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TEETH VIEWING SYSTEM 

This application is related to U.S. patent applications Ser. 
No. 09/169,036, entitled “System and Method for Position 
ing Teeth", and Ser. No. 09/169,034, entitled “Defining 
Tooth-Moving Appliances Computationally', both filed on 
Oct. 8, 1998, the full disclosures of which are incorporated 
herein by reference. 

BACKGROUND 

Field of the Invention 

The invention relates generally to the field of orthodontics 
and, more particularly, to computer-automated development 
of an orthodontic treatment plan and appliance. 

Orthodontics is the branch of dentistry that deals with the 
Straightening of crooked teeth. Although there are many 
types of appliances that can be used by an Orthodontist to 
Straighten the teeth, the most common appliance is braces. 
Braces include a variety of appliances Such as brackets, 
archwires, ligatures, and O-rings, and attaching braces to a 
patient's teeth is a tedious and time consuming enterprise 
requiring many meetings with the treating orthodontist. 
Consequently, conventional orthodontic treatment limits an 
orthodontist's patient capacity and makes orthodontic treat 
ment quite expensive. 

Before fastening braces to a patient's teeth, at least one 
appointment is typically Scheduled with the orthodontist, 
dentist, and/or X-ray laboratory So that X-rays and photo 
graphs of the patient's teeth and jaw Structure can be taken. 
Also during this preliminary meeting, or possibly at a later 
meeting, an alginate mold of the patient's teeth is typically 
made. This mold provides a model of the patient's teeth that 
the orthodontist uses in conjunction with the X-rays and 
photographs to formulate a treatment Strategy. The orth 
odontist then typically Schedules one or more appointments 
during which braces will be attached to the patient's teeth. 

The formulation of the treatment Strategy is typically a 
trial-and-error process where the orthodontist arrives at the 
treatment Strategy using a mental model based on the 
orthodontist's experience and Skill. Because an exact model 
is not available, the formulation of the treatment Strategy is 
an art which is highly dependent on the estimates and 
judgments of the treating orthodontist. Moreover, once the 
treatment Strategy has been generated, it is difficult to 
explain the expected result to the patient in words. 

SUMMARY 

A computer is used to create a plan for repositioning an 
orthodontic patient's teeth. The computer receives a digital 
data Set representing the patient's teeth and uses the data Set 
to generate one or more orthodontic views of the patient's 
teeth. The system captures three-dimensional (3D) data 
asSociated with the patient's teeth; determines a viewpoint 
for the patient's teeth; applies a positional transformation to 
the 3D data based on the viewpoint; and rendering the 
orthodontic view of the patient's teeth based on the posi 
tional transformation. 

Implementations of the invention may include one or 
more of the following. The System can generate a right 
buccal overet View, an anterior overject view, a left buccal 
Overjet view, a left distal molar view, a left lingual view, a 
lingual incisor View, a right lingual view and a right distal 
molar view of the patient's teeth. A 3D graphical represen 
tation of the teeth at the positions corresponding to a Selected 
data Set can be rendered. The graphical representation of the 
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2 
teeth can be animated to provide a visual display of the 
movement of the teeth along the treatment paths. A level 
of-detail compression can be applied to the Selected data Set 
to render the graphical representation of the teeth. A human 
user can modify the graphical representation of the teeth, 
which causes modifications to the Selected data Set in 
response to the instruction from the user. A graphical inter 
face with components representing the control buttons on a 
Video cassette recorder can be provided for a human user can 
manipulate to control the animation. A portion of the data in 
the Selected data Set can be used to render the graphical 
representation of the teeth. The human user can Select a tooth 
in the graphical representation and read information about 
the tooth. The information can relate to the motion that the 
tooth will experience while moving along the treatment 
path. The graphical representation can render the teeth at a 
Selected one of multiple viewing orthodontic-specific view 
ing angles. An input Signal from a 3D gyroscopic input 
device controlled by a human user can be used to alter the 
orientation of the teeth in the graphical representation. 

In a Second aspect, a computer program, residing on a 
tangible Storage medium for use in displaying an Orthodontic 
View of a patient's teeth, includes executable instructions 
operable to cause a computer to: capture three-dimensional 
(3D) data associated with the patient's teeth; determine a 
Viewpoint for the patient's teeth; apply a positional trans 
formation to the 3D databased on the viewpoint; and render 
the orthodontic view of the patient’s teeth based on the 
positional transformation. 

Advantages of the invention include one or more of the 
following. Visualization is used to communicate treatment 
information in a computer-automated orthodontic treatment 
plan and appliance. The invention generates a realistic 
model of the patient's teeth without requiring a user to 
possess in-depth knowledge of parameters associated with a 
patient dental data capture System. Additionally, expertise in 
3D Software and knowledge of computer architecture is no 
longer needed to proceSS and translate the captured medical 
data into a realistic computer model rendering and anima 
tion. 

The invention thus allows teeth plan treatment to be 
generated in a simple and efficient manner. It also improves 
the way a treating clinician performs case presentations by 
allowing the clinician to express his or her treatment plans 
more clearly and gives a prospective patients an opportunity 
to visualize the facial changes associated with the proposed 
treatment. The invention allows multi disciplinary work 
teams to deal easily and efficiently with the treatment plan. 
Another major benefit is the ability to visualize and interact 
with models and processes without the attendant danger, 
impracticality, or Significantly greater expense that would be 
encountered in the same environment if it were physical. 
Thus, money and time are Saved while the quality of the 
treatment plan is enhanced. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flow chart of a proceSS for producing a System 
of incremental position adjustment appliances. 

FIG. 2 is a flow chart of a process for forming one 3D 
image data Set of teeth from two sets of image data. 

FIG. 3 is a flow chart of a process for forming a 3D 
Surface mesh from 3D image data. 

FIG. 4 is a block diagram setting forth the steps for 
manipulating an initial digital data Set representing an initial 
tooth arrangement to produce a final digital data Set corre 
sponding to a desired final tooth arrangement. 
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FIG. 5 is a screen shot of a GUI display used to render 3D 
images of an orthodontic patient's teeth. 

FIG. 6 is a flow chart of a process for rendering 3D images 
of an orthodontic patient's teeth. 

FIGS. 7-17 show exemplary 3D images of an orthodontic 
patient's teeth. 

FIGS. 18-19 illustrate a technique for improving the 
downloading and rendering Speed of an orthodontic image 
data file. 

FIG. 20 is a Simplified block diagram of a data processing 
System. 

DETAILED DESCRIPTION 

FIG. 1 shows a process 100 for producing the incremental 
position adjustment appliances for Subsequent use by a 
patient to reposition the patient's teeth. As a first Step, an 
initial digital data set (IDDS) representing an initial tooth 
arrangement is obtained (step 102). The IDDS is then 
manipulated using a computer having a Suitable graphical 
user interface (GUI) and Software appropriate for viewing 
and modifying the images. More specific aspects of this 
process will be described in detail below. 

Individual tooth and other components may be segmented 
or isolated in the model to permit their individual reposi 
tioning or removal from the digital model. After Segmenting 
or isolating the components, the user will often reposition 
the tooth in the model by following a prescription or other 
written specification provided by the treating professional. 
Alternatively, the user may reposition one or more teeth 
based on a visual appearance or based on rules and algo 
rithms programmed into the computer. Once the user is 
Satisfied, the final teeth arrangement is incorporated into a 
final digital data set (FDDS) (step 104). The FDDS is used 
to generate appliances that move the teeth in a Specified 
Sequence. First, the centers of each tooth model may be 
aligned using a number of methods. One method is a 
standard arch. Then, the teeth models are rotated until their 
roots are in the proper vertical position. Next, the teeth 
models are rotated around their vertical axis into the proper 
orientation. The teeth models are then observed from the 
Side, and translated vertically into their proper vertical 
position. Finally, the two arches are placed together, and the 
teeth models moved slightly to ensure that the upper and 
lower arches properly mesh together. The meshing of the 
upper and lower arches together is visualized using a colli 
Sion detection process to highlight the contacting points of 
the teeth. 

Based on both the IDDS and the FDDS, a plurality of 
intermediate digital data sets (INTDDSs) are defined to 
correspond to incrementally adjusted appliances (step 106). 
Finally, a Set of incremental position adjustment appliances 
are produced based on the INTDDs and the FDDS (step 
108). 

