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36 Programming in the Simple Raster Graphics Package (SRGP) 

2.2 BASIC INTERACTION HANDLING 

ow that \i e know how ro draw basic hap and texr, our next t pis ro learn how 
to write interactive program that communicate effectively with Lhe u er via input 
device· uch a the keyboard and tbe mou e. First, w look at g neral guidelines 
for making effective and ple ant-to-u e inteiactiv program · then we discu the 
fundamental noti n of logical (ab tra t) input de ice . Finally, we look at RGP' 
mechani. m ~ r dealing wilh variou a p ts of interaction handling. 

2.2.1 Human Factors 

The designer of an interactive program mu ·t deal with many matters that do not 
ari e in a noninteractive, batch program. They are the o-called human factors of 
a pr gram u ha it intera tio,1 tyle (often called look and f'e I) and i ca e of 
learning and f u e and th y are imp rtant a it functional completene and 
corTeclness. Techniques for u er-computer interaction that exhibit good humnn 
facto, are tudied in m r detail in hapter 8. Th guideline di cus ed there 
in Jude these: 

■ Provjde simple and consistent int racti n equ nee . 

■ Do not overload the user with too many different options and tyle . 

■ Show the available option clearly at every tag of the interaction. 

■ Give appropriacefeedback to the u · r. 

■ Allow the u er to recover gracefully from mistak 

e attempt to foll w the e guideline for good human factor in our ample pro­
gram . For example, we 1ypically us menus to aUow the u er t indicate " hi<.:h 
function to exc ute next, by u ing a mouse to pick a I t button in a menu o su h 
button . Also common ar palettes (iconic menu ) f basic geometric primitives, 
application- pccific ymbol , and fill pattern . nu and pal rt ati fy our fir L 

three guideline in that their ntrie prompt the user with a li t of available option 
and provide a in •le, con. isL nt way of hoo ing am ng the e options. Unavai lable 
option may b irher deleted temporarily r grayed 0111 by being drawn in a low­
inten ily gray- cale pattern rather Lhan a olid olor ( ee Programming Proj ct 
2.14). 

Feedback occur at every step of a menu operation to satisfy the fourth guide­
lfoe: The appli at ion program will highlight the menu hoic or object elccri n­
for example di play it in in erse video r framed in a rectangl to draw atlemion 
to it. The packag itself may al o provid an echo in which an immediate re p n ·e 
to the manipulation of an input dev ic i given. For c ampl , haracter app ar 
immediately at the po ition of the cur or a keyboard input is typed· a th mou e 
is moved on the table or de ktop a cur or ecboe th corresponding location on th 
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creen. Graphj pa kage offer a va.riecy of cur or hap · that can be u ed by lhe 
app lication program to refle I the -rate of the program. ln many di play systems, 
the ur or bape an b vari d dynamically as a function f the cur or' po ition on 
the ere n. [n many word-proce ing program-, for example, th ur or i . hown 
as an arrow in menu areas and as a bLinking vertical bar in text area . 

Graceful error recovery, our fifth ujdeline, i u ually provided lhrougb cancel 
and undo/redo feature . They require the application program to maintain a record 
of op ration and their inver, e, con tive action . 

2.2.2 Logical Input Devices 

Device types in RGP. major goal in de ·igning grnphic pa kages i devi e 
independence, which enhances portability of application . RGP achiev Lhi 
goal for graphi utput by providing primitiv speci.fi d in term of an abstract 
integer c ordinate sy tern , thus shielding the application from the need to ct lhe 
individual pixel in the frame buffer. To provid a level of ab traction for 0 raphi 
input, SRGP uppon a et of logical input d ice that hield he application 
from the derajls o· the phy ical input device wailable. Two logical device are 
upported by SR P: 

■ Locator device for p cifying creen coo.rdinat and the • tate of ne or 
more a ociated butt ns 

■ Kc board a devic for pecifying charac~ r string input 

SRGP map the logical device onto the physical devices available (e.g., the 
locator could map to a mou e. jo tick, tabl t or tou h- en itive crecn). This 
mapping of logical to phy ical i · familiar from nventionaJ pr cedural languages 
and op rating y terns in which I/0 device uch a t nninal , disks, and lape 
drive ' are ab tracted to I gi al data file to a hicve both dcvi.ce-independen and 
implicity of application programming. 

Device handlin in other package . SRGP' input model i e entinl ly a ub el 

of the GKS and PHlGS input model . SRGP implementation uppo1t onl one 
logical Locator and one keyboard dcvic , wh reas OKS and PHIG allow multiple 
devic of each type. Th e package also ·upport additional device type : the 
troke dcvke (r turning a polyline f cursor po ition entered wirh the pby. ical 

locaLOr . the choice device ab tra ting a fun lion-key pad and r turning a key 
identifi r), the valuator (abstracting a Jider or ontrol dia] and r turning a float­
ing-point number), and th pick devi e (ab lracting a pointing d vice uch a a 
mou e or data tablet with an associal d button to signify a election. and .returning 
the identification of the logical entity picked). Other packages, such a Quick.Draw 
and th X Window System, banciJe Lnpur device in a mor device-dependent way 
that gi lh programm r finer conlrol over an individual device' peration at 
the co t of greater appli aLion-program complexity and reduced portability to other 
plalforms. 



