset, the location in the input dataset (i.e., cell, subcell, and para­

metric coordinates) and interpolation weights, are determined. Then the data 
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Figure 9-19 Probing data in a combustor. Probes are regular array of 502 points that 
are then passed through a contouring filter (probeComb. tel). 

values from the cell are interpolated to the probe point. Probe points that are 
outside the input dataset are assigned a nil (or appropriate) value. This process 
repeats for all points in the probe dataset. 

Probing can.be used to reduce data or to view data in a particular fashion. 

• Data is reduced when the probe operation is limited to a subregion of the 
input dataset, or the number of probe points is less than the number of 
input points. 

• Data can be viewed in a particular fashion by sampling on specially 
selected datasets. Using a probe dataset consisting of a line enables x-y 
plotting along a line, or using a plane allows surface color mapping or line 
contouring. 

Probing must be used carefully or errors may be introduced. Under-sampling 
data in a region can miss important high-frequency information or localized data 
variations. Oversampling data, while not creating error, can give false confidence 
in the accuracy of the data. Thus the sampling frequency should have a similar 
density as the input dataset, or if higher density, the visualization should be 
carefully annotated as to the original data frequency. 

One important application of probing converts irregular or unstructured 
data to structured form using a volume of appropriate resolution as a probe to 
sample the unstructured data. This is useful ifwe use volume rendering or other 
volume visualization techniques to view our data. 

Figure 9-19 shows an example of three probes. The probes sample flow den­
sity in a structured grid. The output of the probes is passed through a contour fil­
ter to generate contour lines. As this figure illustrates, we can be selective with 
the location and extent of the probe, allowing us to focus on important regions in 
the data. 
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Figure 9-20 Creating triangle strips. 

Triangle Strip Generation 

Triangle strips are compact representations of triangle polygons as described in 
"Triangle Strip" on page 121. Many rendering libraries include triangle strips as 
graphics primitives because they are a high-performance alternative to general 
polygon rendering. 

Visualization and graphics data is often represented with triangles. March­
ing cubes, for example, generates thousands and potentially millions of triangles 
to represent an isosurface. To achieve greater performance in our visualizations, 
we can convert triangle polygons into triangle strips. Or, if data is represented 
using polygons, we can first triangulate the polygons and then create triangle 
strips. 

A simple method to generate triangle strips uses greedy gathering of trian­
gles into a strip (Figure 9-20). The method proceeds as follows. An "unmarked" 
triangle is found to initialize the strip - unmarked triangles are triangles that 
have not yet been gathered into a triangle strip. Starting with the initial trian­
gle, the strip may grow in one of three directions, corresponding to the three 
edges of the triangle. We choose to grow the strip in the direction of the first 
unmarked neighbor triangle we encounter. If there are no unmarked neighbors 
the triangle strip is complete; otherwise, the strip is extended by adding trian­
gles to the list that satisfy triangle strip topology. The strip is grown until no 
unmarked neighbor can be found. Additional strips are then created using the 
same procedure until every triangle is marked. 

The length of the triangle strips varies greatly depending on the structure 
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-
(a) Structured data (b) Unstructured data 

Figure 9-21 Triangle strip examples. (a) Structured triangle mesh consisting of 134 
strips each of 390 triangles (stripF. tel). (b) Unstructured triangle mesh consisting of 
2227 strips of average length 3.94, longest strip 101 triangles. Images are generated by 
displaying every other triangle strip (ustripeF. tel). 

of the triangle mesh. Figure 9-21 (a) shows triangle strips each of 390 triangles 
in length from a dataset that was originally structured. Such a case is an excep­
tion: unstructured triangle meshes typically average about 5-6 triangles per 
strip (Figure 9-21 (b)). Even so, the memory savings are impressive. A triangle 
strip of length 6 requires 8 points to represent, while 8 triangles require 24 
points, for a memory savings of 66. 7 percent. Rendering speed may be greatly 
affected, too, depending upon the capabilities of the rendering system. 

Connectivity 

Intercell connectivity is a topological property of datasets. Cells are topologically 
connected when they share boundary features such as points, edges, or faces 
(Figure 9-22). Connectivity is useful in a number of modeling applications, par­
ticularly when we want to separate out "parts" of a dataset. 

One application of connectivity ·extracts a meaningful portion of an isosur­
face. If the isosurface is generated from measured data such as an MRI or CT 
scan, it likely contains "noise" or unimportant anatomical structure. Using con­
nectivity algorithms, we can separate out the part of the isosurface that we 
desire, either by eliminating noise or undesirable anatomical structure. 
Figure 9-23 is an example where a 2D surface of interest (e.g., an isocontour) is 
extracted from a noisy signal. 

Connectivity algorithms can be implemented using a recursive visit 



378 

Point connected 

Advanced Algorithms 

Edge connected Face connected 

Figure 9-22 Connected cells. 

Desired surface 

~► 0 Connectivity ..., 

Noise or undesirable 
structure 

Figure 9-23 Extracting portion ofisosurface of interest using connectivity. 

method. We begin by choosing an arbitrary cell and mark it "visited". Then, 
depending upon the type of connectivity desired (i.e., point, edge, face), we gather 
the appropriate neighbors and mark them visited. This process repeats recur­
sively until all connected cells are visited. We generally refer to such a set of con­
nected cells as a connected "surface" even though the cells may be of a topological 
dimension other than two. 

To identify additional connected surfaces we locate another unvisited cell 
and repeat the processes described previously. We continue to identify connected 
surfaces until every cell in the dataset is visited. As each connected surface is 
identified, it is assigned a surface number. We can use this number to specify the 
surfaces to extract or we can specify "seed" points or cells and extract the sur­
faces connected to them. 

In some cases the recursion depth of the connectivity algorithm becomes 
larger than the computer system can manage. In this case, we can specify a max­
imum recursion depth. When this depth is exceeded, recursion is terminated and 
the current cells in the recursion are used as seeds to restart the recursion. 

Polygon Normal Generation 

Gouraud and Phong shading (see Chapter 3) can improve the appearance of ren­
dered polygons. Both techniques require point normals. Unfortunately polygonal 

··! 
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meshes do not always contain point normals, or data file formats may not sup­
port point normals. Examples include the marching cubes algorithm for general 
datasets (which typically will not generate surface normals) and the stereo 
lithography file format (does not support point normals). Figure 9-24(a) shows a 
model defined from stereo-lithography format. The faceting of the model is 
clearly evident. 

To address this situation we can compute surface normals from the polygo­
nal mesh. A simple approach follows. First, polygon normals are computed 
around a common point. These normals are then averaged at the point, and the 
normal is renormalized (i.e., lnl = I ) and associated with the point. This 
approach works well under two conditions. 

I. The orientation of all polygons surrounding the point are consistent as 
shown in Figure 9-24(b). A polygon is oriented consistently if the order of 
defining polygon points is consistent with its edge neighbors. That is, if 
polygon p is defined by points (1,2,3), then the polygon edge neighbor p 23 
must use the edge (2,3) in the direction (3,2). If not consistent, then the 
average point normal may be zero or not accurately represent the orienta­
tion of the surface. This is because the polygon normal is computed from a 
cross product of the edges formed by its defining points. 

2. The angular difference in surface normals between adjacent polygons is 
small. Otherwise, sharp corners or edges will have a washed out appear­
ance when rendered, resulting in an unsatisfactory image (Figure 9-24(c)). 

To avoid these problems we adopt a more complex polygon normal genera-
tion algorithm. This approach includes steps to insure that polygons are oriented 
consistently, and an edge-splitting scheme that duplicates points across sharp 
edges. 

To orient edges consistently we use a recursive neighbor traversal. An ini­
tial polygon is selected and marked "consistent." For each edge neighbor of the 
initial polygon, the ordering of the neighbor polygon points is checked - if not 
consistent, the ordering is reversed. The neighbor polygon is then marked "con­
sistent." This process repeats recursively for each edge neighbor until all neigh­
bors are marked "consistent". In some cases there may be more than one 

·.• - connected surface, so that the process may have to be repeated until all polygons 
•l~ are visited. 

A similar traversal method splits sharp edges. A sharp edge is an edge 
shared by two polygons whose normals vary by a user-specified feature angle. 
The feature angle between two polygons is the angle between their normals 
(Figure 9-25(a)). When sharp edges are encountered during the recursive tra­
versal, the points along the edge are duplicated, effectively disconnecting the 
mesh along that edge (Figure 9-25(b)). Then, when shared polygon normals are 
computed later in the process, contributions to the average normal across sharp 
edges is prevented. 

On some computers limitations on recursion depth may become a problem. 
Polygonal surfaces can consist of millions of polygons, resulting in large recur-
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(a) Original faceted mode 

(c) Naive normal computation 
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(d) Split-edge normal computation 
Figure 9-24 Surface normal generation. (a) Faceted model without normals. (b) Polygons must be consistently oriented to accurately compute normals. (c) Sharp edges are poorly represented using shared normals as shown on the corners of this cube. (d) Normal generation with sharp edges split (Normals. cxx). 

sion depth. As a result, the depth of recursion can be specified by the user. If recursion depth exceeds the specified value, the recursion halts and the polygons on the boundary of the recursion become seeds to begin the process again. Figure 9-24(d) shows the result of the advanced normal generation tech-
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Figure 9-25 Computing feature angles (a) and splitting edges (b). 

nique with a feature angle of 60 degrees. Sharp edges are well defined and 
curved areas lack the faceting evident in the original model. The figure is shown 
with Gouraud shading. 

Decimation 

Yarious data compression techniques have been developed in response to large 
data size. The UNIX utilities compress/uncompress and the PC utility zip 
compress data files. The MPEG compression algorithm compresses video 
sequences. These techniques may be loss-less, meaning that no data is lost 
between the compression/decompression steps, or lossy, meaning that data is lost 
during compression. The utilities compress/uncompress and zip are loss-less, 
while MPEG is lossy. 

In graphics, data compression techniques have been developed as well. The 
subsampling methods we saw earlier in this chapter are an example of simple 
data compression techniques for visualization data. Another emerging area of 
graphics data compression is polygon reduction techniques. 

Polygon reduction techniques reduce the number of polygons required to 
model an object. The size of models, in terms of polygon count, has grown tre­
mendously over the last few years. This is because many models are created 
using digital measuring devices such as laser scanners or satellites. These 
devices can generate data at tremendous rates. For example, a laser digitizer can 
generate on the order of 500,000 triangles in a 15-second scan. Visualization 
algorithms such as marching cubes also generate large numbers of polygons: one 
to three million triangles from a 5123 volume is typical. 

One polygon reduction technique is the decimation algorithm 
[Schroeder92a]. The goal of the decimation algorithm is to reduce the total num­
ber of triangles in a triangle mesh, preserving the original topology and forming 
a good approximation to the original geometry. A triangle mesh is a special form 
of a polygonal mesh, where each polygon is a triangle. If need be, a polygon mesh 
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Figure 9-26 Overview of decimation algorithm. 

can be converted to a triangle mesh using standard polygon triangulation meth­
ods. 

Decimation is related to the subsampling technique for unstructured 
meshes described in Figure 9-17(b). The differences are that 

• decimation treats only triangle meshes not arbitrary unstructured grids; 
• the choice of which points to delete is a function ofa decimation criterion, a 

measure of the local error introduced by deleting a point; and 
• the triangulation of the hole created by deleting the point is carried out in a 

way as to preserve edges or other important features. 

Decimation proceeds by iteratively visiting each point in a triangle mesh. For 
each point, three basic steps are carried out (Figure 9-26). The first step classi­
fies the local geometry and topology in the neighborhood of the point. The classi­
fication yields one of the five categories shown in the figure: simple, boundary, 
complex, edge, and corner point. Based on this classification, the second step 
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uses a local error measure (i.e., the decimation criterion) to determine whether 
the point can be deleted. If the criterion is satisfied, the third step deletes the 
point (along with associated triangles), and triangulates the resulting hole. A 
more detailed description of each of these steps and example applications follow. 

Point Classification. The first step of the decimation algorithm characterizes the 
local geometry and topology for a given point. The outcome of classification deter­
mines whether the vertex is a potential candidate for deletion, and if it is, which 
criteria to use. 

Each point may be assigned one of five possible classifications: simple, com­
plex, boundary, interior edge, or corner vertex. Examples of each type are shown 
in Figure 9-26. 

A simple point is surrounded by a complete cycle of triangles, and each edge 
that uses the point is used by exactly two triangles. If the edge is not used by two 
triangles, or if the point is used by a triangle not in the cycle of triangles, then 
the point is complex. These are nonmanifold cases. 

A point that is on the boundary of a mesh, that is, within a semicycle of tri­
angles, is a boundary point. 

A simple point can be further classified as an interior edge or corner point. 
These classifications are based on the local mesh geometry. If the surface normal 
angle between two adjacent triangles is greater than a specified feature angle, 
then a feature edge exists (see Figure 9-25(a)). When a point is used by two fea­
ture edges, the point is an interior edge point. If one, three, or more feature edges 
use the point, the point is a corner point. 

Complex and corner vertices are not deleted from the triangle mesh; all 
other vertices become candidates for deletion. 

Decimation Criterion. Once we have a candidate point for deletion, we estimate 
the error that would result by deleting the point and then replacing it (and its 
associated triangles) with another triangulation. There are a number of possible 
error measures; but the simplest are based on distance measures oflocal planar­
ity or local colinearity (Figure 9-26). 

In the local region surrounding a simple point, the mesh is considered 
nearly "flat," since there are by definition no feature edges. Hence, simple points 
use an error measure based on distance to plane. The plane passing through the 
local region can be computed either using a least-squares plane or by computing 
an area-averaged plane. 

Points classified as boundary or interior edge are considered to lay on an 
edge, and use a distance to edge error measure. That is, we compute the distance 
that the candidate point is from the new edge formed during the triangulation 
process. 

A point satisfies the decimation criterion d if its distance measure is less 
than d. The point can then be deleted. All triangles using the point are deleted as 
well, leaving a "hole" in the mesh. This hole is patched using a local triangula­
tion process. 
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Triangulation. After deleting a point, the resulting hole must be retriangulated. Although the hole, defined by a loop of edges, is topologically two dimensional, it is generally non-planar, and therefore general purpose 2D triangulation tech­niques cannot be used. Instead, we use a special recursive 3D divide-and-con­quer technique to triangulate the loop. 
Triangulation proceeds as follows. An initial split plane is chosen to divide the loop in half and create two subloops. If all the points in each subloop lie on opposite sides of the plane, then the split is a valid one. In addition, an aspect ratio check insures that the loop is not too long and skinny, thereby resulting in needle-like triangles. The aspect ratio is the ratio between the length of the split line to the minimum distance of a point in the subloop to the split plane. If the candidate split plane is not valid or does not satisfy the aspect ratio criterion, then another candidate split plane is evaluated. Once a split plane is found, then the subdivision of each subloop continues recursively until a subloop consists of three edges. In this case, the subloop generates a triangle and halts the recur­sion. 
Occasionally, triangulation fails because no split plane can be found. In this case, the candidate point is not deleted and the mesh is left in its original state. This poses no problem to the algorithm and decimation continues by visiting the next point in the dataset. 

Results. Typical compression rates for the decimation algorithm range from 2:1 to 100:1, with 10:1 a nominal figure for "large" (i.e., 105 triangles) datasets. The results vary greatly depending upon the type of data. CAD models typically reduce the least because these models ·have many sharp edges and other detailed features, and the CAD modellers usually produce minimal triangulations. Ter­rain data, especially if relatively flat regions are present, may reduce at rates of 100:1. 
Figure 9-27 shows two applications of decimation to laser digitized data and to a terrain model of Honolulu, Hawaii. In both cases the reduction was on the order of 90 percent for a 10:1 compression ratio. Wireframe images are shown to accentuate the density of the polygonal meshes. The left-hand image in each pair is the original data; the right-hand image is the decimated mesh. Notice the gradations in the decimated mesh around features of high curvature. The advantage of decimation, as compared to subsampling techniques, is that the mesh is adaptively modified to retain more details in areas of high curvature. 

Advanced Techniques. Polygon reduction is an active field of research. Many powerful algorithms beyond the decimation algorithm have been presented (see "Bibliographic Notes" on page 421). Although we cannot cover the field in its entirety in this section, there are two notable trends worth addressing. First, progressive schemes [Hoppe96] allow incremental transmission and reconstruc­tion of triangle meshes - this is especially important for Web-based geometry visualization. Second, recent algorithms modify the topology of the mesh [He96] [Popovic97] [Schroeder97]. This feature is essential towards obtaining arbitrary levels of mesh reduction. 
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(a) Decimation oflaser digitizer data (deciFran. tel). 
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(b) Decimation of terrain data (deeiHawa. tel). 

Figure 9-27 Examples of decimation algorithm. Triangle meshes are shown in 
wireframe. 

A progressive mesh is a series of triangle meshes M- related by the opera­
tions 

(9-14) 

where M and AfTt represent the mesh at full resolution, and M° is a simplified 
base mesh. The critical characteristic of progressive meshes is that is possible to 



386 
Advanced Algorithms'.. 

,, choose the mesh operations in_ such a way to make them invertible. Then the ii. operations can be applied in reverse order (starting with the base mesh M°) _,. 

(9-15) ",.: 
to obtain a mesh of desired reduction level (assuming that the reduction level is _41 less than the base mesh M°). 

• ":1t 
~:ii One such invertible operator is an edge collapse and its inverse is the edge 'J split shown in Figure 9-28(a). Each collapse of an interior mesh edge results in the elimination of two triangles (or one triangle if the collapsed vertex is on a boundary). The operation is represented by five values 

Edge Collapse/Split (v 8 , v t' v 1, v r' A) (9-16) 
where vsis the vertex to collapse/split, vt is the vertex being collapsed to/ split from, and vz and vr are two additional vertices to the left and right of the split edge. These two vertices in conjunction with vs and vt define the two triangles deleted or added. A represents vertex attribute information, which at a mini­mum contains the coordinates x of the collapsed/ split vertex v

8
. (Note: in the context of the decimation algorithm, the edge collapse operator replaces the recursive triangulation process.) 

Wbile progressive meshes allow us to compactly store and transmit triangle meshes, the problem remains that the size of the base mesh is often larger than desired reduction level. Since in some applications we wish to realize any given level, we want the base mesh to contain no triangles 

~ n n-1 I 0 (M=M ) ➔ M ➔ ... ➔ M ➔ (M =M(V,0)) (9-17) 
(some vertices are necessary to initiate the edge split operations). To address this problem, the invertible edge collapse/split operator - which is topology preserv­ing - is extended with a vertex split/merge operator. The vertex split/merge operator modifies the topology of the mesh and allows arbitrary levels of reduc­tion. 

A mesh split occurs when we replace vertex v
8 

with vertex vt in the connec­tivity list of one or more triangles that originally used vertex vs (Figure 9-28(b)). The new vertex vt is given exactly the same coordinate value as vs. Splits intro­duce a "crack" or "hole" into the mesh. We prefer not to split the mesh, but at high decimation rates this relieves topological constraint and enables further decimation. Splitting is only invoked when a valid edge collapse is not available, or when a vertex cannot be triangulated (e.g., a nonmanifold vertex). Once the split operation occurs, the vertices vs and vt are re-inserted into the priority queue. 
Different splitting strategies are used depending on the classification of the vertex (Figure 9-28(c)). Interior edge vertices are split along the feature edges, as are corner vertices. Nonmanifold vertices are split into separate manifold pieces. In any other type of vertex splitting occurs by arbitrarily separating the loop into two pieces. For example, if a simple vertex cannot be deleted because a 
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(c) Vertex splits applied to various mesh features.Darker lines indicate feature edges. 

Figure 9-28 Progressive mesh operators edge collapse/split and vertex split/merge. 

valid edge collapse is not available, the loop of triangles will be arbitrarily 
divided in half (possibly in a recursive process). 

Like the edge collapse/split, the vertex split/merge can also be represented 
as a compact operation. A vertex splitlmerge operation can be represented with 
four values 

(9-18) 

The vertices u 1 and u r define a sweep of triangles (from u r to u 1 ) ~hat are to be 
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Figure 9-29 Results of topology modifying progressive mesh algorithm. 

separated from the original vertex us (we adopt a counter-clockwise ordering con­vention to uniquely define the sweep of triangles). 
Figure 9-29 shows the results of applying the topology modifying progres­sive mesh algorithm to two sets of data. In Figure 9-29(a-c), a thin plate with holes is decimated (the darker lines show split edges). The middle image in the sequence shows the limits of topology on the algorithm. It is only when the topol­ogy of the mesh is allowed to be modified that the final level ofreduction is possi­ble. Figure 9-29(d-D shows the same algorithm applied to CAD data. 

Mesh Smoothing 

Mesh smoothing is a technique that adjusts the point coordinates of a dataset. The purpose of mesh smoothing is to improve the appearance of a mesh, and/or improve the shape of dataset cells. During smoothing the topology of the dataset is not modified, only the geometry. Applications of mesh smoothing include improving the appearance of isosurfaces, or as a modelling tool to remove surface noise. The appearance of models can be dramatically improved by applying mesh smoothing. Figure 9-30 is an example of smoothing applied to analytic surface (a semicylinder) with a random surface distortion (smoothCyl. tel). 
A simple, yet effective technique is Laplacian smoothing. The Laplacian 

,j.· 
'~ ... 
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Figure 9-30 Mesh smoothing applied to a semicylinder. Lower left image is the original model. On the x-axis the number of smoothing iterations is modified. On 
the y-axis the relaxation factor is modified. 

smoothing equation for a point Pi at position .ti is given by 
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(9-19) 

where ii+ 1 is the new coordinate position, and ± j are the positions of points p j 
"connected" to Pi, and A is a user-specified weight. Geometrically this relation 1s 
depicted in Figure 9-31(a). Here the vertex Pi is connected to the surrounding 
points p . via edges. The equation expresses that the new position t + 1 is offset J 

. 
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(a) Cb) 

Figure 9-31 Mesh smoothing. (a) Motion of point. (b) Smoothing a point on an 
edge. Bold lines indicate connectivity. 