In Step 102, the patient's teeth may be Scanned or imaged 
using well known technology, Such as X-rays, three 
dimensional X-rays, computer-aided tomographic images or 
data sets, and magnetic resonance images. Methods for 
digitizing Such conventional images to produce useful data 
Sets are well known and described in the patent and medical 
literature. Usually, however, a plaster cast of the patient's 
teeth is obtained by well known techniques, Such as those 
described in Graber, Orthodontics. Principle and Practice, 
Second Edition, Saunders, Philadelphia, 1969, pp. 401-415. 

After the tooth casting is obtained, the casting is digitally 
Scanned by a Scanner, Such as a non-contact type laser or 
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4 
destructive Scanner or a contact-type Scanner, to produce the 
IDDS. The data set produced by the scanner may be pre 
Sented in any of a variety of digital formats to ensure 
compatibility with the Software used to manipulate images 
represented by the data, as described in more detail below. 
General techniques for producing plaster casts of teeth and 
generating digital models using laser Scanning techniques 
are described, for example, in U.S. Pat. No. 5,605,459, the 
full disclosure of which is incorporated in this application by 
reference. 

Suitable Scanners include a variety of range acquisition 
Systems, generally categorized by whether the acquisition 
process requires contact with the three dimensional object 
being Scanned. Some contact-type Scanners use probes hav 
ing multiple degrees of translational and/or rotational free 
dom. A computer-readable (i.e., digital) representation of the 
Sample object is generated by recording the physical dis 
placement of the probe as it is drawn across the Sample 
Surface. 

Conventional non-contact-type Scanners include 
reflective-type and transmissive-type Systems. A wide vari 
ety of reflective Systems are in use today, Some of which 
utilize non-optical incident energy Sources Such as micro 
wave radar or Sonar. Others utilize optical energy. Non 
contact-type Systems that use reflected optical energy usu 
ally include Special instrumentation that carry out certain 
measuring techniques (e.g., imaging radar, triangulation and 
interferometry). 
One type of non-contact Scanner is an optical, reflective 

Scanner, Such as a laser Scanner. Non-contact ScannerS Such 
as this are inherently nondestructive (i.e., do not damage the 
Sample object), generally are characterized by a relatively 
high capture resolution, and are capable of Scanning a 
Sample in a relatively short period of time. One Such Scanner 
is the Cyberware Model 15 scanner manufactured by 
Cyberware, Inc., Monterey, Calif. 

Both non-contact-type and contact-type Scanners also can 
include color cameras which, when Synchronized with the 
Scanning capabilities, provide means for capturing, in digital 
format, color representations of the Sample objects. The 
importance of this ability to capture not just the shape of the 
Sample object but also its color is discussed below. 

Other scanners, Such as the CSS-1000 model destructive 
Scanner produced by Capture Geometry Inside (CGI), 
Minneapolis, Minn., can provide more detailed and precise 
information about a patient's teeth than a typical range 
acquisition Scanner can provide. In particular, a destructive 
Scanner can image areas that are hidden or shielded from a 
range acquisition Scanner and therefore may not be Subject 
to adequate imaging. The CSS-1000 Scanner gathers image 
data for an object by repeatedly milling thin Slices from the 
object and optically Scanning the Sequence of milled Sur 
faces to create a Sequence of 2D image Slices, So none of the 
object's Surfaces are hidden from the Scanner. Image pro 
cessing Software combines the data from individual Slices to 
form a data Set representing the object, which later is 
converted into a digital representation of the Surfaces of the 
object, as described below. 
The destructive Scanner may be used in conjunction with 

a laser Scanner to create a digital model of a patient's teeth. 
For example, a laser Scanner may be used first to build a 
low-resolution image of a patient's upper and lower arches 
coupled with the patients wax bite, as described below. The 
destructive Scanner then may be used to form high 
resolution images of the individual arches. The data obtained 
by the laser Scanner indicates the relation between the 
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patient's upper and lower teeth, which later can be used to 
relate to each other the images generated by the destructive 
Scanner and the digital models derived from them. 

The destructive Scanner can be used to form the initial 
digital data set (IDDS) of the patient's teeth by milling and 
Scanning a physical model, Such as a plaster casting, of the 
teeth. To ensure a consistent orientation of the casting 
throughout the destructive Scanning process, a Scanning 
System operator pots the casting in potting material, Such as 
Encase-It epoxy from CGI, and cures the material in a 
pressure vacuum (PV) chamber to form a mold. Placing the 
potting material into the PV chamber ensures that the 
material Sets relatively quickly with Virtually no trapped air 
bubbles. The color of the potting material is selected to 
contrast sharply with the color of the casting material to 
ensure the clarity of the Scanned image. The operator then 
mounts the mold to a mounting plate and places the molding 
plate in the destructive Scanning System. 
A slicing mechanism (“cutter') in the destructive Scan 

ning system mills a thin slice (typically between 0.001" and 
0.006" thick) from the mold, and a positioning arm places 
the milled Surface near an optical Scanner. The optical 
Scanner, which may be an off-the-shelf device Such as a 
flatbed Scanner or a digital camera, Scans the Surface to 
create a 2D image data Set representing the Surface. The 
positioning arm then repositions the mold below the cutter, 
which again mills a thin Slice from mold. The resulting 
output of the destructive Scanning System is a 3D image data 
Set, which later is converted into a digital model of Surfaces, 
as described in detail below. A destructive Scanning System 
and the corresponding destructive Scanning and data pro 
cessing are described in U.S. Pat. No. 5,621,648. 
A patient's wax bite can be used to acquire the relative 

positions of the upper and lower teeth in centric occlusion. 
For a laser Scan, this can be accomplished by first placing the 
lower cast in front of the Scanner, with the teeth facing 
upwards, then placing the wax bite on top of the lower cast, 
and finally placing the upper cast on top of the lower cast, 
with the teeth facing downwards, resting on the wax bite. A 
cylindrical Scan is then acquired for the lower and upper 
casts in their relative positions. The Scanned data provides a 
digital model of medium resolution representing an object 
which is the combination of the patient's arches positioned 
in the same relative configuration as in the mouth. 

The digital model acts as a template guiding the place 
ment of the two individual digital models (one per arch). 
More precisely, using software, for example the CyberWare 
alignment Software, each digital arch is in turn aligned to the 
pair Scan. The individual models are then positioned relative 
to each other corresponding to the arches in the patient's 
mouth. 

The waxbite can also be Scanned Separately to provide a 
Second Set of data about the teeth in the upper and lower 
arches. In particular, the plaster cast provides a “positive' 
image of the patient's teeth, from which one set of data is 
derived, and the waxbite provides a “negative' image of the 
teeth, from which a Second, redundant Set of data is derived. 
The two sets of data can then be matched to form a single 
data Set describing the patient's teeth with increased accu 
racy and precision. The impression from which the plaster 
cast was made also can be used instead of or in addition to 
the waxbite. 

FIG. 2 is a flow chart of a process for deriving a Single Set 
of data from a positive data Set and a negative data Set. First, 
Scan data representing positive and negative physical tooth 
models is obtained (steps 300, 302). If the scan data was 
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6 
acquired through a destructive Scanning process, two digital 
3D geometric models are constructed from the data, as 
described below (step 304). Scan data acquired from an 
optical or range acquisition Scanner System typically Suffices 
as a geometric model. One of the geometric models is 
positioned to match roughly with the other model in the 
digital model Space (Step 306), and an optimization process 
is performed to determine the best match between the 
models (step 308). The optimization process attempts to 
match one point in each model to one point in the other 
model. Each pair of matched points then is combined into a 
single point to form a single set of data (step 310). The 
combining of matched points can be carried out in a variety 
of ways, for example, by averaging the coordinates of the 
points in each pair. 
While a laser Scanning System typically must perform 

three Scans to image a patient's full Set of teeth adequately 
(one high resolution Scan for each of the upper and lower 
casts and a medium resolution waxbite Scan), the destructive 
Scanning System described above can image a patient's full 
Set of teeth adequately with only a single waxbite Scan. 
Scanning both casts with the wax bite in place ensures that 
all important Surfaces of the upper and lower teeth are 
captured during a destructive Scan. Scanning both casts in 
this manner also provides a high resolution image data Set 
that preserves the relation between the patient's upper and 
lower teeth. Like the potting material described above, the 
wax bite should have a color that contrasts sharply with the 
color of the casting material to ensure the clarity of the 
Scanned image. The wax bite may be the same color as the 
potting material if no contrast is desired between the waxbite 
and the potting material. Alternatively, the color of the wax 
bite may contrast sharply with the tooth casts and the potting 
material if an image of the wax bite is needed. 