0017 Exhibit 1015 page 17 of 65 
DENTAL IMAGING

38 Programming in the Simple Raster Graphics Package (SAGP) 

Chapter laborates funher on the properrie f logical devices. Her we 
briefly ummariz modes of interacting with logical d vice in g neral, and Lhen 
examine SRGP' int raction functions in more detail. 

2.2.3 Sampling Versus Event-Driven Processing 

Two fundamental technique-~ are used to re eive in.formation created by u er inter­
action . ln sampling (also called polling) U,e application program querie the cur­
rent aJu of a logical input device (called the m asure of the de ice) and 
continue execution. The amp ling i performed regardle of whether the de i e' 
measure has changed since the last sampling; indeed, only by conti nuous sampling 
of Lhe d vice will changes in ihe device' state be known to the application. Thi 
mode i co tly for iotcractiv application , becau e th y would ·pend mo t of lheir 
CPU cycles in tight ampling loops waiting for measure change . 

An al ternative to the PU-intensive polling loop is th interrupt-driven 
interaction ; in thi technique the appli atio11 enables one or mor devices for input 
and then continue nonnal e ecuti.on until interrupted by ome inpul e enl (a 
change in a device late aused by user action); control then pa · e asynchro­
nous ly to an in terrupt procedur , whi h re ponds Lo the evenL For each inpul 
device, an event trigger i defined; th ev nt trigger i the u er action that aus 
an e ent to o cur. Typically. cbe trigger i a button pu h ucb a pr of the 
mou e button (mou e down) or a pres of a eyboard key. 

~ free applications pr grammer from the tricky and difficult aspects of 
asynchronous tran fer of control, many graphic packages, including OKS, 
PHIO , and SRGP offer e ent-dri en intera tion a a ynchronou imularion of 
interrupt-driven interaction. In tbi technique, an application enable de ices and 
th n continue exc ution. 1n the background, the package monitor · the device. and 
tores information about each event in an event queue (Fig. 2. 11 ). The appli ation 

al it onvenience heck th event queue and pro the ev nc in remp ral 
order. In effect th application pecifie when it would like to be imerrupied. 

When an application che k the event queue it p cifies whether il would like 
to enter a wait late. If the queue contain · one or more event reports the head 
event (repre enting U1e event that occurr d earlie t i. removed, and iLS in~ m1a­
tion i made a ailnble to th application. If the queue i empty and a wait ta t i 
not de ired, the application i informed that no event i avaiJable and that it i free 
to continue execuLion. If the queue is emply and a wait tate i d ired, the applica­
tion pau until the next ev nt ccurs or until an appli arioo- p ificd maximum­
wait-time intervaJ pa es. In effect, event mode replace polling of the input 
devi e with the much more ef6cienl wai ting on the cv nt queue. 

In ummary, in , ampling mode, th device i p li ed and an event measure i 
collected regardle of any u er activity. ln event mode, the appli ation either gets 
an event repo11 fr m a prior u er a Lion or wait until a u er a tion (or timeout 
oc ur . ft is thi respond only when the us r acts behavior of event mode that is the 
essential different: between umpled and event-driv n input. Evenl-driven pro­
gramming may eem more complex than ampling but you arc already familiar 
wilh a imilar te ·hnique u d with the anf function in an interacti e C program: 
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Figure 2.11 Sampling versus event-handling using the event queue. 

Program2.4 

Event-driven interaction 
scheme. 

C enables the keyboard, and the application waits in th scanf until rhe u er ha 
completed entering a line of text. ome environments allo th can£ tatement to 
acce character that wer typed and queued before the canf wa i sued. 

implc event-driven progran in SRGP and in imilar pa kage follow the 
reacLive pin •-pong intera 1ion introduced in Section 1.4.3 and p eud cod d in 
Frog. 2.4; this interaction can be nicely modeled as a finite-state automaton. M re 
complex tyl of interacti n, aUowing imuJtan u pr gram and u er activity 
are djscus ·cd i□ Chapter 8. 

initialize, including generating the initial image; 
activate interactive device(s) in event mode; 
do { r main event loop 'I 

} 

wait for user-triggered event on any of several devices; 
switch ( which device caused event) { 

case DEVJCE_1 : co/lectDEVICE_1 event measure data process, respond; 
case DEVICE_2: collect DEVICE_2 event measure data, process, respond; 

while ( user does not request quit) ; 

Event-driven applica1ion typically pend mos1 of Lhcir tim in a wait tate. 
ince interaction i dominated by think time during which Lhe u ·er decide what to 

do next; even in fa t-paced game application th number of event a user can 
generate in a sec nd i a fraction of what the application could handle. Since 
SRGP typically implement event mode u ing true (hardware) interrupts, the ~ ait 
stat effe tively u e no PU time. On a multita king y tern the ad antag i, 
obvio□s: The event-mode applica tion requires PU time only for short bw- ts of 
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a ti ity imm diat ly 6 Jlowing u r a tion. thereby .freeing the PU for other 
ta k. 