➔ from the original position Ji plus the average vector Vij multiplied by A. Typi-
cally, the factor A is a small number (e.g., 0.01), and the process is executed 
repeatedly (e.g., 50-100 iterations). Notice that the overall effect of smoothing is 
to reduce the high frequency surface information. The algorithm will reduce sur­
face curvature and tend to flatten the surface. 

Besides adjusting the number of iterations and smoothing factor, smoothing 
can be controlled by modifying the connections between Pi and its surrounding 
points p j. For example, if pi lies_ along a fold or sharp edge in the mesh, we 1¥ay 
want to only use the two edge end points to compute the smoothing vector Vij, 
limiting the motion of Pi along the edge (Figure 9-31(b)). We can also anchor Pi 
to prevent any motion. Anchoring is useful for points that are located on "cor­
ners" or other special features such as nonmanifold attachments. One benefit of 
anchoring and controlling point connectivity is that we can limit the amount of 
shrinkage in the mesh. It also tends to produce better overall results. (In 
Figure 9-30 the boundary points of the surface are constrained to move along 
the boundary, while the points at sharp corners are anchored.) 

Although Laplacian smoothing works well in most cases, there are applica­
tions ofLaplacian smoothing that can badly damage the mesh. Large numbers of 
smoothing iterations, or large smoothing factors, can cause excessive shrinkage 
and surface distortion. Some objects, like spheres or the cylinder shown in 
Figure 9-30, will lose volume with each iteration, and can even shrink to a point. 
In rare cases it is possible for the mesh to pull itself"inside-out." Situations like 
this occur when the average vector moves pi across a mesh boundary, causing 
some of the attached triangles to overlap or intersect. 

Mesh smoothing is particularly useful when creating models that do not 
require high accuracy. As we have seen, smoothing modifies point coordinates 
and, therefore, surface geometry. Use smoothing to improve the appearance of 
models, but characterize error carefully if you are going to measure from a 
smoothed surface. Alternatively, you may want to design your own smoothing 
algorithms that better fit the underlying data. 
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Swept Volumes and Surfaces 

Consider moving an object (e.g., your hand) over some path (e.g., raise your 
hand). How can we visualize this motion? The obvious answer is to form a time­
animation sequence as the hand is moved. But what if we wish to statically rep­
resent the motion as well as the space that is traversed by the hand? Then we 
can use swept surfaces and swept volumes. 

A swept volume is the volume of space occupied by an object as it moves 
through space along an arbitrary trajectory: A swept surface is the surface of the 
swept volume. Together, swept volumes and swept surfaces can statically repre­
sent the motion of objects. 

Past efforts at creating swept surfaces and volumes have focused on analyt­
ical techniques. The mathematical representation of various 3D geometric primi-

• tives (e.g., lines, polygons, splines) was extended to include a fourth dimension of 
time (the path). Unfortunately, these approaches have never been practically 
successful, partly due to mathematical complexity and partly due to problem 
degeneracies. 

Degeneracies occur when an n-dimensional object moves in such a way that 
its representation becomes (n-1)-dimensional. For example, moving a plane in 
the direction of its normal, sweeps out a 3D "cubical" volume. Sweeping the 
plane in a direction perpendicular to its normal, however, results in a degenerate 
condition, since the plane sweeps out a 2D "rectangle." 

Instead of creating swept surfaces analytically, numerical approximation 
techniques can be used [Schroeder94]. Implicit modeling provides the basis for 
an effective technique to visualize object motion via swept surfaces and volumes. 
The technique is immune to degeneracies and can treat any geometric represen­
tation for which a distance function can be computed, such as the vtk cell types. 

The technique to generate swept surfaces and volumes using an implicit 
modeling approach proceeds as follows. The geometric model, or part, and a path 
describing the parts motion, or sweep trajectory ST, must be defined. Then we 
use the following steps as depicted in Figure 9-32. 

1. Generate an implicit model from the part. This results in an implicit repre­
sentation in the form of a volume. We call this the implicit model V 1 . 

2. Construct another volume, the workspace volume V w, that strictly bounds 
V 1 as it moves along the path ST. Then sweep V 1 through V w by moving 
in small steps, tu , along ST. At each step, s, sample V 1 with the work­
space volume V w. We use a boolean union operation to perform the sam­
pling. 

3. Extract isosurface, or offset surface(s) from V w using a contouring algo­
rithm such as marching cubes. 

4. Step 3 may create multiple connected surfaces. If a single surface is 
desired, use connectivity to extract the single "largest" surface (in terms of 
number of triangles). This surface is an approximation to the swept surface, 
and the volume it encloses is an approximation to the swept volume. 
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(c) Generate swept surface via isosurface extraction. 
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Figure 9-32 Overview of swept surface technique. 

(a) Inverse transform V w (b) Sample V w 

Figure 9-33 Generating workspace volume by sampling implicit volume. 

There are a few points that require additional explanation. This algorithm uses two volumes, the implicit model and the workspace volume. Both are implicit models, but the workspace volume is used to accumulate the part as it moves along the sweep trajectory. In theory, the part could be sampled directly into the workspace volume to create the implicit model of the swept surface. Performance issues dictate that the implicit model is sampled into the workspace volume. This is because it is much faster to sample the implicit model of the part rather than the part itself, since computing the distance function from a part that may consist of tens of thousands of cells is relatively time-consuming, compared to sampling the implicit model V 1. 
Sampling V 1 is depicted in Figure 9-33. The sweep trajectory is defined by 
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Figure 9-34 Computing sampling and stepping error. 
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a series of transformation matrices ST = {t 1, t2, ... , tm}. As the part moves 
along ST, interpolation is used to compute an inbetween transformation matrix 
t. Sampling is achieved by inverse transforming Vw into the local space of V 1 
using t. Then, similar to the probe operation described in "Probing" on page 374, 
the points of V w are transformed by the inverse of the transformation matrix 
t-1

, and used to interpolate the distance values from the implicit model V 1 . 

Because we are dealing with an implicit modeling technique, parts with 
concave features can generate multiple surfaces. As discussed in "Connectivity" 
on page 377, the connectivity algorithm is used to separate out the swept sur­
face. This final surface is an approximation to the actual swept surface, since we 
are sampling the actual geometric representation on an array of points (i.e., the 
implicit model), and then sampling the implicit model on another volume (i.e., 
the workspace volume). Also, stepping along the sweep trajectory generates 
errors proportional to the step size ~ . 

These errors can be characterized as follows (Figure 9-34). Given a voxel 
size LID, where Lis the edge length of the volume, and D is the dimension of the 
volume (assumed uniform for convenience), the maximum sampling error is 

< .{3(f) e_ 2 D (9-20) 

The error due to stepping, which includes both translation and rotational compo­
nents, is bounded by ~/2 , where .1x is the maximum displacement of any point 
on the implicit model at any given translational step. Combining these terms for 
sampling both volumes and the error due to stepping, the total error is 

(9-21) 

where the subscripts I and W refer to the implicit model and workspace volume, 
respectively. 
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(a) Translated and rotated mace (b) Line-stroked "vtk" 

Figure 9-35 Swept surfaces. (a) Swept mace sampled at 25 locations (sweptMac. cxx). (b) Swept vtk sampled at 21 locations (sweptVtk. tel). 

To show the application of this algorithm, we have generated swept sur­faces for the letters "vtk" and the "mace" model as shown in Figure 9-35. We have purposely chosen a step size to exaggerate the stepping error. Using more steps would smooth out the surface "bumps" due to stepping. Also, the appear­ance of the surface varies greatly with the selected isosurface value. Larger val­ues give rounder, smoother surfaces. If you use small values near zero (assuming positive distance function) the surface may break up. To correct this you need to use a higher resolution workspace or compute negative distances. Negative dis­tances are computed during the implicit modeling step by negating all points inside the original geometry. Negative distances allow us to use a zero isosurface value or to generate internal offset surfaces. Negative distances can only be com­puted for closed (i.e., manifold) objects. 

Visualizing Unstructured Points 

Unstructured point datasets consist of points at irregular positions in 3D space. The relationship between points is arbitrary. Examples of unstructured point datasets are visualizing temperature distribution from an array of (arbitrarily) placed thermocouples, or rainfall level measured at scattered positions over a geographic region. 
Unlike structured points and grids, or even unstructured grids, unstruc­tured point dataset have no topological component relating one point to another. For these reasons unstructured points are simple to represent but difficult to visualize. They are difficult to visualize because there is no inherent "structure" 
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(a) 2D circular splats (b) Isoline extraction 

Figure 9-36 Splatting techniques depicted in 2D. (a) Injecting points into structured 
point dataset (circular splats). (b) Visualizing structured point dataset via contouring. 

to which we can apply our library of visualization techniques. Beyond just dis­
playing points (possibly colored with scalar value, or using oriented vector 
glyphs) none of the techniques discussed thus far can be used. Thus, to visualize 
unstructured points we have to build structure to which we can apply our visuals 
ization techniques. 

There are several approaches available to build topological structure given 
a random set of points. One common approach samples unstructured points with 

. a structured point set, and then visualizes the data using standard volume or 
surface-based rendering techniques. Another approach creates n-dimensional 
triangulations from the unstructured points, thereby creating topological struc­
ture. These and other common techniques are described in the following sections. 

Splatting Techniques. Splatting techniques build topological structure by sam­
pling unstructured points with a structured point set (Figure 9-36). The sam­
pling is performed by creating special influence, or splatting, functions SF(x,y,z) 
that distribute the data value of each unstructured point over the surrounding 
region. To sample the unstructured points, each point is inserted into a struc­
tured point dataset SP, and the data values are distributed through SP using the 
splatting functions SF(x,y,z). Once the topological structure is built, any struc­
tured point visualization technique can be used (including volume rendering). 

A common splatting function is a uniform Gaussian distribution centered at 
a point pi. The function is conveniently cast into the form 

-f(rlR)2 SF(x, y, z) = se (9-22) 

where s is a scale factor that multiplies the exponential, f is the exponent scale 
factor f;?: 0, r is the distance between any point and the Gaussian center point 
~i.e., the splat point) r = IIP - pill, and R is the radius of influence of the Gauss­
ian, where r ~ R . 

The Gaussian function (Figure 9-37(a)) becomes a circle in cross section in 
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Figure 9-37 Gaussian splatting functions. (a) one-dimensional, (b) 2D spherical, and (c) 2D elliptical. 

two dimensions (Figure 9-37(b)) and a sphere in three dimensions. Since the 
value of the function is maximum when r = 0, the maximum value is given by 
the scale factors. The parameter f controls the rate of decay of the splat. Scalar 
values can be used to set the value of s, so that relatively large scalar values cre­
ate bigger splats than smaller values. 

Splats may be accumulated using the standard implicit modeling boolean 
operations (Equation 6-13, Equation 6-14, and Equation 6-15). That is, we may 
choose to form a union, intersection, or difference of the splats. The union and 
intersection operators are used most frequently. 

Another interesting variation modifies the shape of the splat according to a 
vector quantity such as surface normal or vector data. Figure 9-37(c) shows an 
example where the splat shape is elongated in the direction parallel to a vector. 
Thus, if we have a set of points and normals, we can create a polygonal surface 
by combining splatting with isosurface extraction. 

To generate oriented splats, we modify Equation 9-22 by introducing an 
eccentricity factor E and the vector t . 

SF(x,y,z) 

where z and rxy are computed from 

= se 

-fl!:•'] 

z = i) • (p - p), with !ti = I 
2 2 

rxy = r -z 

(9-23) 

(9-24) 

The parameter z is the distance along the vector i) , and the parameter r xy is the 
distance perpendicular to v to the point p. The eccentricity factor controls the 
shape of the splat. A value E = I results in spherical splats, whereas E > I 
yields flattened splats and E < I yields elongated splats in the direction of the 
vector v. 
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Figure 9-38(a) shows an elliptical splat with E = IO. (The splat surface is 
created by using isosurface extraction.) As expected, the splat is an ellipsoid. 
Figure 9-38(b) is an application of elliptical splatting used to reconstruct a sur­
face from an unstructured set of points. The advantage of using an elliptical 
splat is that we can flatten the splat in the plane perpendicular to the point nor­
mal. This tends to bridge the space between the point samples. The surface itself 
is extracted using a standard isosurface extraction algorithm. 

Interpolation Techniques. Interpolation techniques construct a function to 
smoothly interpolate a set of unstructured points. That is, given a set of n points 
Pi = (xi, Yi, zi) and function values Fi(Pi), a new function F(p) is created that interpolates the points pi. Once the interpolation function is constructed, we can 
build topological structure from the unstructured points by sampling F(p) over 
a structured point dataset. We can then visualize the structured point dataset 
using the various techniques presented throughout the text. 

Shepard's method is an inverse distance weighted interpolation technique 
[Wixom78]. The interpolation functions can be written 

F(p) (9-25) 

where F(p) = Fi . Shepard's method is easy to implement, but has the undesir­
able property that limits its usefulness for most practical applications. The inter­
polation functions generate a local "flat spot" at each point Pi since the 
derivatives are zero 

iJF _ iJF _ iJF _ O 
ax - iJy - dz - (9-26) 

As a result, Shepard's method is overly constrained in the region around each 
point. 

Shepard's method is an example of a basis function method. That is, the 
interpolation function F(p) consists of a sum of functions centered at each data 
point, Pi· Other basis function methods have been developed as described by 
Nielson [Nielson91]. They vary in localization of the basis functions and the 
sophistication of the interpolation function. Localization of basis functions 
means that their effect is isolated to a small region. Examples of more sophisti­
cated basis functions include quadratic polynomials and cubic splines. Please see 
the references for more information. 

Triangulation Techniques. Triangulation techniques build topology directly from 
unstructured points. The points are triangulated to create a topological structure 
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Figure 9-38 El1iptical splatting. (a) Single elliptical splat with eccentricity E=lO. Cone shows orientation of vector (singleSplat. cxx). {b) Surface reconstructed using 
elliptical splats into 1003 volume followed by isosurface extraction. Points regularly subsampled and overlayed on original mesh (splatFace. tel). 

consisting of n-dimensional simplices that completely bound the points and lin­
ear combinations of the points (the so-called convex hull). The result of triangula­
tion is a set of triangles (2D) or tetrahedra (3D), depending upon the dimension 
of the input data [Lawson86]. 

Ann-dimensional triangulation of a point set P = (p 1,p2,p3, ... ,pn)is a 
collection of n-dimensional simplices whose defining points lie in P. The simplices 
do not intersect one another and share only boundary features such as edges or 
faces. The Delaunay triangulation: is a particularly important form [Bowyer81] 
[Watson81]. It has the property that the circumsphere of any n-dimensional sim­
plex contains no other points of P except the n+ 1 defining points of the simplex 
(Figure 9-39(a)). 

The Delaunay triangulation has many interesting properties. In two dimen­
sions, the Delaunay triangulation has been shown to be the optimal triangula­
tion. That is, the minimum interior angle of a triangle in a Delaunay 
triangulation is greater than or equal to the minimum interior angle of any other 
possible triangulation. The Delaunay triangulation is the dual of the Dirichlet 
tessellation (Figure 9-39{b)), another important construction in computational 
geometry. The Dirichlet tessellation, also known as the Voronoi tessellation, is a 
tiling of space where each tile represents the space closest to a point Pi· (The tiles 
are called Voronoi cells.) An n-dimensional Delaunay triangulation can be con­
structed from the Dirichlet tessellation by creating edges between Voronoi cells 
that share common n-1 boundaries (e.g., faces in 3D and edges in 2D). Con­
versely, the vertices of the Dirichlet tessellation are located at the circumcenters 
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(a) Delaunay triangulation (b) Dirichlet tessellation 

Figure 9-39 The Delaunay triangulation (a) and Dirichlet tessellation (b). The circum­
circle of each triangle in a Delaunay triangulation contains no other points but the three 
vertices of the triangle. The region surrounding each point Pi in a Dirichlet tessellation is 
the set of points closest to Pi· • 
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Bounding 
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Figure 9-40 Computing the Delaunay triangulation using technique of Watson and 
Boyer. Points are injected into triangulation forming new Delaunay triangulations. In the 
final step, the initial bounding points are removed to reveal final triangulation. 

of the Delaunay circumcircles. 

The Delaunay triangulation can be computed using a variety of techniques. 
We describe a particularly elegant technique introduced independently by Wat­
son [Watson81] and Bowyer [Bowyer81] (Figure 9-40). The algorithm begins by 
constructing an initial Delaunay triangulation that strictly bounds the point set 
P, the so-called bounding triangulation. This bounding triangulation can be as 
simple as a single triangle (2D) or tetrahedron (3D). Then, each point of P is 
injected one by one into the current triangulation. If the injected point lies 
within the circumcircle of any simplex, then the simplex is deleted, leaving a 
"hole" in the triangulation. After deleting all simplices, the n-1 dimensional 
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faces on the boundary of the hole, along with the injected point, are used to con­
struct a modified triangulation. This is a Delaunay triangulation, and the pro­
cess continues until all points are injected into the triangulation. The last step 
removes the simplices connecting the points forming the initial bounding trian­
gulation to reveal the completed Delaunay triangulation. 

This simplistic presentation of triangulation techniques has shown how to 
create topological structure from a set of unstructured points. We have ignored 
some difficult issues such as degeneracies and numerical problems. Degeneracies 
occur when points in a Delaunay triangulation lie in such a way that the trian­
gulation is not unique. For example, the points lying at the vertices of a square, 
rectangle, or hexagon are degenerate because they can be triangulated in more 
than one way, where each triangulation is equivalent (in terms ofDelaunay crite­
rion) to the other. Numerical problems occur when we attempt to compute cir­
cumcenters, especially in higher-dimensional triangulations, or when simplices 
of poor aspect ratio are present. 

Despite these problems, triangulation methods are a powerful tool for visu­
alizing unstructured points. Once we convert the data into a triangulation (or in 
our terminology, an unstructured grid), we can directly visualize our data using 
standard unstructured grid techniques. 

Hybrid Techniques. Recent work has focused on combining triangulation and 
basis function techniques for interpolating 2D bivariate data. The basic idea is 
as follows. A triangulation of P is constructed. Then an interpolating network of 
curves is defined over the edges of the triangulation. These curves are con­
structed with certain minimization properties of interpolating splines. Finally, 
the curve network is used to construct a series of triangular basis functions, or 
surface patches, that exhibit continuity in function value, and possibly higher 
order.derivatives. (See [Nielson91] for more information.) 

Multidimensional Visualization 

The treatment of multidimensional datasets is an important data visualization 
issue. Each point in a dataset is described by an n-dimensional coordinate, where 
n ~ 3 . Here we assume that each coordinate is an independent variable, and that 
we wish to visualize a single dependent variable. (Multidimensional visualiza­
tion of vectors and tensors is an open research area.) An application of multi­
dimensional data is financial visualization, where we might want to visualize 
return on investment as a function of interest rate, initial investment, invest­
ment period, and income, to name just a few possibilities. 

There are two fundamental problems that we must address when applying 
multidimensional visualization. These are the problems ofprojection and under­
standing. 

The problem of projection is that in using computer graphics we have two 
dimensions in which to present our data, or possibly three or four ifwe use spe­
cialized methods. Using 3D graphics we can give the illusion of three dimensions, 
or we can use stereo viewing techniques to achieve three dimensions. We can also 
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(a) Plot of five-dimensional point (b) Plot of six points 

Figure 9-41 Plotting a five-dimensional point using parallel coordinates. (a) plot of 
single point, (b) plot of many points. 

use time as a fourth dimension by animating images. However, except for these 
limited situatioris, general n-dimensional data cannot be represented on a 2D 
computer screen. 

The problem of understanding is that humans do not easily comprehend 
more than three dimensions, or possibly three dimensions plus time. Thus, even 
if we could create a technique to display data of many dimensions, the difficulty 
in understanding the data would impair the usefulness of the technique. ' 

Most multidimensional visualization techniques work with some form of 
dimension mapping, where n dimensions are mapped to three dimensions and 
then displayed with 3D computer graphics techniques. The mapping is achieved 
by fixing all variables except three, and then applying the visualization tech­
niques described throughout the text to the resulting data. For maximum bene­
fit, the process of fixing independent variables, mapping to three dimensions, 
and then generating visualization must be interactive. This improves the effec­
tiveness of the visualization process, allowing the user to build an internal model 
of the data by manipulating different parts of the data. 