In addition to the 3D image data gathered by laser 
Scanning or destructive Scanning the exposed Surfaces of the 
teeth, a user may wish to gather data about hidden features, 
Such as the roots of the patient's teeth and the patient's jaw 
bones. This information is used to build a more complete 
model of the patient's dentition and to show with more 
accuracy and precision how the teeth will respond to treat 
ment. For example, information about the roots allows 
modeling of all tooth Surfaces, instead of just the crowns, 
which in turn allows simulation of the relationships between 
the crowns and the roots as they move during treatment. 
Information about the patient's jaws and gums also enables 
a more accurate model of tooth movement during treatment. 
For example, an X-ray of the patient's jaw bones can assist 
in identifying ankylose teeth, and an MRI can provide 
information about the density of the patient's gum tissue. 
Moreover, information about the relationship between the 
patient's teeth and other cranial features allows accurate 
alignment of the teeth with respect to the rest of the head at 
each of the treatment Steps. Data about these hidden features 
may be gathered from many Sources, including 2D and 3D 
X-ray Systems, CT Scanners, and magnetic resonance imag 
ing (MRI) systems. Using this data to introduce visually 
hidden features to the tooth model is described in more detail 
below. 

Developing an orthodontic treatment plan for a patient 
involves manipulating the IDDS at a computer or WorkSta 
tion having a Suitable graphical user interface (GUI) and 
Software appropriate for viewing and modifying the images. 
Specific aspects of the software will be described in detail 
hereinafter. However, dental appliances having incremen 
tally differing geometries can be produced by non-computer 
aided techniques. For example, plaster casts obtained as 
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described above may be cut using knives, Saws, or other 
cutting tools in order to permit repositioning of individual 
teeth within the casting. The disconnected teeth may then be 
held in place by Soft wax or other malleable material, and a 
plurality of intermediate tooth arrangements can then be 
prepared using Such a modified plaster casting of the 
patient's teeth. The different arrangements can be used to 
prepare Sets of multiple appliances, generally as described 
below, using pressure and Vacuum molding techniques. 

The process of creating a 3D Surface model of the teeth is 
discussed next. Many types of Scan data, Such as that 
acquired by an optical Scanning System, provide a 3D 
geometric model (e.g., a triangular Surface mesh) of the teeth 
when acquired. Other Scanning techniques, Such as the 
destructive Scanning technique described above, provide 
data in the form of volume elements (“voxels”) that can be 
converted into a digital geometric model of the tooth Sur 
faces. 

FIG. 3 is a flowchart of a process for forming a surface 
mesh from Voxel image data. This approach involves receiv 
ing the image data from the destructive Scanner (Step 400), 
processing the data to isolate the object to be modeled (step 
401), and applying a conventional “marching cubes' tech 
nique to create a Surface mesh of the object (Step 402). 

Each Set of image data can include images of multiple 
tooth casts or of a tooth cast and extraneous, “noisy' objects, 
Such as air bubbles in the potting material. The System 
identifies each object in the image by assigning each voxel 
a single-bit binary value (e.g., “0” for black and “1” for 
white) based on the voxel's 8-bit gray Scale image value, and 
then connecting adjacent VOXels that have been assigned the 
Same Single-bit value. Each group of connected Voxels 
represents one of the objects in the image. The System then 
isolates the tooth casting to be modeled by masking from the 
image all objects except the tooth casting of interest. The 
System removes noise from the masked image data by 
passing the data through a low-pass filter. 

Once the tooth casting is isolated from the image data, the 
System performs a conventional marching cubes technique 
to locate tooth and tissue Surfaces in the image data. This 
technique involves the identification of pairs of adjacent 
Voxels having 8-bit image values that fall on opposite sides 
of a Selected threshold value. Specifically, each voxel has an 
asSociated image value, typically a number between 0 and 
255, that represents the image color or gray Scale value at 
that VOXel. Because the tooth casting and the Surrounding 
potting material have sharply contrasting colors, the image 
values at VOXels forming the image of the tooth casting differ 
greatly from the values at Voxels forming the image of the 
Surrounding material. Therefore, the marching cube algo 
rithm can locate the tooth Surfaces by identifying the Voxels 
at which a sharp transition in image value occurs. The 
algorithm can position the Surface precisely between two 
voxels by determining the difference between the threshold 
value and the image value at each voxel and then placing the 
Surface a corresponding distance from the centerpoint of 
each voxel. 

In Some implementations, after the marching cubes algo 
rithm is applied, the resulting mesh undergoes a Smoothing 
operation to reduce the jaggedness on the Surfaces of the 
tooth model caused by the marching cubes conversion (Step 
404). A conventional Smoothing operation can be used, Such 
as one that moves individual triangle vertices to positions 
representing the averages of connected neighborhood verti 
ces to reduce the angles between triangles in the mesh. 

Another optional Step is the application of a decimation 
operation to the Smoothed mesh to eliminate data points, 
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8 
which improves processing speed (step 406). Conventional 
decimation operations identify pairs of triangles that lie 
almost in the Same plane and combine each identified pair 
into a single triangle by eliminating the common vertex. The 
decimation operation used here also incorporates 
orthodontic-specific decimation rules, which rely on an 
understanding of the general characteristics of the teeth and 
gums and of the orthodontic appliances that will be used to 
carry out a treatment plan. For example, aligners typically 
do not contact the portions of the tooth Surfaces adjacent to 
the gums, So these tooth Surfaces can be modeled leSS 
accurately than the rest of the tooth. The decimation opera 
tion incorporates this knowledge by decimating more 
heavily along the gum line. When an appliance Such as a 
polymeric Shell aligner will be used to treat the patient's 
teeth, the algorithm also decimates more heavily on the sides 
of the teeth, where the aligner usually is required only to 
push orthogonally to the Surface, than it decimates on the 
tops of the teeth, where the aligner usually must form a Solid 
grip. 

After the Smoothing and decimation operation are 
performed, an error value is calculated based on the differ 
ences between the resulting mesh and the original mesh or 
the original data (Step 408), and the error is compared to an 
acceptable threshold value (step 410). The smoothing and 
decimation operations are applied to the mesh once again if 
the error does not exceed the acceptable value. The last Set 
of mesh data that satisfies the threshold is stored as the tooth 
model (step 412). 
Once a 3D model of the tooth Surfaces has been 

constructed, models of the patient's individual teeth can be 
derived. In one approach, individual teeth and other com 
ponents are “cut” to permit individual repositioning or 
removal of teeth in or from the digital data. After the 
components are “freed,” a prescription or other written 
Specification provided by the treating professional is fol 
lowed to reposition the teeth. Alternatively, the teeth may be 
repositioned based on the Visual appearance or based on 
rules and algorithms programmed into the computer. Once 
an acceptable final arrangement has been created, the final 
tooth arrangement is incorporated into a final digital data Set 
(FDDS). 

Based on both the IDDS and the FDDS, a plurality of 
intermediate digital data sets (INTDDS’s) are generated to 
correspond to Successive intermediate tooth arrangements. 
The System of incremental position adjustment appliances 
can then be fabricated based on the INTDDSs, as described 
in more detail below. Segmentation of individual teeth from 
the tooth model and determining the intermediate and final 
positions of teeth also are described in more detail below. 

FIG. 4 illustrates a representative technique for user 
assisted manipulation of the IDDS to produce the FDDS on 
the computer. Usually, the data from the digital Scanner is 
acquired in high resolution form (step 500). In order to 
reduce the computer time necessary to generate images, a 
parallel set of digital data representing the IDDS at a lower 
resolution can be created (step 502). The user can manipu 
late the lower resolution imageS while the computer updates 
the high resolution data Set as necessary. The user can also 
View and manipulate the high resolution model if the extra 
detail provided in that model is useful. The IDDS also can 
be converted into a quad edge data structure if not already 
present in that form (step 506). A quad edge data structure 
is a Standard topological data structure defined in Primitives 
for the Manipulation of General Subdivisions and the Com 
putation of Voronoi Diagrams, ACM Transactions of 
Graphics, Vol. 4, No. 2, April 1985, pp. 74-123. Other 
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topological data Structures, Such as the winged-edge data 
Structure, could also be used. 
AS an initial Step, while Viewing the three-dimensional 

image of the patient's jaw, including the teeth, gingivae, and 
other oral tissue, the user usually deletes Structure which is 
unnecessary for image manipulation and final production of 
an appliance. These unwanted Sections of the model may be 
removed using an eraser tool to perform a Solid modeling 
subtraction (step 508). The tool is represented by a graphic 
box. The Volume to be erased (the dimensions, position, and 
orientation of the box) are set by the user employing the 
GUI. Typically, unwanted Sections would include extrane 
ous gum area and the base of the originally Scanned cast. 
Another application for this tool is to Stimulate the extrac 
tion of teeth and the “shaving down” of tooth surfaces. This 
is necessary when additional Space is needed in the jaw for 
the final positioning of a tooth to be moved. The treating 
professional may choose to determine which teeth will be 
shaved and which teeth will be extracted. Shaving allows the 
patient to maintain teeth when only a Small amount of Space 
is needed. Typically, extraction and Shaving are used in the 
treatment planning only when the actual patient teeth are to 
be extracted or shaved prior to initiating repositioning. 