One other point, about corre t u of vent mod , sh uld b memion d. 
Although the queueing, mechanism doe allow program and user to operate a yn­
chronou ly, the u er should nor b allowed t g_et too far ahead of the program, 
becau e each event h uld re ult in an echo well as ome feedback from the 
application program. It i t11.1 that exp ri.enc d us rs have learned to u ' C typea-
head to type in parameter uch as file nam or even operating- t m c mmand 
whi le the sy tern i proce sing earlier reque ts, c p cially if at I ast a character-by­
character echo i provided immediat ly. In contra 1., mou ahead for graphi al 
command is genentlly not a usefuJ (and is much more dangerou ·), because tbe 
u er u ually need to ee the creen updated t refl ct th application model ur­
rem state before the ne l graphical int raction. 

2.2.4 Sample Mode 

cti ating deacti ating, and setting the mode of a de ice. The following 
function is u ·ed to activate or deactivate ad vice; takin a dcvi e and a mode a 
param l r: 

void SRGP _setlnputMode ( lnputDevlce LOCATOR / KEYBOARD, 
lnputMode INACTIVE/ SAMPLE/ EVENT); 

Thu , to set the locator to sample mode, we call 

SRGP _setlnputMode (LOCATOR, SAMPLE)· 

lniLially, both devices are inactive. Placing a dev ice in a mode in no way affect the 
other i.nput devico--both may be ,l tiv imullaneou Ly and ven then need not be 
in the ame mode. 

T he locator mea u r • The locator i a Logical ab traction of a mous or data 
tablet returning the cur or po ition as a creen (x, y) coordinat pair the number of 
the button that mo t re ently exp rienced a tran ition, and th tale of the button 
· a chord array ( ince multiple bu110 can be pr ed imultaneou ly . The ec­
ond field let the application know which bullon caused the trigger for tbat event. 

typedef struct { 
point position; 
enum { 

UP, DOWN 
} buttonChord[MAX_BUTTON_COUNT]; 
int buttonOIMostRecentTransition; 

} locatorMeasure; 

rTypically 1-3 I 

Having acti ated the locator in ample mode with the SRGP _ etlnputMode func­
tion , we can a k it current measure using 

void SRGP _sampleLocator ( locatorMeasure *measure) ; 
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Let us e amine the prol rype ampling application hown in Prog. 2 .. a simple 
pain1ing loop involving only button I on the locator. Such painting entails leaving 
a trail of pain where Lhe user has dragged the locator while holding down button l; 
Lhe locator i ampled in a loop a the u er move· it. PirsL, we mu t detect when the 
u er start painting by ampling the button until it i depr s cd· then w place th 
painl (a filled rectangle in our irnpl example) al each sample point until the user 
relca es the button. 

set up color/pattern attributes, and brush size in halfBrushHeight and ha/fBrushWidth 
SRGP _setlnputMode(LOCATOR, SAMPLE); 

t First, sample until the buttoh goes down ."/ 
do { 

SRGP _samplelocator(locMeasure); 
} while (locMeasure.buttonChord[0J "'"" UP); 

/" Perform the painting loop: 
Continuously place brush and then sample, until button is released .*/ 

do { 
reel = SRGP _def Rectangle( locMeasure.posltion.x - halfBrushWidth 

locMeasure.posltlon.y - halfBrushHeight, 
locMeasure.position.x + hal!BrushWidth , 
locMeasure.position.y hal!BrushHeight )· 

SRGP _fillRectangle (rec! ); 
SRGP _sampleLocator( &locMeasure ); 

} while ( locMeasure.buttonChord[0J == DOWN ); 

The re: ult of r.hl equence are crude: The paint rectangles are arbitrarily 
clo together or far apart, with Lheir den ity ompletely dep nd nt on how far the 
locator wa · m ved between consecutive sample . The sampling rate is detennined 

entialiy by the peed al which th CPU run 1J1e operating ·ystem, ch package, 
and the applicatjon. 

Sample mode is available for both logical devices; however, the keyboard 
d vice is almost alway operated in event mode, so technique · for sampling it are 
not addre eel here. 

2.2.5 Event Mode 

ing e ent mode for initiation of ampling loop . Although the two ampling 
loop of the painting e mnple (one to detect the bunon-down tran ition, th other 
to paint until the button-up transition) certainly do the job th y put an unnecessary 
load on the P . Although overloading may not be a eriou concern in a per onaJ 
omputer, it i not advi able in a y tern running multipl ta. k · let alone doing 

time-sharing. Although it i certainly nece sary to ampl the locator rep Litively 
fo r the painting loqp itself (because we need to know I.he p si tion of the locator at 
alJ tim · whil the button i down) we do not need to use a ampling loop to wait 
for the button-down event that initiate the painting int r tion. Event mode, 
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di. u ed ne ·1 can be u ed when there i no need for mea ure .information while 
wairing for an event. 