One novel approach to multidimensional visualization has been proposed 
by Inselberg and Dimsdale [Inselberg87]. This approach uses parallel coordinate 
systems. Instead of plotting points on orthogonal axes, the th dimensional coordi­
nate of each point is plotted along separate, parallel axes. This is shown in 
Figure 9-41 for a fiveadimensional point. In parallel coordinate plots, points 
appear as lines. AB a result, plots of n-dimensional points appear as sequences of 
line segments that may intersect or group to form complex fan patterns. In so 
doing, the human pattern recognition capability is engaged. Unfortunately, if the 
number of points becomes large, and the data is not strongly correlated, the 
resulting plots can become a solid mass of black, and any data trends are 
drowned in the visual display. 

Another useful multivariable technique uses glyphs. This technique associ­
ates a portion of the glyph with each variable. Although glyphs cannot generally 
be designed for arbitrary n-dimensional data, in many applications we can create 
glyphs to convey the information we are interested in. Refer to "Glyphs" on 
page 185 for more information about glyphs. 
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(a) Typical in/out map (b) Addition of transition region 

Figure 9-42 1D texture map. (a) In/out map. (b) Addition of transition region to in/out map. 

Texture Algorithms 

Texturing is a common tool in computer graphics used to introduce detail with­
out the high cost of graphics primitives. As we suggested in Chapter 7, texture 
mapping can also be used to visualize data. We explore a few techniques in the 
following sections. 

Texture Thresholding. We saw earlier how to threshold data based on scalar val­
ues (see "Thresholding" on page 373). We refer to this approach as geometric 
thresholding because structural components of a dataset (e.g., points and cells) 
are extracted based on data value. In contrast, we can use texture mapping tech­
niques to achieve similar results. We call this technique texture thresholding. 

Texture thresholding conceals features we do not want to see and accentu­
ates features that we want to see. There are many variations on this theme. A 
feature can be concealed by making it transparent or translucent, by reducing its 
intensity, or using muted colors. A feature can be accentuated by making it 
opaque, increasing its intensity, or adding bright color. In the following para­
graphs we describe a technique that combines intensity and transparency. 

Texture thresholding requires two pieces of information: a texture map and 
an index into the map, or texture coordinate. In the simplest case we can devise a 
texture map that consists of two distinct regions as shown in Figure 9-42(a). The 
first region is alternatively referred to as "conceal," "off," or "outside." The second 
region is referred to as "accentuate," "on," or "inside." (These different labels are 
used depending upon the particular application.) With this texture map in hand 
we can texture threshold by computing an appropriate texture coordinate. Areas 
that we wish to accentuate are assigned a coordinate to map into the "accentu­
ate" portion of the texture map. Areas that we want to conceal are assigned a 
coordinate to map into the "conceal" portion of the texture map. 

One texture threshold technique uses transparency. We can conceal a 
region by setting its alpha opacity value to zero (transparent), and accentuate it 
by setting the alpha value to one (opaque). Thus, the texture map consists of two 

~! 
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(a) Thresholding data with texture (b) Sphere cut with transparent texture 

Figure 9-43 Examples of texture thresholding. (a) Using scalar threshold to show values of flow density on plane above value of 1.5 (texThresh. tel). (b) Boolean com­bination of two planes to cut nested spheres (tcutSph. cxx). 

regions: a concealed region with u = 0 and an accentuated region with a = I . Of course, the effect can be softened by using intermediate alpha values to create translucent images. 
An extension of this technique introduce.s a third region into the texture map: a transition region (Figure 9-42(6)). The transition region is the region between the concealed and accentuated regions. We can use the transition region to draw a border around the accentuated region, further highlighting the region. To construct the texture map we use intensity-alpha, or J a values. The intensity modulates the underlying color, while the alpha value controls trans­parency (as described previously). In the accentuated region, the intensity and opacity values are set high. In the concealed region, the intensity value can be set to any value (if a = 0) or to a lower value (if a. ct:. 0 ). The transition region can use various combinations of a and intensity. A nice combination produces a black, opaque transition region (i.e., I = 0 and a = l ). 

To visualize information with the thresholding technique, we must map data to texture coordinates. As we saw previously, we can use scalar values in combination with a threshold specification to map data into the concealed, tran­sition, and accentuated regions of the texture map. Figure 9-43(a) shows an example of texture thresholding applied to scalar data from a simulation of fluid flow. A scalar threshold s T is set to show only data with scalar value greater than or equal to sr. 
Another useful texture thresholding application uses implicit functions to map point position to texture coordinate. This is similar in effect to geometric 
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Figure 9-44 2D Boolean texture. 

clipping (see "Clipping With Scalar Fields" on page 360). As we saw in "Implicit Functions" on page 180, implicit functions naturally map a (x, y, z) coordinate value into three regions: F(x, y, z) < 0 , F(x, y, z) = 0 , and F(x, y, z) > 0 ; or equivalently, the concealed, transition, and accentuated regions of the texture map. Using boolean combinations of implicit functions, we can create complex cuts of our data as illustrated in Figure 9-43(b). This figure shows two nested spheres. The outer sphere is cut by a boolean combination of two planes to show the inner sphere. 

Boolean Textures. Texture thresholding can be extended into higher dimen­sions. That is, 2D or 3D texture coordinates can be used to map two or three data variables into a texture map. One such technique is boolean textures, a method to clip geometry using a 2D texture map and two implicit functions [Lorensen93]. Boolean textures extend texture thresholding for geometric clipping from ID to 2D. Instead of using a single implicit function to label regions "in" or "out", two implicit functions are used. This results in four different regions correspond~ ing to all possible combinations of "in" and "out." The boolean texture map is modified to reflect this as shown in Figure 9--44. As with ID texture threshold­ing, transition regions can be created to separate the four regions. 
The boolean texture map can be created with combinations of intensity and transparency values to achieve a variety of effects. By combining the four combi­nations of in/out (i.e., four regions of Figure 9-44) with the two combinations of "conceal" and "accentuate," sixteen different boolean textures are possible. Figure 9-45(a) illustrates these combinations expressed as boolean combinations of two implicit functions A and B. The "inside" of the implicit functions is indi­cated with subscript i, while the outside is indicated with subscript o. The bool­ean expressions indicate the regions that we wish to conceal, as shown by open circles. The darkened circles are the regions that are accentuated. We can see in Figure 9-45(b) the effects of applying these different boolean textures to a 
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Figure 9-46 Texture maps for vector animation. Sixteen textures applied in succession create effect of motion along a vector. (a) Simple map. (b) Varying intensity "feathers'" effect of motion. 

sphere. The implicit functions in this figure are two elliptical cylinders sharing a common axis, and rotated 90 degrees from one another. In addition, transition regions have been defined with I = 0 to generate the dark cut edges shown. All 16 spheres share the same texture coordinates; only the texture map changes. 

Texture Animation. Time-based animation techniques can illustrate motion or temporal data variations. This process often requires relatively large amounts of computer resource to read, process, and display the data. As a result, techniques to reduce computer resources are desirable when animating data. 
Texture mapping can be used to animate certain types of data. In these techniques, the data is not regenerated frame by frame, instead a timesvarying texture map is used to change the visual appearance of the data. An example of this approach is texture animation of vector fields [Yamrom95]. 
As we saw in "Hedgehogs and Oriented Glyphs" on page 167, vector fields can be represented as oriented and scaled lines. Texture animation can trans­form this static representational scheme into a dynamic representation. The key is to construct a series of ID texture maps that when applied rapidly in sequence create the illusion of motion. Figure 9-46(a) shows a series of sixteen such tex­ture maps. The maps consist of intensity-alpha (Ia,) values, A portion of the tex­ture map is set fully opaque with full intensity (I = l, a, = I ). This is shown as the "dark" pattern in Figure 9-46(a). The remainder of the map is set fully trans­parent with arbitrary intensity (I = 1, o: = 0) shown as the "white" portion. As is evidenced by the figure, the sequence of 16 texture maps scanned top to bot­tom generate the appearance of motion from left to right. Notice also how the texture maps are designed to wrap around to form a continuous pattern. Along with the ID texture map, the texture coordinate s must also be gen­erated - on a line this is straightforward. The line origin receives texture coordi­nates= 0, while the line terminus receives texture coordinate values= 1. Any intermediate points (if the vector is a polyline) are parameterized in monotonic 



406 Advanced Algorith 

a • m • m 0 m 0 
0 A, riB, A0 riBi B, 

[i]JJ • ~ • ~ 0 ~ 0 
AiriBO Ai (A

0 ri B;) V (Ai riB
0 ) A;vB, 

m • ~ • m 0 m 0 
A

0
riB

0 (Ai ri B,) v (A
0 

n B
0

) Ao A 0 vB, 

[iii • [8i • ~ 0 [8Bl 0 
Bo AivB0 A

0
vB

0 all 

(a) Combinations of2D in/out textures 

(b) Sixteen boolean textures (from above) applied to sphere (quadricCut:. cxx) 

Figure 9-45 Sixteen boolean textures. (a) Sixteen combinations of in/out. (b) Textures 
applied to sphere using two elliptical cylinder implicit functions. 
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fashion in the interval (0,1). Texture coordinates need only be generated once. Only the texture map is varied to generate the vector animation. 
Other effects are possible by modifying the texture map. Figure 9-46(b) shows a texture map with a repeating sequence of opaque/transparent regions. In each opaque region the intensity is gradually reduced from left to right. The result is that this tends to "feather" the appearance of the vector motion. The resulting image is more pleasing to the eye. 

9.5 Putting It All Together 
With the conclusion of this chapter we have provided an overview of the basics of data visualization. In this section we show you how to use some of the advanced algorithms as implemented in the Visualization Toolkit. 

Dividing Cubes/ Point Generation 

Dividing cubes is implemented in vtk with the class vtkDi vidingCubes. It has been specialized to operate with structured point datasets. Besides specifying the contour value, you must specify a separation distance between points (using the method SetDistance () ). If you desire a solid appearance, pick a distance that is less than or equal to display resolution. 
The separation distance controls the accuracy of point generation. It is pos­sible to generate points that appear to form a solid surface when rendered, but are not accurately located on the contour surface. Although this usually is not an issue when viewing contour surfaces, if the accuracy of the point positions is important, the distance value must be set smaller. However, this can result in huge numbers of points. To reduce the number of points, you can use the Set­Incrernen t ( ) method, which specifies that every nth point is to be generated. Using this approach, you can obtain good accuracy and control the total number of points. An example where point positions are important is when the points are used to locate glyphs or as seed points for streamline generation. , 
The Visualization Toolkit provides other point generation techniques. The source object vtkPointSource generates a user-specified number of points within a spherical region. The point positions are random within the sphere. (Note that there is a natural tendency for higher point density near the center of the sphere because the points are randomly generated along the radius and spherical angles cl> and 0 .) 
Figure ~7 is an example use of vtkPointSource to generate stream­lines. The dataset is a structured grid of dimensions 21 x 20 x 20 with flow veloc­ity and a scalar pressure field. The dataset is a CFD simulation of flow in a small office. AB this picture shows, there. are a couple of bookcases, desks, a window, and an inlet and outlet for the ventilation system. On one of the desks is a small, intense heat source (e.g., a cigarette). In the left image 25 streru:n}ines are started near the inlet using a vtkPointSource point generator. The second image shows what happens when we move the point source slightly to the left. 



Figure 9-47 Using random point seeds to create streamlines (off ice. t:cl). 

By adjusting a single parameter (e.g., the center of the point source) it is possible to quickly explore our simulation data. 

Another convenient object for point generation is the class vtkEdge­Points. vtkEdgePoints generates points on an isosurface. The points are gen­erated by locating cell edges whose points are both above and below the isosurface value. Linear interpolation is used to generate the point. Since vtkEdgePoints operates on any cell type, this filter's input type is any dataset type (e.g., vtkDa taSet). Unlike vtkDi vidingCubes this filter will not typically generate dense point clouds that appear solid. 

Clipping with Scalar Fields 

Clipping is implemented in vtkClipPolyData. Each polygonal data primitive implements the operation in its Clip () method using cases tables derived in a manner similar to that of triangles described on Page 360. vtkClipPolyData has methods to control whether an implicit function provides the scalar data or whether the dataset's scalar data will be used. ComputeScalarDataOn () uses the implicit function and ComputeScalarDataOff (} uses the dataset's scalar data. Two output polygonal datasets are produced. These are accessed with GetOutput (} and GetClippedOutput (} methods. GetOutput (} returns the polygonal data that is "inside" the clipping region while GetClippedOutput (} returns polygonal data that is "outside" the region. (Note that Generate­ClippedOutputOn () must be enabled if you are to get the clipped output.) The meaning of inside and outside can be reversed using the InsideOutOn (} method. Figure 9-48 shows a plane of quadrilaterals clipped with a boolean implicit function. 

Currently vtk supports clipping for all polygonal data cell types (vertices, polyvertices, line, polylines, polygons and triangle strips). Derivation of the cases for volumetric cell types like hexahedra are complex and require more research. 
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vtkSphere vtkCylinder 

vtkPlaneSource vtkTransforrn vtkTransforrn 

vtkClipPolyData 

Output 

vtkirnplicitBoolean 

ClippedOutput 

vtkPolyDataMapper vtkPolyDataMapper 

vtkPlaneSource plane 
plane SetResolution 25 25 
plane SetOrigin -1 -1 0 
plane SetPointl 1 -1 0 
plane SetPoint2 -1 1 0 

vtkTransform trSphere 
trSphere Identity 
trSphere Translate .4 -.4 0 
trSphere Inverse 

vtkSphere sphere 
sphere SetTransform trSphere 
sphere SetRadius .5 

vtkTransform trCylinder 
trCylinder Identity 
trCylinder Translate -.4 .4 0 
trCylinder RotateZ 30 
trCylinder RotateY 60 
trCylinder Rotatex 90 
trCylinder Inverse 

vtkCylinder cylinder 
cylinder SetTransform trCylinder 
cylinder SetRadius .3 

vtkimplicitBoolean boolean 
boolean AddFunction cylinder 
boolean AddFunction sphere 

vtkClipPolyData clipper 
clipper Setinput [plane GetOutput] 
clipper SetClipFunction boolean 
clipper GenerateClippedOutputOn 
clipper GenerateClipScalarsOn 
clipper SetValue 0 
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Figure 9-48 A plane clipped with a sphere and an ellipse. The two transforms place each implicit function into the appropriate position. Two outputs are generated by the clipper. (clipSphCyl. tel). 
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Swept Volumes and Surfaces 

Swept surfaces can be applied in two interesting ways. First, they can be used as 
a modelling tool to create unusual shapes and forms. In this sense, swept sur­
faces are an advanced implicit modelling technique. Second, swept surfaces can ·, 

', 
be used to statically represent object motion. This is an important visualization 
technique in itself and has many important applications. One of these applica­
tions is design for maintainability. 

When a complex mechanical system like a car engine is designed, it is 
important to design proper access to critical engine components. These compo­
nents, like spark plugs, require higher levels of service and maintenance. It is 
important that these components can be easily reached by a mechanic. We've 
read horror stories of how it is necessary to remove an engine to change a spark 
plug. Insuring ready access to critical engine parts prevents situations like this 
from occurring. 

Swept surface can assist in the design of part access. We simply define a 
path to remove the part (early in the design process), and then generate a swept 
surface. This surface (sometimes referred to as a maintenance access solid or 
MAS) is then placed back into the CAD system. From this point on, the design of 
surrounding components such as fuel lines or wiring harnesses must avoid the 
MAS. As long as the MAS is not violated, the part can be removed. If the MAS is 
violated, a reevaluation of the removal path or redesign of the part or surround­
ing components is necessary. 

Figure 9-49 shows how to create a swept surface from a simple geometric 
representation. The geometry is simply a line-stroked vtk. The next step is to 
define a motion path. This path is defined by creating a list of transformation 
matrices. Linear interpolation is used to generate intermediate points along the 
path if necessary. • 

In Figure 9-49 we also see the basic procedure to construct the swept sur­
face. First, we must construct an implicit representation of the part by using 
vtkimplictModeller. This is then provided as input to vtkSweptSurface. It 
is important that the resolution of the implicit model is greater than or equal to 
that ofvtkSweptSurface. This will minimize errors when we construct the sur­
face. A bounding box surrounding the part and its motion can be defined, or it 
will be computed automatically. For proper results, this box must strictly contain 
the part as its moves. We also can set the number of interpolation steps, or allow 
this to be computed automatically as well. In the figure, we have chosen a small 
number to better illustrate the stepping of the algorithm. 

Once vtkSweptSurface executes, we extract the swept surface using an 
isosurfacing algorithm. The isosurface value is an offset distance; thus we can 
create surfaces that take into account geometry tolerance. (This is particularly 
important if we are designing mechanical systems.) The implementation of the 
implicit modeller in vtk uses a positive distance function; so the isosurface value 
should always be positive. To create swept surfaces of zero and negative value 
requires a modification to the implicit modeller. 
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vtkPolyDataReader 

vtkimplicitModeller 

vtkSweptSurface 

vtkContourFilter 

# ingest data file 
vtkPolyDataReader reader 

reader SetFileName ~ .. / .. / .. /vtkdata/vtk.vtk" 

# create implicit model of vtk 
vtkimplicitModeller imp 

imp Setinput [reader GetOutput] 
imp SetSarnpleDimensions 50 50 40 
imp SetMaximurnDistance 0.25 

# create swept surface 
vtkTransformCollection transforms 
vtkTransform tl 

tl Identity 
vtkTransform t2 

t2 Translate O O 2.5 
t2 RotateZ 90.0 

transforms Additem tl 
transforms Additem t2 

vtkSweptSurface sweptSurfaceFilter 
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sweptSurfaceFilter Setinput [imp GetOutput] 
sweptSurfaceFilter SetTransforms transforms 
sweptSurfaceFilter SetSampleDimensions 50 50 40 
sweptSurfaceFilter SetModelBounds -4.0 6.0 -1.0 6.0 -1.0 
sweptSurfaceFilter SetMaximurnNurnberOfinterpolationSteps 20 

vtkContourFilter iso 
iso Setinput [sweptSurfaceFilter GetOutput] 
iso SetValue O 0.33 

Figure 9-49 Generating swept surface from line-stroked «vtk" (sweptVtk. tel). 
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Multidimensional Visualization 

An important characteristic of multidimensional datasets is that they cannot be 
categorized according to any of the types defined in the Visualization Toolkit. 
This implies that source objects interfacing with multidimensional data are 
responsible for converting the data they interface with into one of the types 
defined in vtk. This can be a difficult process, requiring you to write interface 
code. 

Other visualization systems treat this problem differently. In these systems 
a dataset type is defined that can represent multidimensional data. This dataset 
type is essentially an n-dimensional matrix. Additional filters are defined that 
allow the user to extract pieces of the dataset and assemble them into a more 
conventional dataset type, such as a volume or structured grid. After mapping 
the data from multidimensional form to conventional form, standard visualiza­
tion techniques can be applied. (Future implementations ofvtk may include this 
functionality. At the current time you must map multidimensional data into a 
known vtk form.) 

To demonstrate these ideas we will refer to Figure 9-50. This is an example 
of multidimensional financial data. The data reflects parameters associated with 
monetary loans. In the file financial. txt there are six different variables: 
TIME_LATE, MONTHLY_PAYMENT, UNPAID_PRINCIPLE, L0AN_AM0UNT, 
INTEREST_RATE, and M0NTHLY_INC0ME. (Note: this is simulated data, don't 
make financial decisions based upon this!) 

We will use Gaussian splatting to visualize this data (see "Splatting Tech­
niques" on page 395). Our first step is to choose dependent and independent vari­
ables. This choice is essentially a mapping from multidimensional data into an 
unstructured point dataset. In this example we will choose M0NTHLY_PAYMENT, 
INTEREST_RATE, and L0AN_AM0UNT as our (x, y, z) point coordinates, and 
TIME_LATE as a scalar value. This maps four of six variables. For now we will 
ignore the other two variables. 

We use vtkGaussianSplatter to perform the splatting operation (i.e., 
conversion from unstructured points to volume dataset). This is followed by an 
isosurface extraction. We splat the data two times. The first time we splat the 
entire population. This is to show context and appears as gray/wireframe in the 
figure. The second time we splat the data and scale it by the value ofTIME_LATE. 
As a result, only payments that are late contribute to the second isosurface. 

The results of this visualization are interesting. First, we see that there is a 
strong correlation between the two independent variables M0NTHLY_PAYMENT 
and L0AN_AM0UNT. (This is more evident when viewing the data interactively.) 
We see that the data falls roughly on a plane at a 45 degree angle between these 
two axes. With a little reflection this is evident: the monthly payment is strongly 
a function of loan amount (as well as interest rate and payment period). Second, 
we see that there is a clustering of delinquent accounts within the total popula­
tion. The cluster tends to grow with larger interest rates and shrink with smaller 
monthly payments and loan amounts. Although the relationship with interest 
rate is expected, the clustering towards smaller monthly payments is not. Thus 
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vtkUnstructuredGrid 

vtkGaussianSplatter 

vtkContourFilter 

vtkPolyDataMapper 

// construct pipeline for delinquent population 
vtkGaussianSplatter *lateSplatter = vtkGaussianSplatter::New(); 

lateSplatter->Setinput(dataSet); 
lateSplatter->SetSampleDimensions(S0,50,50); 
lateSplatter->SetRadius(0.05); 
lateSplatter->SetScaleFactor{0.065); 
lateSplatter->DebugOn(); 

vtkContourFilter *lateSurface = v,tkContourFilter::New(); 
lateSurfac·e->Setinput (lateSplatter->GetOutput ()); 
lateSurface->SetValue(0,0.01); 
lateSurface->DebugOn(); 

vtkPolyDataMapper *lateMapper = vtkPolyDataMapper::New(); 
lateMapper->Setinput(lateSurface->GetOutput()); 
lateMapper->ScalarvisibilityOff(); 

vtkActor *lateActor = vtkActor::New(); 
lateActor->SetMapper(lateMapper); 
lateActor->GetProperty()->SetColor(l.0,0.0,0.0); 

Figure ~O Visualization of multidimensional financial data. Visualization network, output image, and sample C++ code are shown (finance. cxx). The gray/wireframe sur­face represents the total data population. The dark surface represents data points delin­quent on loan payment. 
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our visualization has provided a clue into the data. Further exploration into the 
data may reveal the reason(s), or we may perform additional data analysis and 
acquisition to understand the phenomena. . . 