Removing unwanted or unnecessary Sections of the model 
increases data processing Speed and enhances the Visual 
display. Unnecessary Sections include those not needed for 
creation of the tooth repositioning appliance. The removal of 
these unwanted Sections reduces the complexity and size of 
the digital data Set, thus accelerating manipulations of the 
data Set and other operations. 

After the user positions and sizes the eraser tool and 
instructs the Software to erase the unwanted Section, all 
triangles within the box set by the user are removed and the 
border triangles are modified to leave a Smooth, linear 
border. The Software deletes all of the triangles within the 
box and clips all triangles which cross the border of the box. 
This requires generating new vertices on the border of the 
box. The holes created in the model at the faces of the box 
are retriangulated and closed using the newly created ver 
tices. 

In alternative embodiments, the computer automatically 
Simplifies the digital model by performing the user-oriented 
functions described above. The computer applies a knowl 
edge of orthodontic relevance to determine which portions 
of the digital model are unnecessary for image manipulation. 
A saw tool is used to define the individual teeth (or 

possibly groups of teeth) to be moved (step 510). The tool 
Separates the Scanned image into individual graphic com 
ponents (step 512) enabling the software to move the tooth 
or other component images independent of remaining por 
tions of the model. High resolution and low resolution 
components are matched (step 514) and the components are 
placed in their final positions (step 516). 

In one embodiment, the Saw tool defines a path for cutting 
the graphic image by using two cubic B-spline curves lying 
in Space, possibly constrained to parallel planes, either open 
or closed. A set of lines connects the two curves and shows 
the user the general cutting path. The user may edit the 
control points on the cubic B-splines, the thickness of the 
Saw cut, and the number of erasers used, as described below. 

In an alternative embodiment, the teeth are Separated by 
using the Saw as a “coring device, cutting the tooth from 
above with vertical saw cuts. The crown of the tooth, as well 
as the gingivae tissue immediately below the crown are 
Separated from the rest of the geometry, and treated as an 
individual unit, referred to as a tooth. When this model is 
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10 
moved, the gingivae tissue moves relative to the crown, 
creating a first order approximation of the way that the 
gingivae will reform within a patient's mouth. 

Each tooth may also be separated from the original 
trimmed model. Additionally, a base may be created from 
the original trimmed model by cutting off the crowns of the 
teeth. The resulting model is used as a base for moving the 
teeth. This facilitates the eventual manufacture of a physical 
mold from the geometric model, as described below. 

Thickness: When a cut is used to Separate a tooth, the user 
will usually want the cut to be as thin as possible. However, 
the user may want to make a thicker cut, for example, when 
Shaving down Surrounding teeth, as described above. 
Graphically, the cut appears as a curve bounded by the 
thickness of the cut on one side of the curve. 

Number of Erasers: A cut is comprised of multiple eraser 
boxes arranged next to each other as a piecewise linear 
approximation of the Saw Tool’s curve path. The user 
chooses the number of erasers, which determines the Sophis 
tication of the curve created: the greater the number of 
Segments, the more accurately the cutting will follow the 
curve. The number of eraserS is shown graphically by the 
number of parallel lines connecting the two cubic B-spline 
curves. Once a Saw cut has been completely specified the 
user applies the cut to the model. The cut is performed as a 
Sequence of erasings. 

In one embodiment, the Software may automatically par 
tition the saw tool into a Set of erasers based upon a 
SmoothneSS measure input by the user. The Saw is adaptively 
Subdivided until an error metric measures the deviation from 
the ideal representation to the approximate representation to 
be less than a threshold Specified by the SmoothneSS Setting. 
One error metric compares the linear length of the Subdi 
vided curve to the arclength of the ideal spline curve. When 
the difference is greater than a threshold computed from the 
SmoothneSS Setting, a Subdivision point is added along the 
Spline curve. 
A preview feature may also be provided in the Software. 

The preview feature Visually displays a Saw cut as the two 
Surfaces that represent opposed Sides of the cut. This allows 
the user to consider the final cut before applying it to the 
model data Set. 

After the user has completed all desired cutting operations 
with the Saw tool, multiple graphic Solids exist. However, at 
this point, the Software has not determined which triangles 
of the quad edge data Structure belong to which components. 
The Software chooses a random Starting point in the data 
Structure and traverses the data Structure using adjacency 
information to find all of the triangles that are attached to 
each other, identifying an individual component. This pro 
ceSS is repeated Starting with the triangle whose component 
is not yet determined. Once the entire data Structure is 
traversed, all components have been identified. 
To the user, all changes made to the high resolution model 

appear to occur Simultaneously in the low resolution model, 
and Vice versa. However, there is not a one-to-one correla 
tion between the different resolution models. Therefore, the 
computer “matches' the high resolution and low resolution 
components as best as it can Subject to defined limits. 
The System can optionally include a Segmentation Sub 

System that performs automatic or Semi-automatic Segmen 
tation of the 3D dentition model into models of individual 
teeth. The Segmentation Subsystem is advantageously imple 
mented as one or more computer program processes imple 
menting a Segmentation process. In alternative 
implementations, the Segmentation proceSS can act on the 
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3D volume data or on the 3D surface mesh. The segmen 
tation process applies conventional feature detection tech 
niques tailored to exploit the characteristics and known 
features of teeth. For example, feature detection algorithms 
generally act on images in which the features to be distin 
guished from each other have different colors or shades of 
gray. Features to be detected also usually are separated 
spatially from each other. However, features to be detected 
in a 2D or 3D image of a plaster tooth casting (e.g., the 
individual teeth and the gum tissue) all have the same color 
(white), and Some features, Such as an individual tooth and 
the Surrounding gum tissue, have no spacial Separation. 

The Segmentation proceSS can be implemented to employ 
any of Several feature detection techniques and advanta 
geously uses a combination of techniques to increase the 
accuracy of feature identification. One feature detection 
technique uses color analysis to distinguish objects based on 
variations in color. Color analysis can be used in Situations 
where individual teeth are separated by gaps large enough 
for the potting material to fill. Because the tooth casting and 
the potting material have contrasting colors, these teeth 
appear in the model as white areas separated by thin Strips 
of black. 

Another feature detection technique uses shape analysis to 
distinguish certain features, Such as tooth from gum. In 
general, tooth Surfaces are Smooth while gum Surfaces have 
texture, and the teeth and gums typically form a U-shaped 
ridge where they meet. Detecting these features through 
shape analysis assists in distinguishing tooth from gum. 
Shape analysis can also detect individual teeth, for example 
by Searching for the largest objects in the 3D image or by 
recognizing the cusps of a molar as four isolated patches of 
one color arranged in a certain pattern. One cusp-detection 
algorithm is described below. 

Other feature detection techniques use databases of 
known cases or Statistical information against which a 
particular 3D image is matched using conventional image 
pattern matching and data fitting techniques. One Such 
technique, known as “Maximum a posteriori” (MAP), uses 
prior images to model pixel values corresponding to distinct 
object types (classes) as independent random variables with 
normal (Gaussian) distributions whose parameters (mean 
and variance) are Selected empirically. For each class, a 
histogram profile is created based on a Gaussian distribution 
with the Specified mean and variance. The prior images 
Supply for each pixel and each class the probability that the 
pixel belongs to the class, a measure which reflects the 
relative frequency of each class. Applying Bayes Rule to 
each class, the pixel values in the input image are Scaled 
according to the prior probabilities, then by the distribution 
function. The result is a posterior probability that each pixel 
belongs to each class. The Maximum a posteriori (MAP) 
approach then Selects for each pixel the class with the 
highest posterior probability as the output of the Segmenta 
tion. 