R P _ wait ent. AL any time after RGP _ erlnputMode Ir acti ated a 
de i e in event mode. the pr gram ma in peel the vent queu by entering lhe 
wait slate with 

inputDevice SRGP _waitEvent ( Int maxWaitnme ); 

The function returns immediately if the queue is nol empty· oth r\ i e, the param­
eter specifies th maximum amount of Lime (mea ured in 1/60 second) for which the 
fun tion hou ld wait for an e cnt to fill th queue. A n gative maxWaitTime ( pec­
ified b the ymb lie con rant INDEFI ITE) cau e th fun tion to wait indefi­
nitely whereas a value of zero cause it to return immediately, regardle.. the 
state of the queue. 

The function returns th identity o the devic that is ued the head event, as 
LOCATOR, KEYBOARD, or N0_DEVICE. The pecial value O_DE ICE i returned 
if n event was available within the pecified time limit-Lhac i , if the d ice 
timed out. T11e device type can then be tested to determine how lhe head event'' 
measure hould be retrieved (described lat r in this " ction}. 

The ke boa rd d ice. The trigger e cnt for the keyboard devi e depend on the 
proces ing mode in which th keyboard device ha been p'la ed. EDIT mode i 
u ed wh n the application re eives tring (e.g. file names command ) from the 
user, who type and edits th tring and then pres the Return k to trigg r the 
event. In RAW mode, u ed for interaction in which the keyboard mu L be moni ­
tored closely every key pres triggers an event. The application u e the following 
function to et the processin° mode: 

void SRGP _setKeyboardProcessingMode ( keyboardMode EDIT / RAW); 

In EDJT mode, th user can rype entire t:ring , correcting them with the backspace 
key neces ary. and then u e the Return (or Enter) key as lTigger. Thi mode i 
u ed when the u r i to type in an entire trin° uch a file nam or a figure 
label. All control keys ex ept backspace and Return are ignored and the mca ure 
is the tring a it appears at the time of the trigger. In RAW mode, on the other 
hand each character cyp d, including control cbara tcr . . i a trigger and i return d 
individually a the measure. Thi mode i u eel when individual keyboard charac­
ter · act a commands-for example, for moving rh cur or, for ·irnple edi.ting 
operation , or for video-gam actions. RAW mod prov ides no echo whereas 
EDIT mode e h the tring on the er en and di ·plays a te:d cur ·or ( uch a an 
under core or block chara t r wher th ne t chara ter to be typed will appear. 
Each back pace au es th~ rext cursor t back up and to erase one character. 

When SRGP _wrutEvent retu rns th device code KEYBOARD the applica­
tion obtain the m a ure as. ociatcd with the event by calling 

void SRGP _getKeyboard (char 'measure, int buffersize); 
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When the keyb ard device i a rive in RA mode it me ure i alway e ·a tly 
one character in length. ln this case, the fir t charact r of th men. ure string return 
tJ1 R W measur . 

The progmm shown in Prog. 2.6 demonsrrac s the use of EDT mo e. It 
receive a Ii t of file name from the user. d leting each file o ntered. When the 
u er ent r a null tring (by pre sing Return without typing any other haract r ) 
the interaction end . During th interaction, the program waits indefioi.tely for the 
u r to ntcr the next tring. 

Although thi code xplicilly speci fies where the text prompt is to appear it 
doc not specify wher tJie u r' input tri_ng i 1yped (and c rrect d with the 
back pace . Th location of this keyboard e ho i pecified by th programm r. as 
dj cu edinSection2.2.7. 

The locator device. The trigger ev n for the lo ator device is a pr or release 
of a mou ·e button. When SRGP_waitE ent return tl1e device code LOCATOR. 
the appljcation obtain the measure a ociated with tbe event by calling 

void SRGP _getlocator { locatorMeasure •measure ); 

Typically, the po ition field f the mea ur i. used Lo determine in which area of 
the ·creen the u er designated the point. F r example, if the locator cur or is in a 
reccaagular region where a menu button i di played, th event hould be jnLer­
pretcd as a request for . ome action; if i_t is in the main drawing area. the po.i nt 
might be in id a pre iou ly drawn object to indicate it hould b elec~ d. or in an 
empty region to indicate where a new object hould be pla ed. 

#define KEYMEASURE SIZE 80 
SRGP _setlnputMode(KEYBOARD, EVENT); Assume only keyboard is active*/ 
SRGP _setKeyboardProcessingMode(EDln; 
pt= SRGP _def Point( 100, 100 ); 
SRGP _text( pt, "Specify one or more files to be deleted' to exi press Return\n" ); 

r main event loop ·1 
do { 

} 

inputoev = SRGP _wal!Event( INDEFINITE); 
SRGP _getKeyboard( measure , KEYMEASURE_SIZE ); 
if (strcoll (measure, "" )) 

DeleteFi!e{measure); r DeleteFile does confirmation, etc.'/ 

while ( strcoll(measure, '"' ) ); 

Th p eud code hown Ln Prog. 2.7 ( imilar to that hown prcv.iously for the key­
board) implemcn another u e of the lo aror, letting d1 u er peci(y poin~ at 
which marker are to be placed. The u er terminate th marker-pJa ino lo p by 
pr sino lh locator burton while th cursor point to a ·creen button, a rectangl 
containing the 1ex1 quit. 