One important note about multidimensional visualization. Because we tend 
to combine variables in odd ways (e.g., the use of MONTHLY_PAYMENT, 
INTEREST_RATE, and L0AN_AM0UNT as (x, y, z) coordinates), normalization of 
the data is usually required. To normalize data we simply adjust data values to 
lie between (0,1). Otherwise our data can be badly skewed and result in poor 
visualizations. 

Connectivity 

Many useful visualization algorithms often borrow from other fields. Topological 
connectivity analysis is one such technique. This technique is best categorized as 
a method in computational geometry, but serves many useful purposes in com­
puter graphics and vi?ualization. 

To illustrate the application of connectivity analysis, we will use an MRI 
dataset generated by Janet MacFall at the Center for In Vivo Microscopy at 
Duke University. The dataset is a volume of dimensions 2563 and is included on 
the CD-ROM. The data is of the root system of a small pine tree. Using the class 
vtkSliceCubes, an implementation of marching cubes for large volumes, we 
generate an initial isosurface represented by 351,118 triangles. (We have placed 
the file pine_root. tri on CD-ROM. This is a faster way of manipulating this 
data. If you have a large enough computer you can process the volume directly 
with vtkVolume16Reader and vtkMarchingCubes.) 

Figure 9-51(a) shows the initial dataset. Notice that there are many small, 
disconnected isosurfaces due to noise and isolated moisture in the data. We use 
vtkConnecti vi tyFil ter to remove these small, disconnected surfaces. 
Figure 9-51 (b) shows the result of applying the filter. Over 50,000 triangles were 
removed, leaving 299,480 triangles. 

The vtkConnectivityFil ter is a general filter taking datasets as input, 
and generating an unstructured grid as output. It functions by extracting cells 
that are connected at points (i.e., share common points). In this example the sin­
gle largest surface is extracted. It is also possible to specify cell ids and point ids 
and extract surfaces connected to these. 

Decimation 

Decimation is a 3D data compression technique for surfaces represented as tri­
angle meshes. We use it most often to improve rendering interactive response for 
large models. 

Figure 9-52 shows the application of decimation to the data from the pine 
root example. The original model of 351,118 triangles is reduced to 81,111 trian­
gles using a combination of decimation and connectivity. The decimation param­
eters are fairly conservative. Here we see a reduction of approximately 55 
percent. 
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(a) isosurface (b) largest connected surface 

vtkMCubesReader 

vtkPolyDataConnectivityFilter vtkPolyDataMapper 

vtkMCubesReader reader 
reader SetFileName " .. / .. / .. /vtkdata/pineRoot/pine_root. tri" 

vtkPolyDataConnectivityFilter connect 
connect Setinput [reader GetOutput] 
connect SetExtractionModeToLargestRegion 

vtkPolyDataMapper isoMapper 
isoMapper Setinput [connect GetOutput] 
isoMapper ScalarVisibilityOff 

vtkActor isoActor 
isoActor SetMapper isoMapper 
eval [isoActor GetProperty] SetColor $raw_sienna 

vtkOutlineFilter outline 
outline Setinput [reader GetOutput] 

vtkPolyDataMapper outlineMapper 
outlineMapper Setinput [outline GetOutput] 

vtkActor outlineActor 
outlineActor SetMapper outlineMapper 

Figure 9-51 Applying connectivity filter to remove noisy isosurfaces 
(connPineRoot. tel). Data is from 2563 volume data of the root system 
of a pine tree. 
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The most common parameters to adjust in the vtkDecirnate filter are the 
::i: TargetReduction, InitialError, Errorincrernent, Maxirnurniterations, ''.E and InitialFeatureAngle. TargetReduction specifies the compression fac- ': 

tor (numbers closer to one represent higher compression). Because of topological; ,\; decimation criterion, aspect ratio, and feature angle constraints this reduction 
may not be realized (i.e., TargetReduction is a desired goal, not a guaranteed 
output). The Ini tialError and Errorincrernent control the decimation crite­
rion. As the filter starts, the decimation criterion is set to Ini tialError. Then, 
for each iteration the decimation criterion is incremented by Errorincrernent. 
The algorithm terminates when either the target reduction is achieved, or the 
number of iterations reaches Maxirnurniterations. The InitialFeature­
Angle is used to compute feature edges. Smaller angles force the algorithm to 
retain more surface detail. 

Other important parameters are the AspectRatio and MaxirnurnSubiter­
ations. AspectRatio controls the triangulation process. All triangles must 
satisfy this criterion or the vertex will not be deleted during decimation. A sub­
iteration is an iteration where the decimation criterion is not incremented. This 
can be used to coalesce triangles during rapid rates of decimation. MaxirnurnSub­
Itera tions controls the number of sub-iterations. This parameter is typically 
set to two. 

Texture Clipping 

Texture mapping is a powerful visualization technique. Besides adding detail to 
images with minimal effort, we can perform important viewing and modelling 
operations. One of these operations is clipping data to view internal structure. 

Figure 9-53 is an example of texture clipping using a transparent texture 
map. The motor show consists of five complex parts, some of which are hidden by 
the outer casing. To see the inside of the motor, we define an implicit clipping 
function. This function is simply the intersection of two planes to form a clipping 
"corner." The object vtkirnplicitTextureCoords is used in combination with 
this implicit function to generate texture coordinates. These objects are then ren­
dered with the appropriate texture map and the internal parts of the motor can 
be seen. 

The texture map consists of t);iree regions (as described previously in the 
chapter). The concealed region is transparent. The transition region is opaque 
but with a black (zero intensity) color. The highlighted region is full intensity 
and opaque. As can be seen from Figure 9-53, the boundaries appear as black 
borders giving a nice visual effect. 

The importance of texture techniques is that we can change the appearance 
of objects and even perform modelling operations like clipping with little effort. 
We need only change the texture map. This process is much faster relative to the 
alternative approach of geometric modelling. Also, hardware support of texture 
is becoming common. Thus the rendering rate remains high despite the apparent 
increase in visual complexity. 
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(a) Connected isosurface (b) Decimated connected isosurface 

vtkMCubesReader vtkPolyDataConnectivityFilter 

vtkDecimate vtkPolyDataMapper 

vtkMCubesReader reader 
reader SetFileName " .. ( . . / .. /vtkdata/pineRoot/pine_root.tri" 
reader FlipNormalsOff 
reader DebugOn 

vtkDecimate deci 
deci Setinput [reader GetOutput] 
deci SetTargetReduction 0.9 
deci SetAspectRatio 20 
deci SetinitialError 0.0005 
deci SetErrorincrement 0.001 
deci SetMaximumiterations 6 
deci SetinitialFeatureAngle 30 

vtkPolyDataConnectivityFilter connect 
connect Setinput [deci GetOutput] 
connect SetExtractionModeToLargestRegion 

vtkPolyDataMapper isoMapper 
isoMapper Setinput [connect GetOutput] 
isoMapper ScalarVisibilityOff 

Figure 9-52 Applying connectivity and decimation filters to remove noisy isosurfaces 
and reduce data size (deciPineRoot. tel). Data is from 2563 volume data of the root 
system of a pine tree. 
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vtkBYUReader 

vtkPolyDataNormals 

vtkirnplicitTextureCoords 

vtkDataSetMapper 

it texture 
vtkStructuredPointsReader texReader 

texReader SetFileNarne " .. / .. / .. /vtkdata/texThres.vtk" 
vtkTexture texture 

texture Setinput [texReader GetOutput] 
texture InterpolateOff 
texture RepeatOff 

it read motor parts ... each part colored separately 
it 

vtkBYUReader byu 
byu SetGeometryFileNarne " .. / .. / .. /vtkdata/motor.g" 
byu SetPartNumber 1 

vtkPolyDataNormals normals 
normals Setinput [byu Getoutput] 

vtkimplicitTextureCoords texl 
texl Setinput [normals GetOutput] 
texl SetRFunction planes 

vtkDataSetMapper byuMapper 
byuMapper Setinput [texl GetOutput] 

vtkActor byuActor 
byuActor SetMapper byuMapper 
byuActor SetTexture texture 
eval [byuActor GetProperty) SetColor $cold_grey 

it other parts follow ... 

Figure 9-53 Texture cut used to reveal internal structure of a motor. Two cut planes 
are used in combination with transparent texture (motor. tel). 
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Delaunay Triangulation 

Delaunay triangulation is used to construct topology from unstructured point 
data. In two dimensions we generate triangles (i.e., an unstructured grid or 
polygonal dataset) while in three dimensions we generate tetrahedra (i.e., an 
unstructured grid). Typical examples of structured points include points mea­
sured in space, or a dimensional subset of"multidimensional data. 

In the example of Figure 9-54 we show how to create a 2D Delaunay trian­
gulation from a field of points. The points are created by generating random x 
and y coordinate values in the interval (0, l], and setting the z-value to a con­
stant value (i.e., the points lie in an x-y plane). The points are then triangulated, 
and tubes and sphere glyphs are used to highlight the resulting points and edges 
of the triangulation. 

One important concern regarding Delaunay triangulations is that the pro­
cess is numerically sensitive. Creating triangles with poor aspect ratio (e.g., sliv­
ers) can cause the algorithm to break down. If you have a large number of points 
to triangulate, you may want to consider randomizing the point order. This 
approach tends to generate triangles with better aspect ratio and give better 
results. You may also want to consider other implementations ofDelaunay trian­
gulation that are more numerically robust. See [Edelsbrunner94] for an exam­
ple. 

9.6 Chapter Summary 

Dividing cubes is a scalar contouring operation that generates points rather than 
surface primitives such as lines or polygons. Dense point clouds appear solid 
because of the limited resolution of computer images. 

Vector fields have a complex structure. This structure can be visualized 
using streamribbons, streamsurfaces, and stream polygons. The topology of a vec­
tor field can be characterized by connecting critical points with streamlines. 

Tensor fields consist of three orthogonal vector fields. The vector fields are 
the major, medium, and minor eigenvectors of the tensor field. Hyperstreamlines 
can be used to visualize tensor fields. 

Dataset topology operations generate triangle strips, extract connected sur­
faces, and compute surface normals. Decimation is a polygon reduction algo­
rithm that reduces the number of triangles in a triangle mesh. Implicit 
modelling techniques can be used to construct swept surfaces and volumes. 
Unstructured points are easy to represent but difficult to visualize. Splatting, 
interpolation, and triangulation techniques are available to construct structure 
for unstructured points. Multivariate visualization is required for data of dimen­
sion four and higher. Data must be mapped to three dimensions before standard 
visualization techniques can be used. Parallel coordinates techniques are also 
available to visualize multivariate data. 

Modelling algorithms extract geometric structure from data, reduce the 
complexity of the data or create geometry. Spatial extraction selects dataset 
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vtkPolyData 

vtkDelaunay2D 

vtkPolyDataMapper 

# create some points 
vtkMath math 
vtkFloatPoint.s points 
for {set i O} {$i<50} {incr i l} { 

Advanced Algorithms' 

eval points InsertPoint $i [math Random O ll \ 
[math Random O 1] 0.0 

vtkPolyData profile 
profile SetPoints points 

# triangulate them 
vtkDelaunay2D del 

del Setinput profile 
del SetTolerance 0.001 

vtkPolyDataMapper mapMesh 
mapMesh Setinput [del GetOutput] 

Figure 9-54 Two-dimensional Delaunay triangulation ofa random set of points. Points and edges are shown highlighted with sphere glyphs and tubes (DelMesh. tel). Only the pipeline to generate triangulation is shown. 

structure and associated data attributes lying within a specified region in space. Subsampling reduces data by selecting every nth data point. A related tech­nique, data masking, selects every nth cell. Subsets of a dataset can also be selected using thresholding, which selects cells or points that lie within a range of scalar values. Probing resamples data at a set of points. The probe produces a dataset that has the topology of the probe with data values from the probed dataset. Generating triangle strips can reduce storage requirements and improve rendering speeds on some systems. If a dataset has multiple disjoint structures, a connectivity algorithm can uniquely identify the separate struc­tures. For polygonal data that does not have vertex normals defined, normal gen­eration algorithms can compute these values that are suitable for interpolation 
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by Gouraud or Phong shading. Decimation, another data reduction technique, 
removes triangles in "flat" regions and fills the resulting gaps with new trian­
gles. Unstructured points present a challenge because the data does not have 
topology. Splatting represents each point in the data with a structured point set 
and accumulates these splats using implicit modelling techniques. Triangulation 
techniques build topology directly from the unstructured points. 

Multidimensional visualization techniques focus on data that has many 
scalar data values for each point. Parallel coordinates is an interesting approach 
that plots the scalar values for a data point along a parallel axis. The observer 
looks for trends and relationships between the lines that represent each point's 
data. 

Texture algorithms use texture coordinates and texture maps to select or 
highlight portions of a dataset. Texture thresholding assigns texture coordinates 
based on a scalar value. The scalar value and texture map determine how a cell 
or portion of a cell is rendered. Boolean textures extend this concept to 2D and 
3D. Careful design of a boolean texture map permits the "clipping" of geometry 
with combinations of implicit surfaces. Texture can also be used to animate vec-
tor fields. • 

9.7 Bibliographic Notes 

Dividing cubes is an interesting algorithm because of the possibilities it suggests 
[Cline88]. Point primitives are extremely simple to render and manipulate. This 
simplicity can be used to advantage to build accelerated graphics boards, per­
form 3D editing, or build parallel visualization algorithms. 

Many plotting and visualization systems use carpet plots extensively. Car­
pet plots are relatively easy to represent and render. Often 2D plotting tech­
niques are used (i.e., lighting and perspective effects ignored). Check [Wang90] 
for additional information on rendering carpet plots. 

In recent years a number of powerful vector visualization techniques have 
emerged. These techniques include streamsurfaces [Hultquist92], streampoly­
gons [Schroeder91], vector field topology [Helman91] [Globus91], streamballs 
[Brill94], and vorticity visualization [Banks94]. The streamballs technique is a 
recent technique that combines techniques from implicit modeling. You may also 
wish to see references [Crawfis92] [vanWijk93] and [Max94]. These describe vol­
ume rendering and other advanced techniques for vector visualization, topics not 
well covered in this text. 

Some abstract yet beautiful visualization images are due to Delmarcelle 
and Hesselink [Delmarcelle93]. Their rendering of hyperstreamlines reflect the 
underlying beauty and complexity of tensor fields. 

Polygon reduction is a relatively new field of study. SIGGRAPH '92 marked 
a flurry of interest with the publication of two papers on this topic 
[Schroeder92a] [Turk92]. Since then a number of valuable techniques have been 
published. One of the best techniques, in terms of quality of results, is given by 
[Hoppe93], although it is limited in time and space because it is based on formal 
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optimization techniques. Other intere~ting methods include [Hinker93] and) 
[Rossignac93]. A promising area of research is multiresolution analysis, where -'; 
wavelet decomposition is used to build multiple levels of detail in a model 
[Eck95]. The most recent work in this field stresses progressive transmission of 
3D triangle meshes [Hoppe96], improved error measures [Garland97], and algo­
rithms that modify mesh topology [Popovic97] [Schroeder97]. 

Triangle strip generation is an effective technique for achieving dramatic 
improvements in rendering speed and reductions in data handling. The refer­
ence by [Evans96] describes other triangle strip generation algorithms as well as 
presenting some of the most effective techniques to date. 

The use of texture for visualization is relatively unexploited. This has been 
due in part to lack of texture support in most graphics software and hardware. 
This is now changing, as more vendors support texture and software systems 
(such as OpenGL) that provide an API for texture. Important references here 
include the boolean textures [Lorensen93] and surface convolution techniques 
[Cabral93] [Stalling95]. 

Unstructured or unorganized point visualization is likely to play a promi­
nent role in visualization as the field matures and more complex data is encoun­
tered. Nielson et al. have presented important work in this field [Nielson91]. 

Multidimensional visualization is another important focus of visualization 
research [Bergeron89] [Mihalisin90]. Much real-world data is both unstructured 
and multidimensional. This includes financial databases, marketing statistics, 
and multidimensional optimization. Addressing this type of data is important to 
achieve future advances in understanding and application. Feiner [Feiner90] has 
presented a simple projection method combined with virtual reality techniques. 
[Inselberg87] has introduced parallel coordinates. These techniques have been 
shown to be powerful for many types of visual analysis. 
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9.1 Describe an approach to adapt dividing cubes to other 3D cell types. Can 
your method be adapted to 1D and 2D cells? 
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9.2 Discuss the advantages and disadvantages of representing surfaces witli' 
points versus polygons. 

9.3 Streamribbons can be constructed by either i) connecting two adjacent 
streamlines with a surface, or ii) placing a ribbon on the streamline and ori-, 
enting the surface according to streamwise vorticity vector. Discuss the dif: 
ferences in the resulting visualization. 

9.4 Write the following programs to visualize velocity flow in the combustor. • 
a) Use vtkProbeFilter and vtk.HedgeHog. 
b) Use vtkProbeFilter and vtkStreamLine. 
c) Use vtkProbeFilter and vtkWarpVector. 
d) Use vtkProbeFilter and vtkVectorNorrn. 
e) Use vtkProbeFilter and vtkVectorDot. 

9.5 Describe a method to extract geometry using an arbitrary dataset. (That is, 
extract geometry that lies within the culling dataset.) (Hint: how would you 
evaluate in/out of points?) 

9.6 The filter vtkPolyDataNorrnals is often used in combination with the fil­
ters vtkSmoothPolyData and vtkContourFilter to generate smooth 
isosurfaces. 
a) Write a class to combine these three filters into one filter. Can you 

eliminate intermediate storage? 
b) How much error does vtkSmoothPolyData introduce into the 

isosurface? Can you think of a way to limit the error? 
c) What is the difference between the surface normals created by 

vtkMarchingCubes and vtkPolyDataNorrnals? 

9. 7 Assume that we have a database consisting of interest rate R, monthly pay­
ment P, monthly income I, and days payment is late L. 
a) If R, P, I are all sampled regularly, how would you visualize this data? 
b) If all data is irregularly sampled, list three methods to visualize it. 

9.8 Why do you think triangle strips are often faster to render than general 
polygons? 

9.9 The normal generation technique described in this chapter creates consis­
tently oriented surface normals. 
a) Do the normals point inside or outside of a closed surface? 
b) Describe a technique to orient normals so that they point out of a closed 

surface. 
c) Can surface normals be used to eliminate visible triangles prior to 

rendering? (Hint: what is the relationship between camera view and sur­
face normal?) 

9.10 Describe a technique to partially threshold a cell (i.e., to cut a cell as neces­
sary to satisfy threshold criterion). Can an approach similar to marching 
cubes be used? 



9.9 Exercises 
427 

9.11 The class vtkRendererSource allows us to use the rendered image as a 
texture map (or structured points dataset). Write a program to construct 
iterated textures, that is textures that consist of repeated images. Can the 
same image be generated using texture coordinates? 

9.12 Describe how you would modify the decimation algorithm to treat general 
polygons. 

9.13 Several examples in the text (e.g., deciFran. tel and deciHawa. tel) use 
the class vtkDecimate. Modify these examples to use the topology modify­
ing progressive decimation algorithm (implemented in vtkDecimatePro). 
How much greater reduction can you achieve? 
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Minimizing finishing problems with 

the mini-positioner 

Douglas J. Shilliday, D.D.S. 
Columbus, Ohio 

The desire t~ provide more patients with a controlling and finishing 

appliance that is readily available, easily adaptable, and inexpensive has _led 

to the development of the flexible, preformed mini-positioner (Fig. 1). This 

positioner, when used after fixed appliances are removed, enhances the level 

_ and alignment of the maxillary and mandibular anterior teeth, maintains or 

improves the interarch relationship, and aids in closure of spaces left by the 

appliances: As the mini-positioner covers only the six maxillary and six man­

dibular anterior teeth, it cannot perform all the duties of a ''full-coverage'' 

tooth positioner. It can complement it, however, by controlling arch length and 

corrected rotations while the full-coverage positioner is being fabricated. 

• The min1mal cost of the mini-positioner allows it to be used for a relatively 

short period of time and then discarded in favor of a conventional retainer 

or a full-coverage tooth positioner, although it is also durable enough to be 

continued as a retainer in itself. This has proved effective, especially in cases 

that originally exhibited a deep bite. As the mini-positioner covers only the 

anterior teeth, the posterior teeth are allowed to "self-equilibrate," the bite 

is p_revented . from deepening, and the vertical dimension is prevented from 

decreasing (Fig. 2). 
Fitting of the mini~positioner is uncomplicated, as there need be only two 

sizes : ''plus'' and ''minus.''· The size refers to whether the mesiodistal width 

of one maxillary central incisor of the treated case is more than 9 mm. (plus) 

or less than 9 mm. (minus). This versatility is possible because the mini-position­

er provides tooth-receiving areas or slots rather than individual tooth-receiving 

sockets. The slots are designed so that the smaller tooth-receiving areas for 

the maxillary lateral incisors will not impinge on the larger canine or central 

incisor teeth and so that the mandibular incisor-receiving • area will not im­

pinge on the larger mandibular canines. Yet it still contacts each tooth on the 

labial, lingual, and incisal surfaces in an ideal arch and interarch relation. 