Another feature detection technique uses automatic detec 
tion of tooth cusps. Cusps are pointed projections on the 
chewing Surface of a tooth. In one implementation, cusp 
detection is performed in two stages: (1) a “detection' Stage, 
during which a set of points on the tooth are determined as 
candidates for cusp locations; and (2) a "rejection' Stage, 
during which candidates from the Set of points are rejected 
if they do not satisfy a set of criteria associated with cusps. 
One process for the “detection” stage is set forth in FIG. 

6A. In the detection Stage, a possible cusp is viewed as an 
“island” on the surface of the tooth, with the candidate cusp 
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at the highest point on the island. “Highest” is measured 
with respect to the coordinate System of the model, but could 
just as easily be measured with respect to the local coordi 
nate System of each tooth if detection is performed after the 
cutting phase of treatment. 
The Set of all possible cusps is determined by looking for 

all local maxima on the tooth model that are within a 
specified distance of the top of the bounding box of the 
model. First, the highest point on the model is designated as 
the first candidate cusp. A plane is passed through this point, 
perpendicular to the direction along which the height of a 
point is measured. The plane is then lowered by a Small 
predetermined distance along the Z axis. Next, all vertices 
connected to the tooth and which are above the plane and on 
Some connected component are associated with the candi 
date cusp as cusps. This Step is also referred to as the “flood 
fill” step. From each candidate cusp point, outward “flood 
ing” is performed, marking each vertex on the model Visited 
in this matter as “part of the corresponding candidate cusp. 
After the flood fill step is complete, every vertex on the 
model is examined. Any vertex that is above the plane and 
has not been visited by one of the flood fills is added to the 
list of candidate cusps. These Steps are repeated until the 
plane is traveled a specified distance. 
While this iterative approach can be more time consuming 

than a local maximum Search, the approach described above 
leads to a shorter list of candidate cusps. Since the plane is 
lowered a finite distance at each Step, Very Small local 
maxima that can occur due to noisy data are Skipped over. 

After the “detection' Stage, the cusp detection algorithm 
proceeds with the "rejection' Stage. One process for the 
“rejection' stage is set forth in FIG. 6B. In this stage, the 
local geometries around each of cusp candidates are ana 
lyzed to determine if they possess “non-cusp-like features.” 
Cusp candidates that exhibit “non-cusp-like features' are 
removed from the list of cusp candidates. 

Various criteria may be used to identify “non-cusp-like 
features.” According to one test, the local curvature of the 
Surface around the cusp candidate is used to determine 
whether the candidate possesses non-cusp-like features. AS 
depicted in FIG. 6B, the local curvature of the surface 
around the cusp candidate is approximated and then ana 
lyzed to determine if it is too large (very pointy Surface) or 
too small (very flat Surface), in which case the candidate is 
removed from the list of cusp candidates. Conservative 
values are used for the minimum and maximum curvature 
values to ensure that genuine cusps are not rejected by 
mistake. 

Under an alternative test, a measure of SmoothneSS is 
computed based on the average normal in an area around the 
candidate cusp. If the average normal deviates from the 
normal at the cusp by more than a specified amount, the 
candidate cusp is rejected. In one embodiment, the deviation 
of a normal vector N from the cusp normal CN is approxi 
mated by the formula: 

deviation=1-Abs(NCN), 

which is zero at no deviation, and 1 when N and CN are 
perpendicular. 

For both the human-assisted and automated Segmentation 
techniques, the clinician can Simplify the tooth identification 
process by marking the physical tooth model before the 
model is Scanned. Upon Scanning, these marks become part 
of the digital tooth model. The types of marks that the 
clinician might use include marks identifying the rotational 
axis of a tooth, marksidentifying the principal axis of a tooth 
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(e.g., a straight line marked on the tooth's occlusal edge), 
and marks identifing the boundaries between teeth. A mark 
identifying the rotational axis of a tooth often is used to 
restrict how the tooth can rotate during the course of 
treatment. The clinician also may wish to paint the teeth in 
the physical model with various colors to assist in Segment 
ing the individual teeth from the digital tooth model. 

The System can optionally be configured to add roots and 
hidden Surfaces to the tooth models to allow more thorough 
and accurate Simulation of tooth movement during treat 
ment. In alternative implementations, this information is 
added automatically without human assistance, Semi 
automatically with human assistance, or manually by human 
operator, using a variety of data Sources. 

In Some implementations, 2D and 3D imaging Systems, 
Such as X-ray Systems, computed tomography (CT) scanners, 
and MRI systems, are used to gather information about the 
roots of the patient's teeth. For example, Several 2D X-ray 
images of a tooth taken in different planes allow the con 
struction of a 3D model of the tooth's roots. Information 
about the roots is available by Visual inspection of the X-ray 
image and by application of a computer-implemented fea 
ture identification algorithm to the X-ray data. The System 
adds the roots to the tooth model by creating a Surface mesh 
representing the roots. Physical landmarks on the patient's 
teeth, e.g., cavities or cusps, are extracted from the 2D and 
3D data and are used to register the roots to the tooth model. 
Like the roots, these landmarks can be extracted manually or 
by use of a feature detection algorithm. 

Another alternative for the addition of roots and hidden 
Surfaces is to model typical root and crown shapes and to 
modify the digital model of each tooth to include a root or 
a hidden Surface corresponding to a typical shape. This 
approach assumes that the roots and hidden Surfaces of each 
patient's teeth have typical shapes. A geometric model of 
each typical shape is acquired, e.g., by accessing an elec 
tronic database of typical root and crown models created 
before the analysis of a particular patient's teeth begins. 
Portions of the typical root and crown models are added to 
the individual tooth models as needed to complete the 
individual tooth models. 

Yet another alternative for the addition of roots and 
hidden surfaces is the extrapolation of the 3D tooth model to 
include these features based on observed characteristics of 
the tooth Surfaces. For example, the System can use the 
curvature of a particular molar between the tips of the cusps 
and the gumline to predict the shape of the roots for that 
molar. In other implementations, X-ray and CT Scan data of 
a patient's teeth are used to provide comparison points for 
extrapolation of the patients roots and hidden Surfaces. 
Models of typical root and crown shapes also can be used to 
provide comparison points for root and hidden Surface 
extrapolation. 

The System may also incorporate and the user may at any 
point use a “movie' feature to show an animation of the 
movement from initial to target states. This is helpful for 
Visualizing overall component movement throughout the 
treatment process. 
AS described above, one Suitable user interface for com 

ponent identification is a three dimensional interactive 
graphical user interface (GUI). A three-dimensional GUI is 
also advantageous for component manipulation. Such an 
interface provides the treating professional or user with 
instant and Visual interaction with the digital model com 
ponents. The three-dimensional GUI provides advantages 
over interfaces that permit only simple low-level commands 
for directing the computer to manipulate a particular Seg 

15 

25 

35 

40 

45 

50 

55 

60 

65 

14 
ment. In other words, a GUI adapted for manipulation is 
better in many ways than an interface that accepts directives, 
for example, only of the Sort: “translate this component by 
0.1 mm to the right.” Such low-level commands are useful 
for fine-tuning, but, if they were the Sole interface, the 
processes of component manipulation would become a 
tireSome and time-consuming interaction. 

Before or during the manipulation process, one or more 
tooth components may be augmented with template models 
of tooth roots. Manipulation of a tooth model augmented 
with a root template is useful, for example, in Situations 
where impacting of teeth below the gumline is a concern. 
These template models could, for example, comprise a 
digitized representation of the patient's teeth X-rayS. 
The Software also allows for adding annotations to the 

data Sets which can comprise text and/or the Sequence 
number of the apparatus. The annotation is added as 
recessed text (i.e., it is 3-D geometry), So that it will appear 
on the printed positive model. If the annotation can be 
placed on a part of the mouth that will be covered by a 
repositioning appliance, but is unimportant for the tooth 
motion, the annotation may appear on the delivered reposi 
tioning appliance(s). 
The above-described component identification and com 

ponent manipulation Software is designed to operate at a 
Sophistication commensurate with the operator's training 
level. For example, the component manipulation Software 
can assist a computer operator, lacking orthodontic training, 
by providing feedback regarding permissible and forbidden 
manipulations of the teeth. On the other hand, an 
orthodontist, having greater skill in intraoral physiology and 
teeth-moving dynamics, can simply use the component 
identification and manipulation Software as a tool and dis 
able or otherwise ignore the advice. 