TJ1 this example. nly the user' pre ing of locator button I i ·ignificant: 
relea es of the button are ignored. ote that 1he button mu r be relea ed before the 
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next button-pres · event can take place- the event is triggered by a transit ion, not 
by a button state. Furthem1ore, to en w·e that events coming from the otJ1er buttons 
do not disturb this interaction, the application tell SRGP which bultons are to trig­
ger a locator event, by calling 

void SRGP _setLocatorButtonMask ( Int activeButtons ); 

Values for the button mask are LEPT_BUTTO _MASK, MIDDLE_BUITO -
MASK, and RIGHT _BUTTO _MASK A composite mask is fotmed by logically 
or 'ing individual values. The default locator-button mask is 1, but no matter what 
the mask is. all buttons always have a measure. On implementations that upport 
fewer than three bullons , references to any nonexistent buttons are simply ignored 
by SRGP, and the e button ' measures always contain UP. 

T he func tion PickedQuitButton compares the measure position against the 
bounds of the quit button rectangle and returns a Boolean value ignifying whether 
the user picked the quit button. Thjs process is a imple ex,unple of pick correla­
tion, as discussed in Section 2 .2.6. 

#define QUITO 
create the on-screen Quit button; 
SRGP _setlocatorButtonMask( LEFT_BUTTON_MASK }; 
SRGP _setlnputMode( LOCATOR, EVENT); r Assume only locator is active '/ 
r main event loop */ 
terminate= FALSE-
do [ 

inpu!Dev = SRGP _waitEvent( INDEFINITE); 
SRGP _getlocator( &measure ) ; 

l 

if (measure.buttonChord[OUITI == DOWN ) { 
if PickedQuitButton ( measure.position) terminate = TRUE; 
else 

SRGP _marker( measure.position ); 

while (!terminate); 

Waiting for multiple events. The code fragment in Progs. 2.6 and 2.7 did not 
il lustrate event mode's greate t advantage: the abiJjty to wait for more than one 
device at the ame time. SRGP queues events of enabled devices in chronological 
order and lets the application program take the fast one off Lhe queue when 
SRGP _wa itEvent is caUed. Unlike hardware interrupts, which are processed in 
order of priorities, event are thus processed strictly in temporal order. The 
application examines the returned dev ice code to determine which device caused 
the event. 

The function shown in Prng. 2.8 allows the user to place any number of mall 
circle markers anywhere within a rectangular drawing area. The user place a 
marker by pointing to the desired position and pressing button l then requests that 
the interaction be tem1inated ei.ther by pressing button 3 or by typing 'q" or "Q". 
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#define PLACE_BUTTON 0 
#define QUIT _BUTTON 2 

generate initial screen layout, 
SAGP _setlnputMode( KEYBOARD, EVENT ); 
SRGP _setKeyboardProcessingMode( RAW); 
SRGP _setlnputMode( LOCATOR, EVENT ); 

45 

SRGP _setLocatorButtonMask( LEFT_BUTTON_MASK 1 RIGHT_BUTTON_MASK )· 
r Ignore 2nd button ·1 

Main event loop */ 
terminate = FALSE; 
do { 

} 

device = SRGP _waitEvent( INDEFINITE ); 
switch ( device ) { 

case KEYBOARD: 
SRGP _getKeyboard( keyMeasure, lbuf ); 
terminate= (keyMeasure[0] == 'q') II (keyMeasure[0] =: 'O'); 
break; 

case LOCATOR: { 
SRGP __getLocator( &locMaasure ); 
switch ( locMeasure.buttonOIMostRecentTransition ) { 

case PLACE_BUTTON: 
if (( locMeasura.buttonChord[PLACE_BUTTON] == DOWN ) 

&& lnDrawingArea( locMeasure.position )) 
SRGP _marker( locMeasure.position ); 

break; 
case QUfT_BUTTON: 

terminate = TRUE; 
break; 

) r button case'/ 
) r locator case • I 
r device case •1 

while (!terminate ); 

2.2.6 Pick Correlation for Interaction Handling 

A graphics application cu tomarily divides the crecn area into region dedicated 
to pecific purpo e . hen the u er pre e the locator button, the application mu I 

detern1ine exactly what creen button , icon, or other object wa sele ted, if any, o 
that it can r pond appropriately. Thjs detennination , alled pick correlation, is a 
fundamental part of interactiv graphic . 