If the mini-positioner is to be used as an interim control between fixed 
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i:" Fig. 1. The mini-positioner. 

A 

C 

Fig. 2. A, Appliances removed, except for molar bands left on. B, Elastics in place. C, 
-Mini-positioner fitted. D, One month after removal of fixed appfiance. 

appliance removal and placement of a full-coverage tooth positioner, it should 
be worn at night and 4 hours during the day (10 to 15 minutes at a time is 
sufficient). At this time, the mini-position er is altered only to eliminate exces­
sive frenum or gingival impingement. It is not necessary for the patient to 
bite hard into the mini-positioner to get the desired results; he can just close 
and relax. The patient should be told that the first two or three nights it is worn, the mini-positioner will probably come out but that if he wears it 
during the day as prescribed, retaining it at night will become routine. Patient 

B 

D 
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Fig. 3. A, App!iences removed :except molar bands for elastic attachment.B, One morith 
af.ter appliance removal. C, Appliance removed except for molar bands for elastic 

attachment. D, One month after appliance removal. E and F, Mini-positioner after having 

been softened in hot tap water. 

acceptance and the ability to wear the mini-positioner have proved to be 
excellent. 

H the mini-positioner is to be worn between fixed appliance removal and 
the placement of conventional Hawley retainers and lingual holding arches, 
the four first molar bands may be left in place (Figs. 2 and 3) and retainer 
impressions may be taken 4 to .12 weeks later. The molar bands are used to 
fasten ¾ inch light elastics from molar to molar on the maxillary and man­
dibular arches to aid in closing spaces left by the :fixed appliances. Occasionally, 
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three ½ 6 inch light elastics are worn-one around the two maxillary central 
incisors, one around one central and lateral incisor, and one around the other 
central and lateral incisor. The patient is instructed to keep careful track of 
these small elastics. All elastics are worn 24 hours a day unless the patient 
:finds it necessary to remove them while wearing the mini-positioner. Usually 
these spaces are closed in 2 to 4 weeks, and :final leveling and alignment are 
achieved in 4 to 12 weeks. Impressions are then taken and retainers are con­
structed with the patient under full control at all times. Again the patient 
is instructed to wear the mini-positioner 4 hours during the day and all night, 
with daytime wearing gradually reduced after the first 4 weeks (Fig. 3). 

If the mini-positioner is to be used as a retaining appliance af~er the 12-
week period, it should be softened in hot tap water for 5 to 10 secol'.).ds and • 
placed in the patient's mouth. He is then told to close on the -posterio~ 
teeth. Two or three softenings may be required to get the posterio:i;- teeth 
close enough together so that they will not overerupt during the retention period. 
The mini-positioner is then worn at night only. 

The mini-positioner has also been found to be effective - (1) in correcti~g 
minor rotations in untreated cases that provide sufficient arch length, (2) 
in correcting treated cases that have started some slight relapse, (3) in cor­
recting anterior cross-bites where there is sufficient arch length, ( 4) in con­
trolling lateral tongue-thrust and th?ffib-sucking, and (5) as a mouth pro­
tector in contact sports. 

Summary 

The mini-positioner provides the orthodontist with a treatment· adjunct 
that involves a minimum of time and cost. In controlling and finishing the 
treated case, it removes the urgency for construction and placement of retain­
ers and full-coverage tooth.positioners. 

16 East Henderson Ed. 
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in der Zahnmedizin 

Ein revolutionares optisches Abtastverfah­

ren ersetzt den herkommlichen Abdruck. 

In Bruchteilen • einer Sekunde liefert die 

CEREC®-Mundkamera eine dreidimensio­

nale Abbildung der Zahnpraparation. Unter 

Verwendung dieses ,,optischen Abdrucks" 

wird das Inlay mit Computerhilfe direkt am 

Bildschirm konstruiert. Vor den Augen 

des Patienten fertigt die vollautomatische 

Schleifmaschine in wenigen Minuten die 

gewOnschte Fullung. 

Dabei wird Dentalkeramik hochster Quali­

tat verwendet, wie sie nur im industriellen 

FertigungsprozeB herstellbar ist. 

Das neue CEREC-System eroffnet die 

faszinierende Moglichkeit, asthetisch · an­

spruchsvolle, keramische Restaurationen 

in einem Zug zu praparieren und ein­

zusetzen. 



Amalgam, Gold- oder Kunst­
stoff - keines dieser 
Materialien erfOllt alle Forde­
rungen, die eigentlich an 
Restaurationen im Seiten­
zahnbereich zu stellen sind. 

Fur den Patienten k6nnen 
asthetische Gesichtspunkte 
im Vordergrund stehen. 
Fur den Zahnarzt aber sind 
auch die anderen Material­
eigenschaften, etwa die 
Dauerhaftigkeit und die 
Biokompatibilitat, von ent­
scheidender Wichtigkeit. 

Beim CEREC-System wird 
das Inlay aus einem industriell 
vorgefertigten Dental­
keramik-Block geschliffen. 
Der kontrollierte Herstellungs­
prozeB dieses Material­
korpers bietet hochste Fehler­
freiheit und Homogenitat 
des GefOges. 

Durch Anwendung der 
adhasiven Befestigungs­
technik ist ein perfekter 
RandschluB erreichbar. 

Das Ergebnis: 
Naturliche Asthetik und Farb­
anpassung durch schmelz­
ahnliche Eigenfarbe und 
Transluzenz bei optimaler 
Material-Qualitat. 

CEREC bietet, 
was viele Patienten wunschen: 
NatUrlich wirkende FUllungen 
im Seitenzahnbereich 

CEREC-lnlays nach zweijahriger Tragzeit im Mund. 



DieCEREC­
Einheit 

Optische Abdrucknahme, 

Konstruktion am Bildschirm 

und Herstellung der Inlays 

sind in einem Gerat integriert. 

CD CEREC-Mundkamera 

@ Bildschirm 

@Tastatur 

© Zeichenkugel 

® Schleifkammer 

® Materialschublade 
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I scnnnrur~cnnn 
zur asth_etischen Vollendung 

1 

6 

Zur Vorbereitung der 
optischen Abdrucknahme 
wird Koritrastpuder auf­
gesprayt. 

2 

6 

• Der Kamerakopf wird mit 
dem Objektiv Ober der Kavitat 
positioniert und abgestOtzt 
Durch die Bedienung des 

• FuBpedals wird der optische 
Abdruck ausgelost. 

Die CEREC-Restaurationen 
werden adhasiv eingesetzt. 
Alie zuganglichen Schmelz-

• rander werden mit Atzgel 
sorgfaltig beschichtet und 
ca. 15- 30 Sekundengeatzt. 



3 
Das Inlay wird am Bildschirm 
durch Einzeichnen von 
Rahmenlinien mit Computer­
unterstOtzung konstruiert . 
Dabei werden die Approximal­
flachen mit den Kontaktpunk­
ten synthetisch aufgebaut 

Das CEREC-lnlay selbst wird 
ebenfalls mit einem speziellen 
Keramik-Atzmittel behandelt 
und anschlieBend silanisiert 

4 

8 

Der CEREC-Block, aus homo­
gener, praktisch fehlerfreier 
Dentalkeramik wird nach 
Farbe und Gr6Be ausgewahlt 
und in den Halter eingesetzt 

Das Inlay wird mit seitenzahntauglichem 
Composite-Material unter Verwendung 
von Bonding-Agent eingesetzt 
Die Aushartung erfolgt mit der Licht- . 
Polymerisationslampe. 
Empfehlungswert sind Composite-Materialien, 
die zusatzlich uber ein chemisches 
Hartungssystem verfugen. 



5 
Computergesteuert wird das 
Inlay von der Schleifein­
richturig in wenigen Minuten 
vollautomatisch aus dem 
·cEREC-Block herausgefrast 

Die Konturierung wird mit Konturier­
diamanten (40 µm Korngr6Be) 
und die Feinausarbeitung mit Finier­
diamanten (15 µm Korngr6Be) 
durchgefuhrt Die Oberflachenqualitat 
hangt von der anschlieBenden 
sorgfaltigen Politur mit flexiblen 
Disks ab. 

10 

in der Zahnmedizin 

Das Resultat: Ein CEREC-lnlay 
von naturlicher Asthetik. 

8 
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SIRONA®M 
mitCEREC.:. 
Einheit 

Ein Behandlungsplatz, 
dessen zukunftweisende 
Technologie und praktische 
Anwendbarkeit dem 
anspruchsvollen Zahnarzt 
vollig neue Perspektiven 
eroffnet 
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Das CEREC-System 
und seine 
Anwendungsgebiete 

Inlays 

Occlusal und mehrflachig. 

Onlays 

Mit dein Ersatz bzw. der 0ber­
deckung von einem oder 
mehreren Hockern. 

Schalenverblendungen 

Im Frontzahnbereich. 

._ .... 



in der Zahnmedizin 

Das CEREC-System stellt 
hohe Anforderungen 
an das dreidimensionale 
Vorstellungsvermogen 
des Behandlers. • 

Um das Verfahren zu 
erlernen, ist die Teilnahme 
an einem zwei- bis drei­
tagigen Ausbildungskurs 
unerlaBlich. 

Diese MOhe lohnt sich, 
denn erst die detaillierte 
Kenntnis der technischen 
Voraussetzungen er­
schlieBt die faszinierende 
volle Nutzung des 
Systems. 
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Die CEREC-Einheit ist von 
externen Wasseranschliissen 
vollig unabhangig. Sie ist so 
beweglich, daB sie leicht in jeden 
Behandlungsraum gefahren 
werden kann. 

Siemens Aktiengesellschaft 
Bereich Medizinische Technik 
Geschaftsbereich Dental 
FabrikstraBe 31, D-6140 Bensheim 

Anderungen inlolge 
lechnischer Weilere11twicklung 
behalten wir uns vor. 

Best.·Nr. A19100·M41·A471 
Prinled in lhe Federal Republic of Germany 
4392 ws 096810 
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THE READERS' CORNER 
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This months topics are position.er appliances and employee embezzlement. 

J. In what percentage of your cases do you use a.positioner appliance? 

Page I of 5 

Although 77% of the respondents said they used positioners, more than two-thirds of these did so· infrequently (fewer than 5% of their cases). The remaining one-third ofthe positioner users were • equally divided between those who prescribed them in about 20% of their cases and those who used them more than 75% of.the time. 

What are your indications for use of a positioner appliance ? 

The primary indication was a high degree of patient cooperation throughout treatment. The major clinical indications listed were open bites, the need for detailing and settling of the posterior occlusion, and cases where treatment had to be discontinued early. 

• What ar(! your instructions to the patient? 

Patient instructions varied widely among the respondents, but the most popular protocol was full-time wear for 48 hours (often over a weekend following a Friday debonding), then nighttime wear plus four hours per day. Other commonly mentioned regimes were nighttime and four hours per day, with no full-time break-in period, and a gradual reduction in daytime wear while continuing at night:. 

For how long do you generally have a patient wear a positioner? 

About half of the clinicians usually asked for two to three months ofpositioner wear. Fewer respondents prescribed positioners for two to three weeks or three to six months, and even fewer for six to 18 months. 

How much correction do you expect from apositioner? 

The most common reply was "minimal" (more than 60% ofthe positioner users). The remaining users also had Jimited expectations, often expecting 1-2mm of correction. • 

Do you find patient cooperation a problem ? 

More than 70% of the readers felt that cooperation with positioner wear was a significant problem. This was particularly true for those who prescribed positioners for extended periods. All the 
respondents who did not experience cooperation problems stated that they carefully screened patients before selecting them for positioner wear. • 

http://www.jco-online.com/archive/print_ article.asp?Year= l 992&Month=06&ArticleNum==... 3/9/2005 
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Have you observed any adverse effects from use of a posiiioner? 

Half of the clinicians reported observing some adverse effects. The principal problem cited was 
musc]e tightness and discomfort, particularly in patients with TMJ dysfunction. Another major 
concern was that if the positioner did riot prevent the eruption of the tenninal molar, this tooth could 
overempt ·and produce an anterior open bite upon removal of the positioner. 

D'a·you use different colors ofpositioner material? Do youfind·color to be a motivating factor in 
terms of patient cooperation? 

The vast majority of the readers did not use colored positioners and did not believe they provided 
motivation. A few felt that.clear positioners provided the greatest incentive for patient wear. 

Do you routinely prescribe airholes? 

More than 90% of the respondents said they used airholes. Many added, however, that these holes 
were too small to have any effect on breathing, and that they placed them primarily for the patients' 
peace of mind: • 

Have you used Elastodontics? With what success? 

Only about one-fourth of the orthodontists had used Elastodontics. They reported a variety of success 
rates, ranging from 11poor" to "some success" to "good results". • 

Specific comments included: 

• "I use positioners especially for those cases that don't lend themselves to finishing elastics, such as 
multiple missing teeth." · 
• "I use positioners on patients-who have been cooperative during treatment. With positioners being 
as expensive as they are, I am reluctant to throw good money after bad." 
• "I use them to detail or seafthe occlusion if cooperation has been a problem, the patient has been 
in treatment for a long time, and I'm concerned about decay, etc." 
• "Cooperation is better than with functional appliances and worse than with headgear." 

2. Have you ever had a staff member embezzle money from you ? 

-Six of the 46 respondents (13%) reported incidents of embezzlement. Most of the others added the 
caveat, "not to my knowledge".· 

If so, what position did the staff member hold? 

In five of the six cases, the employee involved was in a front-desk or business position. The sixth was 
a chairside assistant who had been taking money to the bank. 

http://www.jco-online.com/archive/print_ article.asp ?Year= 1992&Month=06&ArticleN um=... 3/9/2005 
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• What amount was embezzled? 

The amounts ranged from $200 to more than $10,000, with most between $1,000 and $5,000. 

How was it done dnd how did you find out? 

Most of the techniques involved cashing isolated patient checks or depositing them into the 
employee's ·own account. These were eventllally picked up either by one of the check writers, who 
noticed the wrong account number or the· forged signature on a canceled check, or by another staff 
member balancing the deposits when the embezzler was on sick leave. 

In one case, the embezzler was altering the day sheets. In another, the employee was pocketing cash 
payments without cre.diting them to the patient, while depositing only checks; this-was discovered 
when patients began to question their balances. • 

Was your bookkeeping done manually or by computer? 
.- .. - • 

All six of the victimized practices were using manual bookkeeping, and most of them recommended 
changing to a computerized system. • 

·What .advice do you have for others? 

Suggestions included hiring trustworthy people (such as the orthodontist's spouse) t9 do the 
bookkeeping, double- and triple-checking the books each day, making daily deposits, notating checks 
and cash separately, and having two staff members reconcile the day sheets. Other advice was to have 
more than one person familiar with the payment system and never to take anything for granted. 

Respondents also recommended that the orthodontist always look at the day sheets and fully 
understand the office accounting system. Finally, they advised keeping temptations to a minimum--a 
good reason to have computerized bookkeeping. 

If yo~ have not had any embezzlement in your practice, are there any steps that you think have 
prevented or discouraged embezzlement? 

Responses to this question included: 

• "My wife works in the office; she makes all entries into accounts receivable and does the accounts 
payable." • 
• "Paying attention to the office statistics related to starts, charges, and daily receipts, as well as a 
good cash management system." 
• "We utilize multiple personnel to handle payments. A computer-entered data system involves 
separate individuals running.the day sheet and making adjustments. A daily record of any 
adjustments is placed on the doctor's desk." 
• "My accountant ·visits monthly to verify services rendered, receipts, deposits, and income." 
• "One person receives the funds and a second enters and totals daily receipts." 
• "I review, sign, and date the financial sheets every day. Any alterations are handwritten by the 

http://www.jco-online.com/archive/print_ article.asp?Y ear= l 992&Month=06&ArticleNurn=... 3/9/2005 
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financial secretary and-discµssed with me daily. " 
• "All bank deposits are made-by myself or my wife. Al1 bank statements and canceled checks come 
to my home address. The accounts are checked and balanced by our bookkeeper, who does not post 
checks or cash. Unannounced spot-check audits are done by the accountant approximately every 18 
months." 
• "The doctor signs all checks and makes all deposits. The doctor signs cash slips for cash payments 
and keeps ~y cash ,until the deposit is made. The doctor reviews the ledger .card of every finished 
case as part of the final-records review.-The doctor does not 'steal' from the office by taking home 

• supplies such as pens, paper products, soft drinks, etc., that belong to the office. The doctor expects 
the staff to uphold the same standard." 
• "We rotate our staff in money-handling positions and have an outside accountant do the books 
monthly." . 
• "Every payment receives a receipt. If any entries are made on the_ ledger cards without a receipt, 
something is. wrong." 
• "Even with OJ.lf sophisticated computer security levels, I don't think we can fully prevent it. Hiring 
quality staff would seem most important." 
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1 Introduction 

Dans ce chapffre 

=i" .= "! ::'"1- -• i-; i I 

1 Introduction 

Ce chapitre est subdlvl$6 en plusieW'S paragraphes : 

II ,A pmpoa. de CEREC so· page 6 

11 ,.Utilisation du manuel" page 7 
11 .Autres tormets de manuer page !l 

l- .:•_'.;.~ .~: •. -~ _'_1·_, I__: 'j '_I": I_I _' 1°1 
•• -; ~ 
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1 Introduction 

Chere cllente, cber clfent 

1.1 Apropos de CEREC 30 

Nous vws r,emercicms de racile.t du CEREc9'3J 
CEA.EC Scan de Slrona. 

Cel appareil perm.et la fabricalion asslsMe par ordlna­
teur de ie&tatxallons ceramlques A pattltd\Jn rnaMriau 
ceramlqua (CEramki REConstruct!on) lmllant raspect 
nature! cies dents. 

l.!l prutmt rnar.uel faltpartle de relendue <le la livraison 
Gafdez-kl too]Ol.ll'S ii pa1e8 de main. 

Ml da me1lrlserpartallement Je foncUonnemerrt de 
!'apparel, ~-.'I/OU8 mi;k, model&a partirdes exan­
ptes fi&:rns.. 

Mn d6vller tout l'lsqua -da dorrmagea materials et -cor· 
pan:ils, vuuMlez egalemem.1enlrtl0fflpte de& oonstines 
dea&urlte. 

Am de powolrbeooi!cler de la garaoUe, nous vou9 
prtons Cle completer integr'8lernent le dOeument joint 
Prmocol• d'lnstallatlon/flche d& garantla das la 
mce:pUon de: !'apparel et de l'envoyer au num.-o- de tax 
lndlqu6. 

Volra 

6qlllpe OEREC 

L,._. - 11 I I .J :: I,!' 
R :.} -=, • ~ ;:_: 1=, .J~ ,- ~ -,-~ -,3 -~i~C :· 
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Prnentation 

Conventloos 

-,-~ lj1·1 ~-': - [, :. : I-:. 

1.2 Utilisation du manuel 

1,.2 Utlllaatlon du manueJ 

ui manusl .ae presente !IOUS tonne d'tme colcmn& d1ma­
ges ii gauche- et d'Ull9 colome de texte- ill dtolte. 

Lor$qu'II ny a pas cl'lmage, un titte lateral dant le 
cclom1e de gauche sert l facllller la navigation. 

AATTENnON 
SiQnalsliNinoJca!roM da seo.tnffEI a ~Jmp6rstl­
vemem. 

0REMARQUE 
~ lssfulann11tians suppfdmsnlaltea, Jes H'k'.&:atktrnl 
llt,S, consels& Mluces. 

l.-e& conven!lons suiYantes SDl1I uilisees: dans le pr6seot 
menuel; 

Tabkiau 1; Co1111entlt11W-
-- - -

' ·: .• ,_ s_1g1·qfic.fi\L~ti . , 
- - ·- ·~- ::- . 

. !;::,:e_mf~l,:; 
, . 

.. .. 

1., 2., 3., ... l,iCIUS demende ~6cuter une 
~cl'le aans l'o~ im:ii;ill4i. 

Ill lnclqu1;1 le& Onumi:ka.dona. 

A, B, C, ... lm:Dque me ~rence l un gra-
phlque (ftgura}. 

kri1'!re en gra& Ble hdl1P- l8B points mpcr-
tants. 

~ en gn:18" Ble n:lil}Je 111~ ,1emoots qua 
etain ltallque vous pouv&z aaectionnar ,ur 

l'imrface CEREC 30 (p. &)[. 

menus, bcd.ons et lclloesi) 

/Ug/agetl/Confl. SBectiorW'lez: Sehima den-
grntianl tatre... dans le sous.men.a eon-
St:bhn•den- ffguratlondumenu ~ 
~ ... 
"Gullemets" lrs lndlquarit !es noms de chapi• 

ltes, les rerwois."* 

CHquer Appuyer une fois sur bl touche 
de gauche de le. sootis - ou sur 
la touch8 cren~e surl'u~ de 
ptise-d'emprainte - et retacherla 
touche. 