FIG. 5 is a screen shot of the graphical user interface 2000 
asSociated with a client viewer application through which a 
treating clinician is able to View a patient's treatment plan 
and alter or comment on the plan. The client viewer appli 
cation is implemented in a computer program installed 
locally on a client computer at the clinician's Site. The 
Viewer program downloads a data file from a remote host, 
such as a file transfer protocol (FTP) server maintained by 
the treatment plan designer, which can be accessed either 
through direct connection or through a computer network, 
such as the World Wide Web. The viewer program uses the 
downloaded file to present the treatment plan graphically to 
the clinician. The viewer program also can be used by the 
treatment plan designer at the host Site to View images of a 
patient's teeth. 

FIG. 6 shows a process for rendering 3-D images of 
various orthodontic views that can be rendered after the 
patient's teeth have been digitally captured and modeled. In 
this process, an origin point, or “look from point associated 
with a camera view is generated (step 600). Next, a “lookat' 
point or a focus point associated with the camera View is 
determined (step 602). In this system, the line from Look 
FromPoint to LookAtPoint defines the direction the camera 
is shooting at. Additionally, a camera Zvector, or up vector, 
is determined (step 604). 

Pseudo code for generating various orthodontic views is 
shown below. With reference to the pseudo code, the code 
defines a bounding box of one mold (2 arches) which is the 
Smallest cube containing the molds geometry. Other Settings 
asSociated with the bounding box include: 
Z Axis: point from lower to upper, 
Y Axis: point from inside mouse to front teeth (incisors) 
X Axis: point from center to left. 
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FieldOf View: is the open angle, it corresponding to lens Y=MoldCenter.Y; 
HalfEield Of View: Field Of View:0.5 Z=MoldCenter.Z; 
MoldCenter: Center of the Bounding Box CameraLookAtPoint: 
X Length: Bounding Box X dimension 5 X-Mesnier8025 *X Length; 
Y Length: BoundingBox X dimension 2MNE 
Z. Length: BoundingBox X dimension CameraupVector: ZAxis; 
X MIN: minimum X value of the BoundingBox i.e. right LINGUAL INCISOR 
most Surface cube X value. 1O CameraLookFromPoint: 

X MAX: maximum X value of the BoundingBox X=MoldCenter.X; 
Y MIN: minimum Y value of the Bounding Box Y=MoldCenter.Y; 
Y MAX: maximum Y value of the Bounding Box Z=MoldCenter.Z; 
Z MIN: minimum Z value of the BoundingBox CameraLookAtPoint: 
Z MAX: maximum Z value of the Bounding Box 15 X=MoldCenter.X; 

RIGHT BUCCAL OVERJET Y=MoldCenter.Y+0.25*Y Length; 
CameraLookFromPoint: Z=MoldCenter.Z; 
X=0.5* MoldCenter.X+0.5*X Max+0.25*MAX(Y CameraupVector: ZAxis; 

Length, Z. Length)/tan(HalfFieldOf View); RIGHTLINGUAL 
Y=MoldCenter.Y 20 CameraLookFromPoint: 
Z=MoldCenter.Z-0.25*MAX(Y Length, Z. Length)/ X=MoldCenter.X+0.125*X Length; 

tan(HalfFieldOf View); Y=MoldCenter.Y; 
CameraLookAtPoint: Z=MoldCenter.Z; 
X=MoldCenter.X+0.25*X Length; CameraLookAtPoint: 
Y=MoldCenter.Y. 25 X=MoldCenter.X+0.25*X Length; 
Z=MoldCenter.Z; Y=MoldCenter.Y; 

CameraupVector: ZAxis; Z=MoldCenter.Z. 
ANTERIOR OVERJET CameraupVector: ZAxis; 

CameraLookFromPoint: RIGHT DISTAL MOLAR 
X=MoldCenter.X; CameraLookFromPoint: 
Y=0.5* MoldCenter.Y+0.5*Y Max+0.25*MAX(X X=MoldCenter.X+0.25*X Length; 

Length, Z. Length)/tan(HalfFieldOf View); Y=Y MIN-0.25*MAX(X Length, Z. Length)/tan 
Z=MoldCenter.Z-0.25*MAX(X Length, Z. Length)/ (HalfieldOf View); 

tan(HalfFieldOf View); 35 Z=MoldCenter.Z; 
CameraLookAtPoint: CameraLookAtPoint: 
X=MoldCenter.X; X=MoldCenter.X+0.25*X Length; 
Y=MoldCenter.Y+0.25*Y Length; Y=MoldCenter.Y; 
Z=MoldCenter.Z; Z=MoldCenter.Z; 

CameraupVector: ZAxis; 40 CameraupVector: ZAxis; 
LEFT BUCCAL OVERJET The eight views with which the virtual treatment models 

CameraLookFromPoint: are evaluated are shown below in FIGS. 7-14. FIG. 7 shows 
X=0.5* MoldCenter.X+0.5*X Min-0.25*MAX(Y an exemplary view of the patient's right buccal overjet. This 

Length, Z. Length)/tan(HalfFieldOf View); figure shows the ideal interdigitation of the right maxillary 
Y=MoldCenter.Y. 45 canine, bicuspids and molars with the right mandibular 
Z=MoldCenter.Z-0.25*MAX(Y Length, Z. Length)/ canine, bicuspids and molars. FIG. 7 allows users to evaluate 

tan(HalfFieldOf View); various aspects of the Angle classification. 
CameraLookAtPoint: FIG. 8 shows an example view of the patient's left buccal 
X=MoldCenter.X-0.25*X Length; overjet. The view shows the ideal interdigitation of the left 
Y=MoldCenter.Y: 50 maxillary canine, bicuspids and molars with the left man 
z-MoldCenterz, dibular canine, bicuspids and molars. FIG. 8 also allows an 

CameraupVector: ZAxis; evaluation of Angle classification. FIG. 9 shows an exem 
LEFT DISTAL MOLAR s plary view of the patients anterior overjet and shows how 

far forward are the maxillary incisors in relation to the CameraLookFromPoint: 55 mandibular incisors. FIG. 9 allows the user to evaluate the 
midline. FIG. 10 shows an exemplary view of the patient's 
right distal molar. This figure shows the cusp and fossa 

X=MoldCenter.X-0.25*X Length; 
Y=Y Min-0.25*MAX(X Length, Z. Length)/tan 
SEEyew) relationship between the maxillary and mandibular molars. 
=TVOCC er/ s FIG. 11 shows an exemplary left distal molar view of the 

CameraLookAtPoint: 60 patient’s teeth. The view of FIG. 11 shows the cusp and 
X=MoldCenter.X-0.25*X Length; 
Y=MoldCenter.Y. 
Z=MoldCenter.Z; 

foSSa relationship between the maxillary and mandibular 
molars. FIG. 12 shows an exemplary lingual incisor View of 
the patient's teeth. The view illustrates how the incisal edge 

CameraupVector: ZAxis; of the mandibular incisors relate with lingual aspect of the 
LEFT LINGUAL 65 maxillary incisors an allows a midline evaluation. 

CameraLookFromPoint: FIG. 13 shows a right lingual view and provides a close 
X=MoldCenter.X+0.125*X Length; View of the inter-cuspation of the posterior right Segment 
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from the lingual aspect. FIG. 13 allows a visualization of 
ML(mesio-ligual) cusps of maxillary molars and their rela 
tionship with the fossae of mandibular molars. 

FIG. 14 shows the left lingual view of the patient's teeth. 
It shows a close view of the inter-cuspation of the posterior 
left Segment from the lingual aspect and allows a visualiza 
tion of ML(mesio-ligual) cusps of maxillary molars and 
their relationship with the fossae of mandibular molars. 

In addition to the above views, other views may be 
generated. For instance, FIG. 15 shows an anterior view, 
FIG.16 shows a maxillary occlusal view, and FIG. 17 shows 
a mandibular occlusal view, respectively. 
The data downloaded by the viewer program contains a 

fixed set of key treatment positions, including the IDDS and 
the FDDS, that define the treatment plan for the patient's 
teeth. The viewer program renders the IDDS or the FDDS to 
display an image of the patient's teeth at the initial and final 
positions. The viewer program can display an image of the 
teeth at their initial positions (initial image 2002) and the 
final tooth positions (final image 2004) concurrently. 