An application pr gram u ing RGP perfonns pick corr lation by detc1min­
ing in which region ch cur or i located, and then whi h obje t within that r gion, 
if any, the u er i selecting. P ints in an empty subregion might be ignored if the 
point i b twe n menu button ' in a menu , for example) r mioht pecify the 
de ired po ition for a new objc t (if the point lie in the main drawing area). ince 
a great many region · on the creen ar upright. rectangles almost all the work for 
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pick corr lation can be done by a imple frequently used Boolean functi n that 
che ks wh lber a given point lie .in a given rectangle. The GEOM package di trib-
uted with RGP includes thi function (GEOM_pllnRect) well as other utilitie 
for coordinate arithmetic. ( or more in fom,ation on pick orrelation, ee ction 
7.11.2.) 

Ler u · loo at a cla, ice ample of pick orrelaLion. m1sid r a painting app1i­
cation with a menu bar acros the Lop of d1e creen. Thi' menu bar onlain the 
name of pull-down menu called menu header . When the u er picks a header 
(by placing the cur or on top of the header · text tring and pre ino a I cator but­
ton), the corre ponding m nu body i di played on the creen below the header 
and rhe header i highlighted. After the u er ele ts an entry on the menu (by 
relea ing the locator button), the menu body di appear and the header i unhigh­
lighted. The re t of th creen contains the main drawing area in which the u. er can 
place and pi k object . The applicatfon in creating each object a sign, it a unique 
po ilive integer identifier (ID) that is returned by the pick- on-elation functi n for 
further proces ing of the object. 

void Highl evellnteractionHandler( locatorMeasure measureOflocator ) 
{ 

if ( GEOM__pointlnRect( measureOflocator.position, menuBarExtent ) { 
/' Find out which menu 's header, if any, the user selected; 

Then, pull down that menu's body ·1 
menu ID ==- CorrelateMenuBar( measureOflocator.position ); 
if ( menulD > O ) { 

) 

chosenltemlndex = PerformPulldownMenulnteraction( menu!D ); 
if (chosenltemlndex > O ) 

PerformActionChosenFromMenu(menulD, chosenltemlndex); 

else r The user picked within the drawing area; detect what and respond */ 
{ 

objectlD = CorrelateDrawingArea( measureOILocator.position ); 
If ( objectlD > O) ProcessObject{ objectlD ); 

Wl1en a point i obtained from the locator via a button-down event the high­
le cl int raction-handling chema hown in Prag. 2.9 is executed; it i e sentially a 
dispatching procedure that u es pick orrelation within die menu bar or u,e main 
drawing area to divid Lhe work among menu- and object-picking functions. Fi rst, 
if the cursor was in the menu bar, a ub idiary cotT lation procedure determine · 
whether the u er eJe ted a menu head r. If o a procedure (detailed in Section 
2.3.1 ) is called to perform the menu interaction- iL rentm an index pecif ing 
which item within die menu b dy (if any) was cho en. The menu fD and item 
index together uniquely identify the aclion that should be taken in r pon e. 1f the 
cur or wa nol in the menu bar but rath r in the main drawing area an ther subsid­
iary correlation procedure is called to determine what object wa , picked. if any. U 
an objecl was picked, a pr ce ing procedure i called ro re pond appropriately. 
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The function CorrelateMenuBar pert·onns a finer correlation by calling 

GEOM_poinL!nRect once for each menu header in the menu bar; i t acces es a data 

tructme storing the rectangular screen extent of ach header. The function Corre­

lateDrawingAiea must do more sophisticated con-elation because typ.ically, 

objects in the drawing area may overlap and are not necessarily rectangular. 

2.2.7 Setting Device Measure and Attributes 

Each inpuL device has its own et of attributes, and the application can set tbese 

attributes 10 custom-tailor ll1e feedback the device presents to the user. (The button 

mask presented earlier is also an attribute; it differs from those presented here in 
that it does not affect feedback.) Like output-primitive attributes, input-device 

attribute are se1 modally by specific function . Attribute can be set at any time, 

whether or not the device is active. 
In addition, each input device' measure normally determined by the user s 

acti.ons, can also be set by the application. Unl.ike input-device attributes, an input 

device's measure is reset to a default value when the device is deactivated; thus 

upon reactivation, devices initially have predictable values, a convenience to the 

programmer and to the user. Thi automatic resetting can be overridden by explic­

itly etti.ng a device's measure wh1le it is inactive. 

Locator echo attributes. Several types of echoes are useful for the locator. T.be 

programmer can control bolh echo type and cursor shape witb 

void SRGP _setlocatorEchoType ( echo Type NO_ECHO / CURSOR / 
RUBBER_LINE /RUBBER_RECT ); 