:.·.:.:i-~ . .1-~11:-,J·u._ ~u~:-.:_··:. 
:1· 
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i Introduction 

Toblaau 1: CttlvllnllON; 

,~ifx~·;·l~~f~iii\t:?fs·i~'.;1i_1~?~-r,(b\(t•:•:.:::.:{1'./·:(/\· 
Omtie-cllc Appuyer dE1t1K fells df!'I wlte rapi-

dernem:surla tuuchB dii gaucmu 
de la sourl5; ~ ou sur la touche 
d'entre!t surl'unttli 08 pnH 
d'emp~lnte - et mlichar I~ tou• 
die. 

Sa[silt d'lal point Appuy,er sur la toor;he de gao-
che-de la soUlis et la malnklnlr 
~ 

Encasd~ Miim!ifcnctioll 1JJB: 
lramente.vec acllonnement de la l:OOCh.e 
camma.SD: d'entree sur l'untte cle prise 
Acllcnner la d'emprelnte oo de la toucha de 
J>'dBla ga.uclle de la scurls. 

- J .: I,.:.:-:- r ·: ~:.!..:: 

B Li::=::1!:1 n:,f·:01G~ 1_.:2r_11_:·_ 
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fQffll!lt html 

Fortnl'ltpdf 

:,: ~ti ·r.= _1 :.:· ·, 

1.3 Autros formats de manuc! 

1.3 Autres fonnats de manuel 

Le Manuel uUllaateur en format html se tl'0ll\'t! sur 18 CO 
da dacumentatlon joint. Ce formal axt 6cran oomriant 
bian pcur la rec;tien:he de temie:s p. ex. dans l'lndex 011 
le sommaire. 

Vous pouve:z aµp(lle,r i;:9 mam.ll:ll 11ia rAkkl (Aide en 
lgne}. 

Le Manue! utlbaleur en fonnat. pd! ae ~uve sur 1B co 
d11 dooumentaflon 10fnt. 
Ceforma'lax6page,-con\tlentparfaltementa 1,mpressloo 
du p:a9ea VO!Ju:es. 

1·~ -,-~.:. ,·· - ·1~.J)1 ... .- 1 : 1 LU t'• 
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2 Logicic! 

2 Logiciel 

Dans ce chaphre. \rOll~ ~ I~ l11fo.rmatlons sui­
vantes: 

a; ..Condllion.s requlses poor r111:stalla1lon" page 11 
• .,Installation du logicier paga 12 

• .,D&lnsla.llation du logl(:iel" page 13 
a ,.Protection oonlnl la capia (d6 -eledfonl'iJ.18}" 

page14 

~r- _:, tit=' -, 1} ~ 
if) c·:~ ~ :-•J·n .. ;1J_:1·, :1_.~•-'-'-

ALN121432 



Ei.qulp19men:t du PC 

:-:":) :-.1~ -~•~.I I~ : 1: I 

2.1 Conditions rcquiscs pour l'installation 

2.1 Conditlans requises pour l'ln~ 
tallation 

(uniquement CEREC Scalij 

Pour l'in&tallab, vous dflVtz disposerdui PC CODl)a· 
!Ible lBM et pl'Mel'ltanl: r~ulpement SUl\181'11: 

II PC : a. Penfld 4 

■ Systlme d't1Xplcil:a11cn : Windows 2000 (Service 
Pack 1 ), Wll'ld.ow& XP 

:11 Internet Explorer: ::i:_ 6.0 

Ii Carte ppli~ 30 avec accel~ra.teurmeteriel: .:;:; 
84 MB Gefor'Qe2 

■ Resokdlon de l'ecran : 1024 x 788 Pbtel, True Color 
• Mmde RAM ; ):.512 MQ 
II Dlgque dur: 2 -40 eo 

a lntertace parallibile (rmprimante) {25 points) 

II Un, lntafacese.rie libRJ (9 points, RS-232, COM1 01.1 
• COM2} 

B Ledwrde COJOVO 

·-. -:~.-- ~ :'1"1:? (-. I" i -,1 ~1:-i 1:.. 11 
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2 Logiciel 

Effllch.ler L'installaticn 

lnsblllal:lan standard OU 
lnSl:al latlon ~•sonnalls&e 

2.2 Installation du logiciel 

£ATTEHnON 
Poorl'faslaJlatmn du fogJcleJstRun PC, 1/0usdev&z • 
poser (le druils d'adminls/Tatsur ! 

1. Jnser1:1:z: le co CEREC dans le lee1eurde COIDVO. 

Ll:! programme d'lns.tallation dernamt aulcmatiquement. 

2. Dan51 le i::as oontralre, lancer II ftchler Setup.en 
dans le r4pertoire princiJ>al du co. 

3. SeleQtloonez la rangue de 11ns1a.la.don. 

Le eonlrat de licence ... rai, enllm&. 

4. Sl vous e.ooeptez le ocmtrat de llcanca, le programme 
continue 1in6'a!latlon. 

Vous paUVEI? eosulle cflol&lr entra nnslalallon 9tand11n:l 
et un& in51Sl!ation peraonnallsee. 

11 Lor.s da l1nslalla11on standard. CEREC 3, S IROC~ 
(et Zoorner) et CEREC 30 sent nstall.6s-dans la lan­
gua cl'inGtallalion chol&ia. Si OOEl G8mln.3D {urJlque-­
mtnt ulilsable pour CEREC 3) est prG&ent.e, 1M 
oomposal'lb de Ill camera srmt aga.lement installk. 

11 Dens le cas d'une lnSIBlla1ion pemonn1111$i!e, vow 
pOUVff sEHecUonner une autre langue pour le togiciB'I 
CERE.C a installer. 

1. Aprb a.volr ~ pour l'I.W'I Clea deux type9 d'iristalla­
tkm, clique:z eur le bouton correspom:lant. 

2. Au tenne de l~n91811a'llon, 'I/Q\IS pcll\l'eil: allich• 19 fi· 
d"i5er RaildAfe. Ce flchlercmtrent le& lnbrmalions 
:tes plus acluelles surla lcg~al O=:Rl:C. 

AATTENTIQN -
Au terms-de J7nslallallon du oouveau /ogl(!ie/. N muttnm,-­
fsr8r la llOUllGiUI pn:tg,amtne d'um&gedanal'urtite d'usi­
uage (llf1lt nobctutlllsat/on de runnd~. 

:r_ ~:.. 1i:il:: :, ::;· I 
1 ~:: L ~:..:; • , , : ,: , : 1 ~ : . :Y• .- • -, 
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:!) =-.• -. ,!j : r. - ·;.:1-! 

2.3 Dcsinstallation du logiciel 

2.3 DesinstaHat1on du loglclel 

1. Po1.1rde:slnstaller le lcgiciel, clq.iez sur Deffl.llJ'MJ"/ 
Progr.smms&ICERECA»slnstallatlon. 

Durant la deslnstalla.Uoo, ~ p~ vous demanda 
~ vous voulBz effacer kis doon6e&: patient ou les imllies 
tians la base de donn6es d'enreglstrement {entre autres. 
la8- doM6N decalibrage). 

2. Selon voira chobc, dlquez sur le boeitoo Ollfou Non. 

Ls loglclel estdisinsl:aHe. 

:-• ·-=~· .• :::·.1::;_1J:1 ~•: o·J .~, : ... -.- ... ~~I 
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2 Loglciel 

lntmdtlction 

Cl.6 l!lectfOnlque 

Raccorder Ill cle electronlque 

San; cl6 ~lewonlqua 

2.4 Protection conb'e la copie (cle 
electronlque) 

La posslblllte d'wl"nage d\me restau(llti1;111 diil)eocl de la 
cleetectroniqu.e dlsponlb1e etde l'ldenltflcation de run1u1i 
d'uHlage tdi05'e. 

t.teCEAECSD 

1. Monter la clti ~ecbmlque sur rtnierlace parallele -de 
l'untte cfu&lnage OU du PC-

2. \tlwi p01Nez en suite monter plusleum doo I'm& sw 
l'~utre ou bran1;hw p. ex. une imprimanw. 

Sans cl& elecironiqm1, ii est possible de OOllCiMlm- et 
d'enmglst~er toutes lee reBtauratlDns. Pour l'ualnape, 
VUUi devez cffsposer de la eta CEREC SD. 

•_•) .._IJ 1 .. _ [ .:i.:, I 
~•1 1~·· l~, 1,1'1-:(!1.':· 1.:•~1:1· 
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3 Interface uWisateur 

3 Interface utilisateur 

:_,~I ~cl 1,_,:_ J ~~-~-~ 

Dfm:ii ~ cilepilre, voos troove.rez le9 Informations sul· 
vantea:· 

• ~lln-de ri1terlace Ulilsate1u., page 16 

■ ~ (l'icxlnas" paga 17 

q .Feo!llra VlfJw" page 1& 
ft .Fenilre O~ign" page 22 

• .FenObv Cut"' pe.g1:1 30 
Ill ,.Batre d'etat'" paga 81 

■ .Rffl&n de eon~ (l/lM\tar SD)" pa99 32 
11 ,.Barre dB manus"' pai;ie 34 

• ,.Menu Aa$Uu.ntiQl:l"' page S5 
■ .,Menu Construclion" page 39 

■ .,Menu R~" page 42 
a .,Menu Fenime" page SO 

11 ,.Menu "'7"" pa99 fiS 

I: -~- ~-.:: :1: I. Ll:,.C I : .:: 1 .. •~, 2,:1~.7 : :. 

ALN121437 



I 
3 Interface utilisateur 

F.v- S-1 Menu~ 

Rl.. H ~~ Cul!~ 

3.1 Description de nnterlace utHl­
sateur 

CEREC 30 met a votre dlsposlti0,1'1 urie in1alface uUllsa· 
teur ~ en menus et qui vou:a permettra. de mesu• 
l8C d8s Gavites, de concevoirlesl'86ta.uratlons vouuea et 
de las U!llner ansulte. 

lJis affichagBS a recran voui guldent l tra'JGrs tea ma­
pes de la conceplion et Y'Cl'.IS oonnanttoufours urll!I YUe 
d'~s1;nnble dB l'elape de programme er'I cours d'exeC!.I· 
1lon. • 

LB menu principale se compose de: 

II A: Ba.ml d'lcOnes, 
11 B: Barre.de menus. 
• C: 11tre de la fenAlra: de.pms)lllMle, 
■ D: R:lollre V"iew, 
II E; Crobl: de ci:mrdornees, 

■ F: Fen~I~ Design, 
a G: Barre d'41at, 
11 H: EcheHe (1 lffll) 
l!l I: Fen&tre de 0tmstruntlon {Vlewer 30) 

0REMAROUE 
ltiispoo~BfflcheroumasquetfestenMre.wsmsssul­
wntss: 

• View 
■ Deili9n 
■ Out 
a Bami d'iconoo 
■ Barre li'elat 

L,, -~ ..::.1 I, ) -; ~ ~ 

10 [ 3~-~.~ -_-r.,.-;G .:-- :·-:--i Cl~-~:.1.: 
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3.2 Barre rJlicones 

3.2 Barre d"lcones 

VQus poLNez afficherou mesquer la barre d'iwl18Bvia 
rop0on de menu Fen8trelllttrre d'lcOnN. 

I.es foncticns 1nactlves ~t ~es sci gris, p. ex. 
&Xplorer/enreglstrer antagonlstelenreglstrement occlu­
sion. 

Deseription des s~ol88/icfmn 

C-Nar nnulfelle reS'laurallon 

Charger restauratlon 

Enreglstrer restauratlon 

E)(,plonr/anr9dlatnr dent pmparee (pripara­
tion} 

Explorerlenreglstrer dent non pr6paree 
~Occlusion) 

Explorerlanraghillb'er ~onlste/enregiGtre,. 
ment occlualon 

Avancar d'una etape da construction 
{sulvant) 

Rel:lllller d'une '18.pe de cons1:'Udlon (retour) 

Dlirnaner le processus d'usinage 

II est possible de pnirah la blll'IW d'icom,savecl:a sou• 
tls et l'.la la pcsmonner llbremern sur r~ Elle peut 
iJb'e positionnee au bOl1:I ill. gauche, l droite, en haut ou 
en bas (ccirnma d'habiluda Btltl& \IYilldows). 
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3 Interface utilisateur 

lntroduction 

Dal& G91Jaragl'aphe 

3.3 Fenetre Vlew 

Vous ~ affid.iet ou ~&q1.1er cette fanetre via 
l'opllon d& manu ~t1Mra/ Vhlw. 

Les fonctions inaQtlves '60ll1: reprll&entees er1 gris, P- -ex_ 
Antagmlste. 

Vous pouvez prendre la ten6tre a.vec:ia~.,risau niveau 
cru bamls!W ~neuret la posltlomurl vol~ aur 
rik:fan. Loraque vous activez ~lf•llffr. la 
fenetm nilcluITT!II a sa pcslllon 1nrt1a1e (boro droll de 
recran). 

~ J)illragraphe d6mt 189 foncticns aufvantes ~ 

Ill A: Vuee &iandard 

■ B:OulilZoom 

■ C: Atllc:her/Masquer lee dents YCllsines {Trim) 

• D: Afflchel1Muquerlescomactavec la dentvoi:si­
'1B {Contar;;t) 

• E:Afflcher/Masquer 00CluslOI) (Ocdusloo) 

■ F: Afflcher/Muquer anlagoolste 

3.3.1 Vues standard 

• - Lee objets aflic:hes dam! la fritre de mnstroctitln peu• 
vent ks obael'V$ 5Dua slunglae dHr~mnrs en clquant 
:Bl.I' las fl~ exlstMtes: 

• mlleim 
• diSlal 

l!f buooalllablal 
■ llngual 

• ceMC&.I 
■ ocdusalf.-ia,i;ive 

Lo111que VOU9 ~ le poirdeur de la scuns ~ rune 
de ges flkhes. le sens de ?a vue est lndlqu6.. 

Loreque YOUS cfllf.JBZ sur la filiche, l'obJet toune pour se 
placer &eus ~'angle oonafdere. 
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3.3 Fenetre Vier, 

3.3.2 Outil Zoom 

Les objets afflchAs darls la fen~ de construcclon peu­
wnt &tre aE1nmdis ou r6dulls conTl'le sull: 

• pa.sl PM. en dlquantsur"+" (agrandir) Du ~-· (redu[­
ra) 

• en oontinu, en maintenant enfonc6 le. touch& 
"+" (egnmdll'.) OU .. _. (nlidulre} 

3.3.3 _Afflcner/Masquer les den.ts vol8ines 
(Tdm) 

Un die SUI" le boulon mm pannlri-de masquer les delll$ 
vollilnes. 

Si certain&&- part!U dei;; dents vasJnes sontginantes 
km..oo l'eotree dn b«cl<le praparatlon,.11 mposslblede 
tMcouper!ee partlN gAmmtes.. De plus, vous pOtNeZ 
masquer das plUti1111 de l'tmage a.prk l'enraglstrement 
(voir .MllSQUB.g& de zones -d'mage"' page 87). 

Un nouveau cli.o sur le bauton Trim permet d'afficher a 
noweau leS dents voli.lne:s. 

3.3.4 Afflchm1Masquer les contact aveo la 
dent volslne (Contact) 

Lkl die sw le bCMJlon Contaotp111mud d'afficliet1masq1.1er 
le contact av«: la danl voisine-. 

0RmARQUI! 
A§ndemleuxeval"osrla sud8ce-deCOllUiet. \'GUS pouvez 
·l7JS6qlllJI'" lfi dPls Mli8klas .i! l'afds du bovlon ntm . 

Lonque vous aciiomez le bouton CMlact, un 15Chema 
clecoulaum appwaftau Jli¥elw dessuriaoaade conlael. 
Le. elgnlllcatlon des oouteurs est la sutvante : 

■ bleu : dlltance 0-1 mm 
surfaea pluS redullft- dlsfflnoe plus a,,po·rtante 

II ~rt~ pooetndlon 0-50µm 
■ Ja.une: p~ 50-lOOllffl 

■ rouge: p6n6tratlon ->11l0Jm 

Avec !es outlla dtll CJeaiSII' Saa&\ Sllape OU Drop, VOU6 
pou11BZ !!g81lDer les autfa.cae tis oontat:t selon vos sou­
hes 

:I :•:J, I ::r~.~11":j,,"'1 •:-: : ~ -=.•.:•_..: 1 ~~ 
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3 Interface utilisriteur 

llarq11age de distance 

J.3 ,5 Afficher/Masquer occlusion (OccJu-
:sion) 

l.OfSqu~I exlskl \Ill Champs d'images de l'ocduskm, ii est 
ptJt;slble de l'aflictier ou de le masquer ll raids de ce 
boul:Cn. 

3.3.6 AfflcherJMaaquer antagonlste 

lkl die surle bcluton Anras,olllsfparmet d'sfflcher/mae-­
quar la feootre Antagonlst(Fll:I- 3·10). 

Dan& oette ten&tra, 'IIOUS pauvez mverou deaactiver 
las ~~ments sa.wanl:9 : 

Ill ~ di, disfante 

-~ 
• S'urface anugon.hde 

lorsquele .lfarqUIJ9!l d9111.slanmesi aclive, i appllnll"t 
sur la restaurallan un atll'i6ma de eouleur dont la. &lgnll­
cation est la eutvante : 

a l:lleu : diStance 0-1 rmi 

wrtar;e plus nirute -distance plus lmportame 

• ver1: penemdlon 0-60µm 
11 )M.lne: p6nebation 50.10Cpm 

• rouge: p4in"'811an >100pm 

Avec: les outils de DHlgnSc::al., sra,p•ou Dn,p, vcms 
pouvez adapter la dr$tallce.. 
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A11tagonlst 

~ rJ.12~Bl'ltl'1Cd'uslcnlll'l1dl~ 

Surface antagonlste 

_ • ___ I _,1_1 -1 ?·i.::..!. 

3.3 Fenetre View 

LorsquEI Antagonist est al'.;live, ranregiatrament centre 
de l'ooclu!l.lon apparaft au-dessus dtt la remural:ion. 

Un dee sur le boukm a cote -de Dsplscer 4nlll!l0nist.­
(Rg. 3-1 O) pennet de faire monter ou deecendre renre­
~ment. de l"occlusic,n. Le fail da mlever l'enregistre­
ment de l'ooolusion pennet d'avo1r une melleure vue aur 
la suffi.ce oc::lUNle. 

Voue ~ examrner!e. resla.uratlon B0ue 10us les 
angles et radapter a ra1c11 • ou111s a d9,slgn. 

Lot$J.11t Silriace arnagon&te est acllv6e, la surface de 
mastlcat1on de rantagonlskwl'811f8{1lslrtlment d~ l'-aoclu­
skln mvlent vl!;!ti!t au-dBSiSus de la rests.uralion. 

un die sur la bCIUI.OII a. c.lt~ da Odphwer a,rtagonlAs 
{Ag. 3-10} permetde faire momeroo descenclt'e l'ente-­
giidramem de l~km. Le fall de celever l'enreglslre­
men.t. de l'occlu&lon permet d'avoir me-meiBBUAI vue-sur 
la suTtace orx:klslda. 

Vous pouvez e,oomlner la reatauratlon sous 1oua lee 
angles et l'adapter a I~& des out/ls as dtiigtt. 

:..:- ~ ... ,:_. _-::! -= L, 1 1_~ o~ 2.::r1 2~ 
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3 Interface utllisatc-ur 

lntt'Oductlon 

Dana~ paragrapba 

Ag. 3-14SocdM Edli 

3.4 Fenetr~ Design 

Vous pm.111e,z afficher ou IJ18S(Jler ootte fenitre 'Ilia 
roplion de menu F.enMre/Destgn. 

Les fonctions inacllvfis sont repRisBrneas en 11r1s, p. ex. 
l'ogltlon. 

Vous pOUll&zpnindra la fanfltreavacluouri& au niiieau 
cru blltldeau supuriffl.lr et la posilionner a volonte .sur 
l'ecren. 

lor&qll& 110US acliV&Z Fenilre/Reinitiali&,,r, la teri&tre 
rllfolmle fi .sa posltlon lriltlale {bord droll de l'kran). 

Ce paragraphe decrillea ourils de design sulvantr;: 

■ A: ,,Outil d'ed"mon (Edit}"page :22 

11 B: .llouttea de cire (Drop)" page 24 

■ C: nautll Echelle (Sealey page 24 

ii D: .,Outil Surfaces de~ line (Shap1t)" 
page26 

II l:;,.()ulll de posllonnemenl (Pol!llonr page 2.6 

■ F: ,.om1 de rcmtion (Rotakl)"' page 29 

3.4.1 Outll d 1edltion {Edit) 

Un cllc aur l'old Sdltpannet d'ac:tlver/desectlver la fooc>. 
tion d'6dlllon. 

·. '.i ~,:~ :"°.O: I .•.-~!..'. 

-~? L :~:i ~ _ : ;-1.-1 1~:: :-1 rn o :, 2,..; :: 
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Editer Dgne de con61ructlon 

:=.r-1:•:•1:~"3~1.:~ I 

3.4 Fenetre Design 

La to~ctlon d'editicn psut i!t;e Ulllisee sur toi.rtes les 
lgnes de amS'!ruction. Les lignes de conslructloo sont 
automatiquement afflcheas etsont r;otl6aa par des oou• 
lfflq~tes. 