Because the data file contains a large amount of data, the 
download software in the remote host employs a “level-of 
detail” technique to organize the download into data groups 
with progressively increasing levels of detail, as described 
below. The viewer program uses knowledge of orthodontic 
relevance to render less important areas of the image at a 
lower quality than it renders the more important areas. Use 
of these techniques reduces the time required to generate a 
Single rendered image of the tooth models and the time 
required to display a rendered image on the Screen after the 
download has begun. 

FIGS. 18 and 19 illustrate the use of the “level-of-detail 
technique by the download Software in the remote host. The 
Software transferS the data in Several groups, each of which 
adds detail incrementally for the rendered image of the teeth. 
The first group typically includes just enough data to render 
a rough polygon representation of the patient's teeth. For 
example, if a tooth is treated as a cube having six faces, the 
tooth can be rendered quickly as a diamond 2100 having six 
points 2102a-f, one lying in each face of the cube (FIG. 18). 
The download software begins the download by delivering 
a few points for each tooth, which the interface program uses 
to render polygon representations of the teeth immediately. 

The download Software then delivers a Second data group 
that adds additional detail to the rendered images of the 
teeth. This group typically adds points that allow a spheroid 
representation 2106 of the teeth (FIG. 19). As the download 
continues, the Software delivers additional groups of data, 
each adding a level of detail to the rendered image of the 
teeth, until the teeth are fully rendered. 

The download software also improves download and 
rendering Speed by identifying and withholding data that is 
not critical to forming a rendered image of the teeth. This 
includes data for tooth surfaces obscured by other teeth or by 
tissue. The Software applies rules based on common orth 
odontic structure to determine which data is downloaded and 
which is withheld. Withholding data in this manner reduces 
the size of the downloaded file and therefore reduces the 
number of data points that the interface program must take 
into account when rendering the initial and final images. 

The viewer program also improves rendering Speed by 
reducing the amount of data rendered. Like the download 
Software, the viewer program applies rules of orthodontic 
relevance to determine which areas of the image can be 
rendered at lower quality. For example, the treating clinician 
usually does not want to View gum tissue in detail, So the 
Viewer program renders the gums at low resolution as 
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18 
Smooth Surfaces, ignoring data that preserves the texture of 
the gums. Typically, the viewer program renders the leSS 
important areas at lower resolution before rendering the 
more important areas at higher resolution. The clinician can 
request high resolution rendering of the entire image. 
As shown in FIGS. 5-6 and discussed above, the viewer 

program displays an initial image 2002 of the teeth and, if 
requested by the clinician, a final image 2004 of the teeth as 
they will appear after treatment. The clinician can rotate the 
images in three dimensions to view the various tooth 
Surfaces, and the clinician can Snap the image to any of 
Several predefined viewing angles. AS discussed in more 
detail above in conjunction with FIGS. 7-17, these viewing 
angles include the Standard front, back, top, bottom and Side 
Views, as well as orthodontic-specific viewing angles, Such 
as the lingual, buccal, facial, occlusal, and incisal ViewS. 
The viewer program also includes an animation routine 

that provides a Series of images showing the positions of the 
teeth at each intermediate Step along the treatment path. The 
clinician controls the animation routine through a VCR 
metaphor, which provides control buttons similar to those on 
a conventional Video cassette recorder. In particular, the 
VCR metaphor includes a “play' button 2006 that, when 
Selected, causes the animation routine to Step through all of 
the images along the treatment path. A slide bar 2008 moves 
horizontally a predetermined distance with each Successive 
image displayed. Each position of the slide bar 2008 and 
each image in the Series corresponds to one of the interme 
diate treatment Steps described above. 
The VCR metaphor also includes a “step forward” button 

2010 and a “step back” button 2012, which allow the 
clinician to Step forward or backward through the Series of 
images, one key frame or treatment Step at a time, as well as 
a “fast forward” button 2014 and a “fast back” button 2016, 
which allow the clinician to jump immediately to the final 
image 2004 or initial image 2002, respectively. The clinician 
also can Step immediately to any image in the Series by 
positioning the slide bar 2008 at the appropriate location. 
AS described above, the viewer program receives a fixed 

Subset of key positions, including the IDDS and the FDDS, 
from the remote host. From this data, the animation routine 
derives the transformation curves required to display the 
teeth at the intermediate treatment Steps, using any of a 
variety of mathematical techniques. One technique is by 
invoking the path-generation program described above. In 
this situation, the viewer program includes the path 
generation program code. The animation routine invokes 
this code either when the downloaded key positions are first 
received or when the user invokes the animation routine. 
The viewer program allows the clinician to alter the 

rendered image by manipulating the image graphically. For 
example, the clinician can reposition an individual tooth by 
using a mouse to click and drag or rotate the tooth to a 
desired position. In Some implementations, repositioning an 
individual tooth alters only the rendered image, in other 
implementations, repositioning a tooth in this manner modi 
fies the underlying data Set. In the latter situation, the viewer 
program performs collision detection to determine whether 
the attempted alteration is valid and, if not, notifies the 
clinician immediately. Alternatively, the Viewer program 
modifies the underlying data Set and then uploads the altered 
data Set to the remote host, which performs the collision 
detection algorithm. The clinician also can provide textual 
feedback to the remote host through a dialog box 2018 in the 
interface display 2000. Text entered into the dialog box 2018 
is Stored as a text object and later uploaded to the remote 
host or, alternatively, is delivered to the remote host imme 
diately via an existing connection. 
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The viewer program optionally allows the clinician to 
isolate the image of a particular tooth and view the tooth 
apart from the other teeth. The clinician also can change the 
color of an individual tooth or group of teeth in a Single 
rendered image or acroSS the Series of images. These fea 
tures give the clinician a better understanding of the behav 
ior of individual teeth during the course of treatment. 

Another feature of the viewer program allows the clini 
cian to receive information about a specific tooth or a 
Specific part of the model upon command, e.g., by Selecting 
the area of interest with a mouse. The types of information 
available include tooth type, distance between adjacent 
teeth, and forces (magnitudes and directions) exerted on the 
teeth by the aligner or by other teeth. Finite element analysis 
techniques are used to calculate the forces exerted on the 
teeth. The clinician also can request graphical displays of 
certain information, Such as a plot of the forces exerted on 
a tooth throughout the course of treatment or a chart showing 
the movements that a tooth will make between Steps on the 
treatment path. The viewer program also optionally includes 
“virtual calipers,” a graphical tool that allows the clinician 
to Select two points on the rendered image and receive a 
display indicating the distance between the points. 

FIG. 20 is a Simplified block diagram of a data processing 
system 300 that may be used to develop orthodontic treat 
ment plans. The data processing system 300 typically 
includes at least one processor 302 which communicates 
with a number of peripheral devices via bus subsystem 304. 
These peripheral devices typically include a Storage Sub 
system 306 (memory subsystem 308 and file storage sub 
System 314), a set of user interface input and output devices 
318, and an interface to outside networks 316, including the 
public Switched telephone network. This interface is shown 
schematically as “Modems and Network Interface' block 
316, and is coupled to corresponding interface devices in 
other data processing Systems via communication network 
interface 324. Data processing system 300 could be a 
terminal or a low-end personal computer or a high-end 
personal computer, WorkStation or mainframe. 

The user interface input devices typically include a key 
board and may fulirther include a pointing device and a 
Scanner. The pointing device may be an indirect pointing 
device Such as a mouse, trackball, touchpad, or graphics 
tablet, or a direct pointing device Such as a touchscreen 
incorporated into the display, or a three dimensional pointing 
device, Such as the gyroscopic pointing device described in 
U.S. Pat. No. 5,440,326, other types of user interface input 
devices, Such as voice recognition Systems, can also be used. 

User interface output devices typically include a printer 
and a display Subsystem, which includes a display controller 
and a display device coupled to the controller. The display 
device may be a cathode ray tube (CRT), a flat-panel device 
Such as a liquid crystal display (LCD), or a projection 
device. The display Subsystem may also provide non-visual 
display Such as audio output. 

Storage Subsystem 306 maintains the basic required pro 
gramming and data constructs. The program modules dis 
cussed above are typically Stored in Storage Subsystem 306. 
Storage subsystem 306 typically comprises memory Sub 
system 308 and file storage subsystem 314. 
Memory subsystem 308 typically includes a number of 

memories including a main random access memory (RAM) 
310 for Storage of instructions and data during program 
execution and a read only memory (ROM) 312 in which 
fixed instructions are Stored. In the case of Macintosh 
compatible personal computers the ROM would include 
portions of the operating System; in the case of IBM 
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compatible personal computers, this would include the 
BIOS (basic input/output system). 