The default is CURSOR, and SRGP implementations supply a cursor table from 

which an application ele t a desired cursor shape ( ee the reference manual). A 

common use of the ability to pecify the cursor shape dynamically is to provide 

feedback by changing the cursor shape according to the region in which the cursor 

lies. RUBB ER_LlNE and RUBBER_RECT echo are commonly used to specify a 

line or box. With these echoe. set, SRGP automatically draws a continuou ly 

updated line or rectangle as the user move the locator. The line or rectangle i 

defined by two point , lhe anchor point (another locator attribute) and the curreDt 

locator posiLion. F igure 2.12 illustrates the use of these two modes for user ·pecifi­

cation of a line and a rectangle. 
In Fig. 2.12(a) the echo is a cro -hair cursor. and the u er is about to pre s 

the locator button. The application initiate a rubber echo, anchored at the current 

locator position, in response to the button press. In parts (b) and (c), the o er's 

movement of the locator device is echoed by the rubber primitive. The locator 

position in part (c) is returned to the application whm the user release Lhe button, 

and the application re pond by drawing a line or rectangle primitive and re taring 

normal cursor echo (see part d). 
The anchor point for rubber echo is set with 

void SRGP _setlocatorEchoRubberAnchor ( point position ); 
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+ 
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+ 

+ □ -(a) (b) (c) (d) 

Figure 2.12 Rubber-echo scenarlos.(a)Button press imitates echo. (b) Rubber primitive echoes locator 
device. (c) Locator position returns to application. (d) Application draws line and restores 
echo. 

An appl.ication typically u. e the position field of the measure obta.ined from the 
mo t re enl lo ator-button- pre vent a th anchor p ition, in e that button 
pres typically initiates the rubber-echo equence. 

Locator measure control. The position portion of the locator mea urc i auto­
matically re. el to the enter of 1..h creen whenever th locator i deactivated. 
Unle rhe programmer explicit] r et it, the measure (and feed back po ition, if 
the ech i active) is initialized to that same po iti.on when the devi e i rea ti ­
vated. AL any time whether the device is active or inactive, the programmer can 
J'e ·et the locator mea ure th position portion not the field concerning th but­
ton ) by u ing 

void SRGP _setlocatorMeasure ( point position); 

Re etti.ng the measure wh ile the locator is inactive ha no immediate effect on the 
creen but resetting it whlJe the locator i active hanges the echo (if any) a ·cord­

ingly. Thu i.f the program want the cur or to appear initially ar a po irion oth r 
than the center \ hen the locator i activated, a call to SRGP _ elL atorMeasure 
with that initial po ition mu t preced the call to RGP _ etI:nputMode. Thi te h­
nique i commonly used to achieve continuity of cur or position: The la t measure 
before the locator wa deactivated i stored, and the cursor i I wmed to that po i­
tion when it i reactivated. 

Ke board attributes and measure control . nlik the locator, whose echo i · 
po itioned to reflect movement. f a phy ical device, there i no obvious ere n 
po ition for a keyboard devic s ech . The po ition i thu an attribute (with an 
implementation- pccific default alue) of the keyboard device that can be set via 

vofd SRGP _setKeyboardEchoOrigin ( point origin ); 
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The default measure for the keyboard i · automaticall re et to the oull tring when 
th keyboard i deactivate . etting rhe measure c ·plicitly to a nonnull initial 

alue just befor activating th - keyboard is a convenient way to present a default 
input tring (di. pla ed by RGP as oon a echoing begin that the u er an 
ac pt i or m ctify before pre ing th Return kc . thereby minimizing typing. 
The k yboard' rnea ure, a character tring. i el vifl 

void SRGP _setKeyboardMeasure ( char 'measure ); 

12-3 RASTER GRAPHICS FEATURES 

B now. e ha introduced mo t of th feature f RGP. Thi · e tion di cu 
1be r maining facilities that take panicular advantage of ra ter hardware. e pe­
cially the ability to save and re. tore pieces of th creen as they are overl aid by 
oth r image uch a wind w. or temporary m nu., Such image manipulations 
ar done und r control of, indow- and menu-manager appli atioo program . We 
also introduce off creen bitmap for toring window: and menu , and we di cu 
th u e of clipping rectangle, . 

2.3.1 Canvases 

The best way to make ompl icons or menus appear and disappear qui kly is to 
crenre them one in memory and then t copy lbem onto the ere n as needed. Ra -
ter graphic package do thi , by generating the primitive in i1wi ible, off creen 
bitmaps or pixmap of the requi ite siz , called can a e in SRGP, and then copy­
ing the canva es to and from display memory. Thi Le hn.ique is, in effect a type of 
buffering. Moving block f pixel buc and forth i fast r, in general, than is 
regenerating the infonnation given th exi Lene of the f t RGP_ opyPixel 
operation that we haJJ discu soon. 