: 1 i"9;,~~i~[J·i:~i-::~_1~·L_;-~~-i~i:-:/ c.01:1,e\i',_;··. ---_. :">: .. -::- _- /:, ··.: 
Borel de 1a prepera11on !lieu 

U!P')e de contact prD,'(I• rose 
ma.I 

Ugne de oopie wrt 

CrM:ee margln.ale, ligne turqucis111 
la:b1olilguale 

Alil&we. al'Me de ooupe vert 

L'edtlon n'agil que dam le pl.rl -cl'obs&rvattoo. 

1. ClqtiBZBurle bouton EdJt 

2. Dcuble-cllquez sot un, lil:1)e de oon8lruciion pour 
placer le prwnlerpolntde le. lip dl!!I corre,cdon. 

3. Oique-7.: pour plac!H" d'aul:1'8&-points de la figne tie «11'-
mdian 

0REMARaUE 
La. toucha ds droita rn fa soulfs pe,mer d'effacer la der­
nlar dfc.. 

4. T8ml~ la ngne de oorreci:ion ~ 
- l9ie farmAe {p. &X. equateurd11 COUfOl'll'ls) 
Do

0

ubledqutu slff' ra llgne de oonslr'Ucllon 
• lJgne Oiwerbl fp. U. lgne de lisliUHI) _ 
Double-cliqllBZ sur la ncwele &lttremlt6 de Igoe 
1/QUlue. 

■ @REMAJIQVE 
- Awetffc&l8Anmder. MXIS"pmJWZ~la~ 

modf#catlon du ~ d6 la Ugne. 

0REHARQUE 
Sf IIW$ vou1ez modl/Jet IB hlson SU bo«I de pnipa,affon 
~trouge), ~,epoloia.wle.lotichedtlgauche 
de la souris Iii dip(aoe-z-fe le lMg ® hDrd de fa pteyJMB.• 
tJm 

r: ·_:•J,~1 ,:.i•:i! ·-, "'"\.,"-~ .-- ·i1,Y 2.J 
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3 Interface utilisateur 

3.4.2 Gouttes de clra (Drop) 

Un cllc surle bouton Drop perme! d'acllver la lonctiOn 
OOl.ltt91ale clre; 

Cetle fom:tloo wus plfflllet d9 (lepo:ser du matunau 
goutte A goutte <Ag. 3-17, ~ gauche). 

La barre d'espacanent $\Ir 19 cl a Iller permet da passer li 
la fonc:ticn U8ser. Le cumeur prend la. f0nne d'llne meln 
avee laquelle, la touc:he gauche- de la souds enfonoee, 
~ PQIJV~ lieHrtooalemant la surfac& (Frg. a-17, l 
droite}. 

3.4.3 Outil Emelle (Scale} 

Un cllo surl'oull 8oala p~et d'activerJdiisaclive.r la 
fanclfon d& mlse a Mchelle. Cetta fonclion vooa pennet 
de d6knmer ooe .zone sdlei:::tlonnee. 

Selecliomieztout d'abon:I la zone~ mettre ll.l'!chelle en 
dlquBnt aur une Ugne. 

lbbluu 3: Nlldlorner Ill Dlllll ii metlRI ii NcheU& 

Monti de restaundton BOfd de la prifarab 

lngualeitluocale/ lngual.lbucceUmMlal/' 
m6&1a[e.fdlatale dlslal 

Zone enlre bon:t de la Llgp!;I -de cont!mt proxt-
priperatir;m et c;rife mur, mal .... 
\jlnale ... 

lngualMl!Llccalel 
m6eiale/dlstale 

lnl)1aleJIMJccale/ 
rn6slale/tlstlkl 

~-~• =-: ~:. :"r! 11 I ,, -: :1 • 

-:-
14 c. ·,;-~ :·:•:,c: Y :::i .:i;~~~•:. 
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3.4 Fenetrn Design 

ThblelwS: &llemltinnerla zone a mi:tln ti l'lir:hall"" 

:;~b;_f/:~ ~~J"(;~~-tj~f ;lf::( .-;. __ : • {9(! c; ~.e.2•.~u r_--;( ;',; ?> :-F\: 
ZOila au-desa.us de Crites marglna!es ... 
l'iaquateur ... 

Engualealbuocales/ 
ltngu!llalbucca.JeJ ~lale8/clistales 
fMsialeldlstale 

Zooe-<Wdusal!i Ugne- de fissure 

Cosplde Bile cti, COUleLlrtur-
quoia.e wr [e.s clffl:es 
marglnaleB 

0REMARQUE 
Lam rJs lastilscti"an du badd&preparatfo,i detaNgnede­
eontser proJdmaJ etdescrMes~. fl! l'Dudie de 
b'lcifon F7 p,,r,lMII dljalntn la sdfecllM II lri de~ 
mollJij de/a .lM8 s419ctfoMH. 
Utt nouveJ ~de F7 pennetde reveniraia d· 
leclirJfl de la 2DllfJ inilia'8.. 

Une klls quevous avez:Slfileeliometme zmie, vou-s pou-
11"82: la modlliar: 

l!I pu l pai, en cllquant $Ur Lll_'I segment Ill e«cle 
(p. ex. buccal} 

11 en contlnu, en lm!.intenalll-enlonc6 un segment du 
Cird!I (p. ex. bucc!IQ 

Pour cp.11t1er l'oulll <:le mlse-a r6challe, cllqoez sur 1e ban-
tUtaU ma«p.1e Saa.ht. -

,· ,c, 1 L•~= ,: :-n:,? o: ~: ·:, -~~ 
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3 Interface utilisateu r" 

Appon de mdirf&u la long d'Une Ip ouverte 

3.4.4 OUIH Sur1aces de fonne llbre (Shape) 

Avac t'ciutll Shape, w1.111 pouwe,z 6sser las Wdaetls et 
deposeroo'rellrerdu materla.u: 

II tie long d'ulll! li!JHJ OIMilrle OU 

!i au seiri d'une surface ferrn!ie 

1. Commencaz: ii desalner une Ilg rte en dottlle--diqmmt 
~ la lliSbil.n.licn. 

2. E11 cllquant, lJaOeZ la agrie V0Uluele, long de la.Cpl!lle 
\rOUs wul&z deposei QU retinH Iii matenau. 

0REUARQUE 
CadaNJspofnts lsol6s peu~ atlSSl$EI IPJUIW:sutllll 
W1U ~e, mai!ll le paint~ depadl}t I& point.d'ard­
v!I" do1v:em illEI ~lA!lrsurJa restatJll!tlon.. 

3. Termnez: wtra E!JlEI parun dclill&-cllc. 

4. Vow: polMl:lfaira manter(+}oudescandra (·) la U· 
gne: 

• pa;a pas, 
en cilquardsur IH demi-GeJd!:IS ~ ·+· OU .... 

!I en oonlinu, 
en rn&inii:mant enfom&s las demi-.ceroles "+" ou •-• 

ALN121448 



• 3.4 Fenetre Design 

Apport d& n,.ab!iriau au seln d'lllle, strfae-1!! 
fwmia 

Lisser' la GLll1ace 

EM 
,=:,. ~tl,s,srill MlriK&hlnna!t 

1. C0mmence1 ill.de!ISlner une ligne endotttile-dlquant 
wr la restauratlon. 

:z. En diqUant, baeez la surface VOYlue OI nn1~1.1re1e 
laquelle YOUS voulez dl§ipos11rou ratimrdu rnaterfau. 

OnEMAROOE 
Certains pcintsisrilbpeiMW aussl se tRiuversurla 
din r6slduefls. mal5 '6 po/Ill de' '16pad et le polnf d'srrl-­
vis daiV80tS8'boul'W°"!Jlltls ~unufon. 

3. Tenrinazla lgne par m doltlle-cllc wrle point.de 
d(lput. 

4. La 2000 au aeln de la surface estaclvi!e, voua pou-­
vi,z d~poser du rnateriau (+) ou en refirer ( 9) : 

11111 pulp.as, 
•• en cllquantsu- lea. clernklen:lu Shape "+" OU "J' 

11 en coniinu, 
en malntenantenfr;moa!I IBs deml-cercles n~• OU 'VI 

Avec l'ootll Shape, vau& pouv13-z egalemem trsser une 
!lurfacs Jdlillablement c!Mnie. 

1. Commence:z.il:lide&slnenm lgneendol.tie-dquant 
s1,r la reslallralion. • 

2. En cllquant, tra.cez la surface wukleJ a nnterlaur de 
laquele, vous voulez effectuet le llssage. 

@REMARQUE 
(:adB/ns paints lsoAfs peuvent. 8IJSS1 Ml fl'OUIJIY SHI' Iii 
dent~, meJGlepolmcfe ddpartetfepolnj'd'am­
vde do.wnt S6 trotlKir wrta ~l,li'P(10. 

3. Tomlne:z la ligna parundodJIIJ-dic $Uf•point de 
.... depart 

I I 4. A.ctiwz I& bsaqe ~ l'aide de la barre-d'e&pacement 
{A, Rg. 3-22). 

la zone au seln de la surla(:liil estliSSN. 

I 
Poor quitter l'uulil Sbape, cllquez ar le bancll!aU marque 
Shape . 

. ,'I .I. ,c·., [, .::H 
_ • ..: 1 ·,l.~D~.C.::l_r·1_1J J..::~~•~ ~7 
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• '3 Interface utrnsateu r 

3.4.S OUtil de posltionnem&nt (PO$ltloh) 

Un clc sur l'oulil Poilitkm peml8I. d'activer/deiactiver la 
fonction de poelllonnernent 

Celle tonctlon permet de decal.erl'ensemble dei la res­
taurallon dans 111& ans suiv1mts ! 

■ meslixistal 
■ buccal-llngual 
■ oocl1.1sa!--cervlcal 

LB posltlomamentde la :estauradon peut ll'effecluerde­
deux man~: 

111 pas A pas, en cllquant aur un segment clu cercla 
• en-ODDli1u, en malntenanl enfono6 un segment du 

t\erde 

Pourqulttarl'ou\il d!i posrnonnement, diqueuUf Is ban• 
daBU mEIKJOO PosJtlon. 

i.:1 1 I -(~ ~ :·.::, I: : , • ..!..:: 

.~:: .:1 ::~. ~ t 2,:·: :1~: 1 -~ :: 2:,i:1: 
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3.4 Fenetre Design 

3.4.6 Outll de rotation (Rotate) 

I.kl die sur roulil Ro~ pennet d'Bcti11ar la fcncllon de 
rotation. 

Cetta fonctlon jlermet de tan toumer rensemble de la 
.restauratlon sutourdes axes suvanls_: 

• meslo-dl&tal 
u; buc,;aHnguEII 
s occlusakavk:al 

-
La rotation de la reS1a.lJralion peut s'effsctuar de deux 
mari!liRtS; 

• pas ill. pas,-en cllquant sur un segment w cetcie 
• en ccin11nu, en meintenant enfonl)6 un MQ(llf!ntw 

aerde 

Pout-quitter l'autil de rotatiun, diqLJe-z sur le bandeau 
marqu6 Roraie. 

") ::~d. 2•:•8 -:~ ~_.- .( ~ o.~ ~ =•~I:: 2~~ 
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3 Interface utiHsateur 

"1• 3-21' Famst- lm fllinllh cut 

3.5 Fenetre Cut 

Vous pouvaz e.fflctler ou masquer la ren~lre Cut\lla. 
l'optinn dB menu AmitntCul. 

Un clic sur l'OUlil cat pannet de 1tacerur1 plan cle-ooupe 
~ tra.vers la 1'911tauration et la pnSparatJ.on. Le plan da 
oaup& ast paraael& au plan l'.ta l'&ran. La ~iwernent 
parallllle du plan de ooupe peut a'effectuer da- daux 
manleras: 

11 pas a. pas, en cliquant sur le:6 deml-ee.rcles 
Cut "+" OU •-• 

1!11 an continu, eo mlDlf&nantanJom:i un deml•cerde 

Pour quitter roulil Cut cllqu~ sur ie _bandeau marqu6 
CUI. 

Feimez la tenitre CJ.It en cllquant sur:x (~rmer; ou sur 
~tWCut 

-:.':. ::::.., ti::; ... J .. ,;!..'..' 
~ O .1 -~-; ::i...:;. :··1v i 1:- :·1· .rn 1·; •1 ·: u1. _, 
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3.6 Barre d'etat 

3.6 Barre d'etat 

A,B C D E . 

~~ _____ .. -~-----: _____ ---- - :~ -__ - ,. • - _ _. __ - ---~I 
Fig. .WSlwra-dvW 

·11 ;~ ~( .. ~ r. r-1-:.i.::. 

0REMAROUE 
La.bN7tld',j/,atpsutetreaffir:hsaou~ wat'op!fon 
de manu FenMtatDsn-s d'6tat. 

La_barre d'6tat voos donne d1;1$ Worma.Uom actuelles 
sur: 

• A: IG5 6tapes d9 travall aeffect\ler, 

• B~ rac1Mti! de ruJllted\!eilage, 
• C: lorsque la rt)Staurati"on et la preparation sont affi­

chess, sur l'epais&eur de la c~ramiQue a l'liilldmit oo 
ee~u,;e le polnteurd!J la i'-1ms,. 

II D; la haulem-de Hl5SUfS rlllnimale, 

• E: la haufl3ur de la plipendlon I oocluelori a renCl'rolt 
ob s.e trouve kl pcirrteur de la soucis. 

(: ~~~ 1.".::· .. : 1 .. :.1J: ::::- o: :- ·:, 3~ 
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3 Interface uUHsateur 

3.7 FenMrede construction (Viewer 
3D) 

CEAl:C 3D oomporta 1,1J1B f&n.ilre pnncipale {Viewer 
30·) pour la Yisualisalion et la consbtlctim cl'ima restau­
ralkin en 00. 

Urie fols que 'Iotas les cli1i111ps d'mages ont ete Sl'lrelJis­
tres, le Viawe.3D s'ouwe. Le~ 111A 1'6coulel~'l 
l'afflchag:e au V[ewerd6pl;lnd du nombnt da champs 
d'images at du nombre d'enragla.tl'Gments indMduels. 

Can& la fenOW da wns!ruction, vcus pouvaz. etfeciUt:1r 
les tonolit'.lns sullranteB : 

" vlsuallser IN: champs d'images de la preparation, de 
rooc1u9ion et dee antaganlste& et vlwal&er la reela.U­
rallon 101\da- maniere lsoln, sett d!lll.S n'inporia 
{Jllille oombinai$01'1, 

■ redefkair r.o1oxe d'ln1roducuon, 
■ masqu:erune:zona-d'mageen lntl'Odulsa.nt une &~a 

ouverte dans la ;HllS mllslal etdlsb!I, 

■ lnclquerle bon:I da la prvparatlon,. 
Ill volr lmm6dlatementkls, ~oblenus larsde rud· 

lisafion d'Ul outil {p. ex. edlter, melb,! l l'echelle ... } 
I!!: Avaluarlapiece a.usherdanalaeknula:dond'uslnage 

8¥8Jltl'usln·age proprementdlt. 
• fe.lretoumer les objetsa. volonti.. 

Acet etlet, ~enezenrona la touche gauche-de 
lasourls etd~placatz la '°uris dama le sens votJu. 
Ann de taclllterl'otle11tation, l1:t nns es! indiqua (p. 
ex. mml, lngua~ -.). 

Les obiet:s. sont representts. dei maniera cariln§e_ Vous 
polN8Z moclDQrla pDsllion des objets avec la touGhB 
droHe de la souris en la mainlenant anklncde. 

3~7.1 • Ec~elle 

L~Ue e'atlk:he dans l'an(lle ilretleor gaoohe du 
Viewer. La di$taoce eRlni A et B correspond l 1 mm. 

l;affichage de la graduallon va.rte en 1o11ellon de l'agran­
dsaement ou de la. reli.lclian de l'objet. 

:i -I ~-= ::: 0 , _ _.I ~- .~ • 

~-=,_2 r: ;, -~.i.~----:, .. ,-11j ,-~ -:-::-1 -.-: -,r:::· 
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, 3.7 Fcnetre de construction (Viewer 3D) 

Rg. ~ (lfr(Jk' dtt ooon:l!H1o1H!r 

~:;. [1.:i i ::: :.1 ~-:, 

a. 7.2 CIOlx de coordonnG 

~ c:rolx d8 ooardonn6es V0U$ imliCf-18 aaru. quel :MIS 
l'objetestorioote sur rooran. Les trols tlbches lndtquent 
les •ns wlvants : 

• rouge: buccal 
• v-ert : rnl!sial 
• bleu:<lcol~ 

_I ~:y ~ 7-;·,:1r; ,:-1 ·11 ·13: :",-: ~~~I 
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3 Interface util 1sateur 

F.t,. ~ ~IM~ 

3.6 Barre de menua 

La barre de me11us au bore:! sup6rleur de la fenke ()Eif• 
mlit d'appel• d'autres tonCIIMs de programme qui ne 
sol'II: pas ac08$$1bles t part'!r<lea barres d'oulifs_ 

II wi:lsle lea menus sulv&nls : 

11 Menu Flestaur.i;rttoo 
a Men1,.1 Construction 
II! Mlilnu Aeglages 
II Mentt Fen~ 
.Iii Menu. "'i'" 

0 REMARQUE 
LtlS foncllMs dee DPll'onS de memi peuvsnt ... en 
parlis,, Mn,app6{'8s vJa dEl¥mcooun::fs cJav/atmdfqods 
da!l'SJ'opliondemenUi)Uld.efeSSymbol~COINS. 
poodants dans la ban'8 d'oulils. 
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Rs). N4 Manu; Reala!m!illoo 

-:: ~ : .. ~cc :-1 ; .: :-1 

m 
11 

■ 

3.9 PJ1 enu Restauration 

3.9 Menu Restauratlon 

Ls menu ~Uon pennet ... 

a d'au11rtru~e fenAlre pour une nowene- restaure.tion 
Rll'rdaunl~l/llil!II ... IJIJ CtrJ+N 

11 d18Jtler une restauraiian existanlB 
Restaura~ .. OU Ctrl+O 

• daaerune restauraUon RGSta~-­

ll! ~nreglstrer une restauratton 
RestaunrtlanJ5nmg/.slntr. .. au ctmS 

■ e~ trie restaum1lon 90l)S 1111 110U1H1au "om 
0u raffEicter A un aulre patlent • 
~Ntaiura~sow... 

■ exporterune restaurallon 
Rqta~ .. 

■ importer me .ras1aufal:lon 
RamUl'Bfian.RmparL. 

■ GinlrlQ donn..s paliwtt, .• 

■ EJMl'/9rl86 donn4ea de la ra&la.ura11on pare-mal 
Ru~i ... 

• ouvrlr la resta.uratlan praoedente ou 
• quitlerl'applca6on. 

Rnfauratl'tlnll:J 

~ j;_:,;.~. ~:::: ,1-, 1 I ,'1,. :1.t; 1,_;l:...i J8 
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3 Interface utilisateur 

El:pr:irt 

Import 

H(J. ~~~,ton 

Si 1.11'1-G feiGtaUration est-ouverte, oette demiere peul rure 
sauvegan:lae sous forn"i9 comprfm.!e l.t 11'importe .quel 
4:!tidrolt sur run des l&Cteurs w PC (dlsquas durs, 19o­
tauni !;le !Jsquettes et lecteura <le CO}- A cet etJet une 
boite de tlalogue Windows 51andard a'affiche. 

la PJl:ltauallon peut 6lre enregl:ebile soos un nom quel­
canque, m!lis i.type de flc:hfer dolt ib'e .... cdt'" r 

L 'option de menu RumurallQn/Jmportouvre unebotta 
de dwogue Wlndows standird permettard de chercher 
des le9taurations CEREC comprfmN& dan,s mus las 
lectetn (dsques:dum, lecteura-dec:lie(pJBltas et lecteurs 
de CO} du PC Si le ffdlli,r dlecikmf (".odl" OU ··.dat") 
est wte reetauratioo CEREC, cstte dem~re G'ouvre. 
Dans la cas contrak'e, l'ouverture est l'efusee et un mes· 
sage d'emmr s'afflche, 

..... - .-: .) .::;1, ~: -. r. ~~: ~ ' ,:,:: !J .. ~11~.•-.:◄ ,(1.•~~ _.::11_1: 
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G&er les danniies pctiant 

F-\1, :S-WfJMrln~iiiNat 

Gher lee donn&s patient Nou~r 

_i1I • 1::., I_ :1. 't ~ 

3.9 Menu Rest'3ttration 

La ge:allol\ des donnees pallent CEREC ptld ~ e.ppe­
lee sous ResJaW'tltlonJanrl3$ donm§H smtlMt. 
L 'ecran afflche un~ botte de cllllogue contenant pour 
ressanliel umt Ustede tous las padenl:9. Elle affllme oon 
seulement le ncm et le pranorn, mars aw.sl la detl\l dll 
n~ et le num6ro .cfe fiche. 

Le champ d'entree Fin,. permet cragencer ta. iste avec 
plw de clarle en entmnt un nom, u11 pranom ou le8 pre­
mill:res lettras. 

Example: 

SI VOIJSI lape.z dans le Champ cfentr6EI Flllre la lettre "c". 
l'ec:ian afildle une lisle de toua les peliEmls dont le nom 
0V Je pmn,om C0n'mlSlllC& par la let1nl, "c". 