File Storage Subsystem 314 provides persistent (non 
volatile) storage for program and data files, and typically 
includes at least one hard disk drive and at least one floppy 
disk drive (with associated removable media). There may 
also be other devices such as a CD-ROM drive and optical 
drives (all with their associated removable media). 
Additionally, the system may include drives of the type with 
removable media cartridgeS. The removable media car 
tridges may, for example be hard disk cartridges, Such as 
those marketed by Syguest and others, and flexible disk 
cartridges, Such as those marketed by Iomega. One or more 
of the drives may be located at a remote location, Such as in 
a Server on a local area network or at a Site on the Internet's 
World Wide Web. 

In this context, the term “bus Subsystem” is used generi 
cally So as to include any mechanism for letting the various 
components and Subsystems communicate with each other 
as intended. With the exception of the input devices and the 
display, the other components need not be at the same 
physical location. Thus, for example, portions of the file 
Storage System could be connected via various local-area or 
wide-area network media, including telephone lines. 
Similarly, the input devices and display need not be at the 
Same location as the processor, although it is anticipated that 
personal computers and WorkStations typically will be used. 

Bus Subsystem 304 is shown schematically as a single 
bus, but a typical System has a number of buses Such as a 
local bus and one or more expansion buses (e.g., ADB, 
SCSI, ISA, EISA, MCA, NuBus, or PCI), as well as serial 
and parallel ports. Network connections are usually estab 
lished through a device Such as a network adapter on one of 
these expansion buses or a modem on a Serial port. The 
client computer may be a desktop System or a portable 
System. 

Scanner 320 is responsible for scanning casts of the 
patient's teeth obtained either from the patient or from an 
orthodontist and providing the Scanned digital data Set 
information to data processing system 300 for fulirther 
processing. In a distributed environment, Scanner 320 may 
be located at a remote location and communicate Scanned 
digital data Set information to data processing System 300 
via network interface 324. 

Fabrication machine 322 fabricates dental appliances 
based on intermediate and final data Set information received 
from data processing system 300. In a distributed 
environment, fabrication machine 322 may be located at a 
remote location and receive data Set information from data 
processing system 300 via network interface 324. 
The invention has been described in terms of particular 

embodiments. Other embodiments are within the scope of 
the following claims. For example, the three-dimensional 
Scanning techniques described above may be used to analyze 
material characteristics, Such as Shrinkage and expansion, of 
the materials that form the tooth castings and the aligners. 
Also, the 3D tooth models and the graphical interface 
described above may be used to assist clinicians that treat 
patients with conventional braces or other conventional 
orthodontic appliances, in which case the constraints applied 
to tooth movement would be modified accordingly. 
Moreover, the tooth models may be posted on a hypertext 
transfer protocol (http) web site for limited access by the 
corresponding patients and treating clinicians. 
What is claimed is: 
1. A method for displaying an orthodontic view of a 

patient's teeth, comprising: 
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capturing three-dimensional (3D) data associated with the 
patient's teeth; 

determining a viewpoint for the patient's teeth; 
applying a positional transformation to the 3D databased 
on the Viewpoint; 

rendering a graphical representation of the patient's teeth 
based on the positional transformation; 

determining a treatment path for each tooth; and 
updating the graphical representation of the teeth to 

provide a visual display of the position of the teeth 
along the treatment paths. 

2. The method of claim 1, further comprising generating 
a right buccal Ovejet view of the patient's teeth. 

3. The method of claim 1, further comprising generating 
an anterior ovedject view of the patient's teeth. 

4. The method of claim 1, further comprising generating 
a left buccal overjet view of the patient’s teeth. 

5. The method of claim 1, further comprising generating 
a left distal molar view of the patient’s teeth. 

6. The method of claim 1, further comprising generating 
a left lingual view of the patient's teeth. 

7. The method of claim 1, further comprising generating 
a lingual incisor View of the patient's teeth. 

8. The method of claim 1, further comprising generating 
a right lingual view of the patient's teeth. 

9. The method of claim 1, further comprising generating 
a right distal molar view of the patient's teeth. 

10. The method of claim 1, further comprising rendering 
a 3D graphical representation of the teeth at the positions 
corresponding to a Selected data Set. 

11. The method of claim 1, further comprising applying a 
level-of-detail compression to the Selected data Set to render 
the graphical representation of the teeth. 

12. The method of claim 1, further comprising receiving 
an instruction from a human user to modify the graphical 
representation of the teeth. 

13. The method of claim 12, further comprising modify 
ing the Selected data Set in response to the instruction from 
the user. 

14. The method of claim 1, further comprising providing 
a graphical interface, with components representing the 
control buttons on a Video cassette recorder, which a human 
user can manipulate to control the animation. 

15. The method of claim 1, further comprising using only 
a portion of the data in the Selected data Set to render the 
graphical representation of the teeth. 

16. The method of claim 1, further comprising allowing a 
human user to Select a tooth in the graphical representation 
and, in response, displaying information about the tooth. 

17. The method of claim 16, wherein the information 
relates to the motion that the tooth will experience while 
moving along the treatment path. 

18. The method of claim 1, wherein rendering the graphi 
cal representation comprises rendering the teeth at a Selected 
one of multiple viewing orthodontic-specific viewing 
angles. 

19. The method of claim 1, further comprising receiving 
an input Signal from a 3D gyroscopic input device controlled 
by a human user and using the input Signal to alter the 
orientation of the teeth in the graphical representation. 

20. A computer program, residing on a tangible Storage 
medium, for use in displaying an orthodontic view of a 
patient's teeth, the program comprising executable instruc 
tions operable to cause a computer to: 

capture three-dimensional (3D) data associated with the 
patient's teeth; 

determine a viewpoint for the patient's teeth; 
apply a positional transformation to the 3D databased on 

the Viewpoint, and 
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render a graphical representation of the patient's teeth 

based on the positional transformation; 
determine a treatment path for each tooth; and 
update the graphical representation of the teeth to provide 

a Visual display of the position of the teeth along the 
treatment paths. 

21. The computer program of claim 20, further compris 
ing instruction to generate a right buccal overet View of the 
patient's teeth. 

22. The computer program of claim 20, further compris 
ing instructions to generate an anterior overject view of the 
patient's teeth. 

23. The computer program of claim 20. further compris 
ing instructions to generate a left buccal overet View of the 
patient's teeth. 

24. The computer program of claim 20, further compris 
ing instructions to generate a left distal molar view of the 
patient's teeth. 

25. The computer program of claim 20, fulirther compris 
ing generating a left lingual view of the patient's teeth. 

26. The computer program of claim 20, further compris 
ing generating a lingual incisor View of the patient's teeth. 

27. The computer program of claim 20, further compris 
ing instructions to generate a right lingual view of the 
patient's teeth. 

28. The computer program of claim 20, further compris 
ing instructions to generate a right distal molar view of the 
patient's teeth. 

29. The computer program of claim 20, further compris 
ing instructions to render a 3D graphical representation of 
the teeth at the positions corresponding to a Selected data Set. 

30. The computer program of claim 20, further compris 
ing instructions to apply a level-of-detail compression to the 
Selected data Set to render the graphical representation of the 
teeth. 

31. The computer program of claim 20, further compris 
ing instructions to receive an instruction from a human user 
to modify the graphical representation of the teeth. 

32. The computer program of claim 31, further compris 
ing instructions to modify the Selected data Set in response 
to the instruction from the user. 

33. The computer program of claim 20, further compris 
ing instructions to provide a graphical interface, with com 
ponents representing the control buttons on a Video cassette 
recorder, which a human user can manipulate to control the 
animation. 

34. The computer program of claim 20, further compris 
ing instructions to use only a portion of the data in the 
Selected data Set to render the graphical representation of the 
teeth. 

35. The computer program of claim 20, further compris 
ing instructions to allow a human user to Select a tooth in the 
graphical representation and, in response, displaying infor 
mation about the tooth. 

36. The computer program of claim 35, wherein the 
information relates to the motion that the tooth will expe 
rience while moving along the treatment path. 

37. The computer program of claim 20, wherein the 
instructions to render the graphical representation comprises 
instructions to render the teeth at a Selected one of multiple 
Viewing orthodontic-specific viewing angles. 

38. The computer program of claim 20, further compris 
ing instructions to receive an input signal from a 3D gyro 
Scopic input device controlled by a human user and using the 
input signal to alter the orientation of the teeth in the 
graphical representation. 
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