Lor.a de la c~ation d'un nouveau patii,nt (boulQn Nau­
VHu) et pour Cllargerlee donnl§oo d'un patlenl dlec­
llorre, Mcmn afflche un ma~ue de .aatsfe. 

En double-cllquant 6\11' un patient (au en seleclkmnant 
WI patient et en a.ctiannant le bouton Chst"ge,), le pro­
gramme affic.ha les domHS a modifier. 

Tapez 18 nam, Je prtfnom, la dale denalssanc,1' eUou 
un nwnitu des.&. 

" La dllb/1 det tutlsffnce dolt 61re fndllJ,leu conform► 
ment a la oomrention de salse flatlonale ~ deru1 
Windows: au ronnatJJMAf.AAAA {p. ex. : 27.03.1964) 
cu M~.VAAAA {p. ex.: 03/2711984). 

Dans la Slructum des donniBS CEAEC, un palient 
est dalremenl: Iden.• par l'Une des deux entrees 91.11-
\'anlas: 

~ nom, pninamst daf8 d& nalsnnce 

0U 

• nu.min;, de S,S. 

Si la b8SB de dcmeas est GDnlllMltea, kl nam, le pre­
POm et la date de natnance doivent in mentlomas; 
f"ndlcallon du nllffllfro de s.s. e&t ~lll:llka. 

- 1·,1 ~ ~11,).C~ :'"11 0} ·•·• ~:C3 :37 
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3 lntct"fn-co utilisatE!ur 

Gwur hJs dunllWlil patient Supprimer La gestion 11es donnees patient peimet en cutre d'effa­
eer !XI patient. SI des Image& CEREC OU des lll:a.ga& 
video sorrt encore ~ a uri patient, le programme 
afflche un avel1lssemen1 permattant d'inlem::impre le 
prcx:4d4r d'altacemeot . 

.4.ATTENTJON 
$i l'o.n.w-d'elfacemsnt es1 o:,nfnnl, QilS Images soot 
afo/3 perdues. 

DBspa~atlKqU8/s<1n~RXsonte/feJ:M,esne 
peuwntpa9tltm- effl!ci!9. 

Le& pallents qui ont!M.6 enll'H clans la.base riedonneee 
Iller t,ntarfeca SUDA (VDlr .tlbJrface SUON ii partir d& le 
page 100.) ~eblt effac6&, rnals pas modffl4&, ear 
la g~Uoo de lem5 donnen -s'elfeclue eKdueivement 
hors de rappllcalion CEREO ; 1a base de donn6es. ne 
r;:cintleJJI -que des copies des donnees pEl.llent, pes les 
d.onnoos mlgln8les. 

En cas de_ selecllo:n trme nouveUe restaurallon {via la 
barre d'l'.Jutila ou le mem.1 Resl8lnllcn), 1'6cran aftlcbe 
tout cfabcrd un dialogue tr6a slmilalre a la eEl:Bflon de& 
patient (Volr .Clllier 110LM311i:: rOQuJdon" 6. part1r de la 
page e2.). Le9 dOMl!es paHent ne peuvent i1te ni: modi· 
fiees, nl eftac:6e&. 

=~ ~1:1 !.._._, [: .::J I 

~~ 8 ·1 - ·-~-~ :08 1_;: .0. 1_. ·.:1 ,_ .i ::;:1JC::-
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3.10 Menu Construction 

3.10 Menu Construction 

Lss ~e& dQ.oomtn.lclilon pour la reSllllRlion d'una 
dent se diircmlilllt dan:i; un orollll blen dOOnl. 

Le menu~ pannet ... 

11!1 de passer a re1ape tie otmslructkm suwnte a. ex~u­
ter 
Ccm.t1trudlodwt. w R•tum 

retour a la demNlre elape de-oon9tn.lction 
ConB!nwllonhi'•tonroo Ctrl-tZ 

• madfler Is type de raatauratioo, le prodae d9 001"19· 
tructlon,. et;'o1,1. IEI dent dB If!. restaurallon ouverte. 
~ 

• redltthtrle oentre 
C~trer-~ 

m ~1t1rr Jue d~rnxlUcrton .. . 
Iii Conlgerla prlae d'emprelnte .. . 

. 3.10.1 Constructton : ,Changer 

L'oplh;1n dB meou Clrangervws permet dD changer le 
type cle reslaumlion, le pmcide de constmi;:oon et/ou la 
defrtda la reslSJ.nllon ouwrte.. 

A l'a.1118-de ca He foo.cliDn, vous pDl,IIIK 6galement ulilBer 
dea reslmnlioos de manin \rittuel[e, p-. ~- dan& le 
CEldre de rAsset1nlaement de rarcade denlaire. 

: .:,: 1, :21.l:J _:._ .. 1 11_·~ :).: ~_l_lj .~:~1 
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3 Interface utilisateur 

fiJ1. !l-40~:()omr& 

D6ffnlr le centre 

R,. 3--42 DN1nlr m~~ 

3. i 0.2. Construction : Centrer --

L'optlon di'!' manu Centrervous parmet d'ol.Mtr la. fenMre 
C.nlnt. Daras e.tte ianitrB, vaus pouve:z: wffinir -c:omme 
canb'8 la pnlparation avec laqualle vous voulaz: contl­
nuer 6 lraValller. Celte 101'1.Ctlon estpN1lclAl~rement pr6-
r:.ieuse dans la oadm !'.le rAssElin1Ssement.d& raroade 
denlalre. 

1. S61ec:Uonnez: ConstnrotlonlC9'ntnrr. 
La fen!lra Cenlr-e 9-'ouvrll (Fig. 3-40). 

2, CIIPU eur ra pr6pamtlon a traltw (Ag. 3-41). 

3. Clu:plz sur le bOUton Fb:er(Rg. 5-40}. 

La p~pamllon e&I. rei,nisentee au milieu oo ViBwBr et la 
fallDtl'8 Centnll se femi11. 

SI voua YOUle-zdeRolrune aulfe piiparation cornmeoen­
tse: 

4. Sal&Cliornez. Con&trucllon/Cfmtlw 

s. Cl~ezeurle bouton RMn1tlaNatlt(Flg. MO). 

6.. Ripet92; his eiapBs 2 et 3. 
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F.t1-- $4$~:~ ~ 

• • ' C.11 .::_-: 1 Ii :"i:-i.::..!. 

3.1 o Menu Construction 

3.10.3 Construction : Axe d'lntroductlon ... 

A faklB.de cgtte, fonc:tlon, V0Uli pouvez. redMinir le sens 
de Ja vision sur Ea preparation ainsi 11,1e kl sens d'Usinasi& 
(volt.Radefi'llllan d& raxe d'inboducti~ page 71). 

3, 10.4 Construction : Corrlger la prise 
d'emprelnte 

Cetle tonctron voue permet-c:l'~limlner de!'! 1"111Efads et de 
i:iknJperdN lnfonMllons d9 b0rdure g&,an1es, p. ex. 
en caa d'enraijalrementa prownant dBS Ghamps crrma­
ges dBs anta.goi:il&te& 0u de rocc1ua1on (Volr ,.EffaGer et 
ccniger des zones d'mag11s de chll.lilpill d'lmage·s" 
pege72) . 

cl ~ ~ 1 . ~ :1.~ ,: : ·11,,: ~ (' - : : :,; ,i 7 
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3 interface utillsateur 

3.11 Menu Reglages 

Le menu R~agei; pem,,et cl'adaptQC' el cle modifier In 
op11ons de menu suvantes : 

B Pa.ram6tre& 

Ii Instruments 
Ii Conflguralicln 

• OBllbrage 

3.11.1 Reglages: Pammetres 

Avant l'execlrtlon rtun& reetaure.llon, certalns n§glages 
sont nece88alrea pOUf le proc~ws d'us!nage/de con► 
lruclion. 

Vous pouve:z:effedusroes rsgteges\lia l'optlon de menu 
~ramMtu.... 

ftREMARQU~ 
L 'apparana M6 r6gl6 de manlmopffma'8 durantson 
(l(1ll~ final oo usintt. 

Yous pa1N&2; oankoler liis parametres suMi,llls et 191. 
modifier en cas d& besoln : 

lt Coma,;te prwi;irmrux 
11 E:spacemsnt 

• Ollwt 1;1Qd1,1,n;il 
111, ~8 Cl;lr1'icallt 

•• Renforcement di.I tHJfd 
11 Afflc:hage ilpelsseur minlmele 

11 Largeur de p&&. de balayape 
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Panmiem, : Cc:lnlll* pRDcimau:z: 

::.:a SC 1=-, I~-:: ·.·I 

3.11 rr.11enu Reglages 

Le loglclsl CEREC 3D clBtsnnlne aulomatlquement les 
contacts prol!maux. Cette iitape est EIXEl(lutee avant que 
l'~teurne soil roficM, Vws ave:z. &lnsi la possibillte 
d'l!vau,r le resuttat et-de le lll0dilier Ii necessafre. 

@REMARQUE 
Si ht th1m KJ.f~ es'ta plus d111mm ~ aK. dent\o\'.Jisiml 
~). aucun contact neS6Jil. rnlisl. 

Le ~lage du pemrooire Contacra pro.xl,mauzaglt aor 
les :re.staurallo~s lnl&lf si Onlay. Da~s le caa des restau­
mlkms de couromes, klis conta~ proldmaux doivent 
Atre fl.yst~mallquemen.t contr6r68 et adapres manuelkt­
ment. 

SI voua 6tea d'avle que les 00111aetS Pf'Of!OSeS par la logl• 
clel sent regulietement 1r'Op fort:s oo lrop fables, voua 
pouvez moclfler le re11lage a: votre convenance via la 
rneoo R~itru. 

Si Y1JUS raglez unevaleurplus elewedans le. fenAlra d~ 
salsle Conlll!ch:promnaux, unequanlt6-S-Up6rleum de 
mat6rlau sera done d~ av nlveau dea points de 
conlacl ll est posslbla ae faire Vftrlw l'~peieseur des 
polnllii de ~laOt p_er inaiirnents de 26p~ OOffll -200 µm 
et200pm. 

0RaiAROUE 
Ce~ agll ulllquement mrd9s proposntons de N­
gnes. UM ll'lOdNicS«onde ce mglaQe n'5ste/fsclil,u 
qu'ap,e,5- rm rnMUU cafcul de .1'6quateur. 

0REMARQUE 
Lespamls de contad p,mil'nsux soot~ par le 
fogfcle/par analyN de 1,tOSdonnie$ de ma.sum. UnEI 
-~ quallM dH donnnT1hmnW'6 peu!prow-. 
querdu pmprnilfumf irUlullismtBs sn t&rma d9 points 
deco;nmcr. • 

i..e ieglage dU pararootra Contaclspnnfmau~n'a 
a.ucurie lnfluenoe sur la consln.l:rtloo de Slructures de 
couronn13111 ou t1e bridgliL 

•J --4.!;.:,--:-:•""; j •• ••1 -n • I ...:::i 
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3 lnterf ace utHisateur 

Decalaga z 

R11;1i.tauratl.on 

Pan1mM,-: CorweJCJM cervlcale 

L'appllca.tlon VOi.iS penMl de menager, A dessein, dans. 
la. fen&lni ~ ~,;~ E$paoemeot, la pl.we necessaire 
pour la fb<ation adh&ilve de ta oouronne ou du inlay. 

Plus 11ous avneote:.i: ce paiametre,. plus l'espace est 
lmputant. Le r~tage peul litre modifle i,ar inenimenls 
de 1 Oµm enn -10O1.1m et 1 ODs.cm. • 

0REMAROUE 
LB nlglilgff il"lff(J:U(ll",e, <:alcul~ fa lil$lilum~. 

SI VQUII co.natate-z que toubla VOS restatlratioos pce:l!fffl-
1:enf une quanlUi trop il!l>kl ou:trtlp Mev6e de ~nau 
dam le sens ooclusal, ce param!tre V0UB permet de 
compen$1111r celte dlfferen011L 

La decalage ooclueal peiJt Atre modll6 par tnormnents 
de 25JJm l!lntre -SOOJUD st 50Qpm. 

@REMARQUE 
LB nJgJB9fi n1nlkle qus Jar:s dB l'u$lna;g,II de la. restalffli• 
tb'I. SOnmfFJt ohstpas vi:lib:/6 oSUf la.~ 
d'uslnags.. 

le reglage <lu parametre Dd'calag,e -ocduAI n'a 
aucune lnOuerine sur la oon91ruction de Sbucluras tie 
couronnes- ou de· bftdge. 

Ce pammeare permet de modilter la. ¢Cwtnn. en-das­
SOU& da Mquauaur. 

6ATTENT10N 
Si l'UII.S ~M!ll ~trop lmportantspourcopam. 
mMm, .la!illt1st»(J9Utd6pasn{~au-d9sllus­
de Mquatew. 

La converapeut sen§glerparlnct6nents da 1 entn o 
etS. 

ALN121466 



Param6tre : Renforcennint du bord 

Bon::I 
rantorce 

Flg. ,s,.49 ~ 11V bard~ ~ 

Ptlnmlttre : Aftlchage ~isseur mlnilJ\1119 

P.arametta: Largeur de paa de baliiya111 
(1mlquement CEREO Sala) 

- -11 •-•::·- [ .:.: 1-i 

3.11 Manu Reglages 

Aventl'Usiu19e, le bord de la restaurallon est augmente 
dB la valeurds l'epaisseur raglae. 

Le IMfaratJIIMnt du bord peul. litre modifie par lncre-. 
111enk;; de as1,1m lif\tre 01,1m et 200 Jllll. 

Ce pe.ramebeser1 au reglage des rep[ji~i wuges dane 
la i:inMsuallaallon d'uiiiinag~ SI l'epalsseur ds rna~re 
est lnrMaure ii. la v.aleur r4iglde, la st11tace m rep~ree en 
muge. 

Le pammetre~ ~wminimalepeul~be 
modliB pv lnCfl!ments 11e .251-ffl emre OIJITI et 10001-1m. 

SI voos utihez le scanner laser (optlon) pour ,._.leer 
l~relnte opllque, wus pouvez.rfglef laf6solllfioo vl'a 
le parametre Largeut ® pas de b.tlaya:gs, •. 
UI f8Safulion peot Sit ~ pal' ina'emaflb de 1 enlra 3 
et 15. Plus la w.leur re9iile pour le paa de balayage esl 
falble, pluB 18 ba.la)'a11e dure lon(Jtemps. male. plU$ le jeu 
de dcmn6ea ~ rempreme, opaque est:pia. 

J .;~ •• ::.,; _ _1: Li~•-: ii:! L~! :'"i1;'"1.""; 4,S 
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3 h1terface utmsateur 

"41, HCJ()pllondalllSlilll :~ 

lilg. H1 q,,donfM~ ! ~tioo 

Configuration : Commllnloaliocl 

F1o, 8-&!C~ ~~ 

s.11.2 Regtages : Instruments 

L'option d& menu ltts:lrumMts permet de changer les 
lnstrumerus (fr.alses olamarrt~s) (Volt chapllm "Chan­
ger 1-nstrumants" dl'B\i la no8ce d'ullisation de l'unll6 
d'usinege). 

3.11.3 Reglages: Configuration 

OBtte cptioo de menu permet de oo.ntrel!lr tll: ~ m1;u;!lfler 
!es. conflgurallom:i re1::11ees eo ustne. 

a COIM\Unlcattan 

• Sljsleme de pr19ed'empn,inl:e 
l!!I Enteglstrer 

• Schema dentalre 
1!I Gestloo des patients labo 

Lq,11.on de menu Mglagu /Contlgu,atron I Commu­
nfcaU'ol'l - vous perrnetda d6ftnlr nmertaee av:ec runJl:4 
d'uilmee {COM1 ... , vllesse da mmsmissioo ns:mo, 
... ). 
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Conflgmatlon: S~e de prise d'empremte 

Conli:gl.nU1;1n ~ Enregistrer 

Fig. 3'St$Clin~ ;~ 

Conligul'lllion : Schlma dentalre 

fi:IJ. 3-5§ ~!iirn: SM6l1il i:lmllh 

.,, .-1 1 1 .::,(..:.: D I ,11 

3.11 ri.i1enu Reglages 

l:'optiOl'l tie ll'IMIJ ~gttB/CanffgutalliJD/System• 
d• prlff d'flmpnlilrl8 ... vous perm et d& seleclionner Ill 
camh6 3D (al ela e&t. lfli.tallee) ou la soanmir.. 

t'opUon. de meoo Rdgtages/ ComlgunJtJon /Etngls­
trer .... vous l)effflet dBi seledionner les opt~ 
SIA\ranl8s: 

Ii Comprlmerr. rtr:hlars 

L.ae dDn~sont eoregb!bji\ls saus fDmHI compri­
ml!li~. 

• Coill1(IO!t(r la basfl de donniffi: 
Une ~a cie danooes SIRONA existante eera udll­
SM paur t&:s dl'..ll'Wl6e& patient et In 1'11'98'-

0 REMARQUE 
Lomqu'unebasedB ~ sst~ res mages 
.S-en:tl.lt W!f(JW'S' ~ea SU ilrmal TIF. 
t.,rjghq,e "Crifll"un tlchler TIFMpwllh ~ 
fionn6. 

• Cdsunfk:h/111'11F 
L9 pn:,gra,une genhfe des images TlF. 

L'optlon de meRu lliglagesf Conl'fgurallon/Smema 
denfai,.. - vous: permet de dlectloriner 1B sdlema dan• 
'laire llS OU lnt.ematiooal. 

- 3:_:•,~~ .. ,:.0-:'l.o:c 1,·=:-111 :1 .::....7 
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3 Interface utilisateur 

Co11flguratlon : Gaslfon dB8 patients U:bo 

fig.. a-6'& Cass aitm9 

Lorsqu.ei la ca$& se trouvani d8vant Gfftion des 
patients /Qbo es.t COCilM, !es cliala9m1g d'ertn\e cl· 
apres sont atin e.cdV6e pour le tedlnlcien dentaire. 

Les domees suivantes peuvent itre de nouveau modi· 
t6as ou sal&les : 

D Prstlclen, 
ll .Patient, 
lo[ DaledlJ bsla)nge, 

B N" dt, ~-

lol'$tp!l la cue se tro1.1vanl devan1 GeBUon des 
paitianhl labo n'ast PAS c;:ooh68, Lesdalogues d'entre& 
~ sont alors actJires pour le tecmloten demaire. 

Lea donn.6es. suvantes peuvent eb'e rnclifises ou sai­
sles: 

• Nam, 

• Pninom, 
• Date de nalssam:e, 
• Num«o de as. 
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3.11 Menu Rcigtages 

3. 11 .4 Reglages : CaHbrage 

L'optlo:n de menu C.Sllbrsge vous permet _ 

~ de calibrerla i:;amn al!: 
la ca~ra 3Ddottltre~ec:tionr.ioocomme S)'Slllme 
de prise d'empreinle (volr chapllrn "Calibrag,J de la 
camn ac· dans la notice d'utllfsatkm. pour runH!i de 
prise d'empraimB). 

~TTEIVIlON 
Pomleca/lbrsge. de fa cam6.ra SD. le.set de c116brage 
3Dest~ 
le set de CSlibiage aone doll pas !trepaudrl. 

■ calibrar le~ (wlr ch:apib'e '"Calibrer ~ $Can­
ner" dans la no\lce d'utlUN.tlon de l'unl~ d'usinags). 

■ calibrer l'unlt6 cl'uslm,ge ("Mfr chapilt& 'Calibrer 
l'unit~ d'uslnage" dans la naHce d'uWlsatlon de l'unll.6-
d'usinage}. 

:. ~: ,' --= .. s.c1.-: :- 1-~ •• ,((1? ,+e 
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3 Interface utilisateur 

Feretre : Optlo"ns d'affichage 

f.i1. 8-60 firaln: ~ dai!lkhsga 

3.12 Menu Fenetre 

Le menu Fill,iMtnvous permet de r6gler l'agant:emel'lt 
des dff!irantea feMlreS devtsualsatlori sur Ncran ainsi 
qtJB d'aotuaiaer le oonlenu de l'acran. 

Pour la representation deS fenitfea a recran,. vouu pou­
wz appeler re regtage de base 
F~nllhrllser 

Pour revaluation et le nilemerrt. vous dsposer dH 
vu. ou dBS reni\re9 suhranl:es : 

Ii OpUons d'Bfflchage 

a Ca.ta1ague dlma!ies 
• Curseur 
l!I Distanoe 

• Fen~Vlew 
.Ill Fenetre Oe6lgn 

a FenMraGut 

11 Baml rl'icOnes 
II[ BilITl!: !1'1Ua.t 

0REJMRDUE 
I.es fenMreelbarres afffc:hNs EWl1I: ~es &11 nM\au de 
foplI0t1 ds menu. 

Lafe~ Oprlons d~~ praaenisl'IMatactuelde 
ralllchage en 8D, cet mat l)OU't'anl !In madlllA d8 

manllmi1 ilclvlduelle. 

1B case eochi,11 sous sctlv.er- rob)et-.ishllllble 

II case NON C(Mlf'l6e SOUB satlvs-l'ob)et n'estpa8 vi• 
sible • 

11 Oese c0cll6e eooa tramp.-l'objet liiSI: mpmsenb§ en 
ttansparer1C8 

::- .. ~·=-. '::t .J .:::..: • .• 

s~ :i :~.!,.! :-:-·r,1-=-~.--· 1:i 1·:1 ~-~~-

... 
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