An SRGP canvas is a data structur that tore.· an image as a 2D array r pix­
et .1L al o store ome control informati n concerning the size and attribute fthe 
image. Each can as repr ent it image in itS o, n Carte. ian oordinate tern , 
which i identical to that of the creen !ih wn in Fig. 2.1; in fa I the crcen i it elf 
a anvas. , pc ial ·olely because it is the only canva thal is di played. To make an 
imag tored in an off- crecn canvas vi ibl , the application mu t copy it onto the 
ere n canva . Beforehand. the port.ion of the creen image n which the new 

image-for example, am nu-will appear can b avcd by opyin° the pixel in 
that region to an offscreen unvas. Wh n the menu ·election ha taken place, the 
s r en image i re tored by copying back the e pixel . 

t any 0 iv o lime, tbere i one curreml active canvas: the canvas inro which 
n w primitives are drawn and to which new anribut etting apply. Thi an · 
may be lhe screen canva. (the default we have been u ing) or an off creen anvas. 
Th coordinate· passed to the primitive fw1clions are expressed in term ' of the 
local coordinat pace of the currently act..i e can a'. Each canva also ha 
complete set of RGP attribute which affect all drawing on that canv 
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The 3D viewing proce ' i inherently mor comple than i the 2D viewing pro­
ce . . ln 2D we imply pecify a window on the 2D world and a viewport on the 
2D view urface. Conceptually, objects in the world are clipped again t th win­
dow and are rhen tran formed int the viewpon for di play. Th extra complexity 
of 3D viewing i cau ed in part by the add d dimen ion and in part by the fact that 
display _device are only 2D. Although 3D viewing may seem overwhelming at 
fir t, it i le . daunting when viewed a a cries of easily under'lood tep many of 
which we have prepared for in earlier chapter . Thu , we begin with a pr i ofth 
3D viewing process to help guid you thr ugh this chapter. 

6.1 THE SYNTHETIC CAMERA AND STEPS IN 3D VIEWING 

A u ful m taphor for reating D cen i the noti n of a nthetic camera a 
concept illustra ed in Fig. 6.1. We ·imagine that we can move ur camera to any 
locarion. orient it in any way we wish, and, with a nap of the . huller, create a 2D 
image of a D object-the speedboat, in thi case. tour bidding the camera can 
become a motion-picture camera, enabl ing u to creat. an an im, ted sequence that 
hows the object in a variety of orientation and magnification . The camera, of 

ur i really ju t a computer program that produce an image on a di play 
crcen and the object i a 3D dataset comprising a collection of point , line , and 
urface . Figure 6.1 al o how that the camera and the 3D object each have their 

own coordinate y tern: 11 1, 11 for the camera and x y z for the object. We hall 

193 



0030 Exhibit 1015 page 30 of 65 
DENTAL IMAGING

194 Viewing in 30 

y 

z 

X 

Figure 6.1 A synthetic camera photographing a 30 object. 

discus the significance of these coordinate systems later in thi chapter. We note 
here that they provide an important independence of repr entation. 

While the ynthetic camera is a useful concept, there i a bit more to produc­
ing an image than just pushing a button. Creation of our "photo' i actually accom­
plished as a serie of steps, which are described now. 

■ Specification of projection type. We resolve the mi '!11atch b tween 3D object 
and 2D display by introducing projections, which transform 3D obje t onto a 
2D projection plane. Much of this chapter is devoted to projection : what they are, 
what their mathematics is, and how they are used in a current graphic subroutine 
package, PHIGS [ANSI88). We concentrate on the two mo t important projec­
tions, perspective and parallel orthographic. The use of projections is al o dis­
cussed further in Chapter 7. 

■ Specification of viewing parameters. Once a desired type of projection has 
been determined, we must specify the conditions under which we want to view the 
3D real-world dataset, or the scene to be rendered. Given the world coordinates of 
the dataset. this info1mation includes the position of the viewer 's eye and the loca­
tion of tbe viewing plane-the surface where the projection is ultimately di -
played. We shall use two coordinate system -that of tl1e cene and anotber that 
we call the viewing or eye coordinate system. By varying any or all of the e 
parameters, we can achieve any repre entation of the cene we wi h, including 
viewing its interior, when that makes sense. 
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■ Clipping in three dimensions. Just as we mu t confine the display of a 20 
scene to lie within the boundaries of our p cifi d window so too must we cull out 
portion of a 3D scene that a:re not candidates for ull imate di play. We may, in fact, 
want to ignore parts of the scene that are behind us or are too far distant to be 
clearly visible. Thi · action requ ires clipping against a view volume- a more com­
plex proces than that repre · nted by the algorithms we have ·tudied o far. 
Because of the wide variability of potential view volumes, we shall invest some 
effort in defining a canonical iew volume-one again ·t wl1ich we can efficiently 
apply a standardized clipping algorithm. 

■ Projection and display. Finally the contents of the projection of the view vol ­
ume onto the projection plane, called the window, are transformed (mapped) into 
the viewport for display. 

Figure 6.2 show the major tep in this conceptual model of the 3D viewing 
proce , which i th model pre ented to lhe u er of numerous 30 graphic . ub­
routine packages. Just as with 2D viewing, a variety of trategies can be u ed to 
implement the viewing proces . The trategies do not ha c to be identical to Lhe 
conceptual model , a long a the result are those defined by the model. A typical 
implementation strategy for wire-frame line drawings is described tn Section 6.6. 
For graphics ystems Lhat perform vi ible- urface dete1mination and shading, a 
somewhat dJ'fferent pipeline, discussed in Chapter 14, i used. 

6.2 PROJECTIONS 

ln general projection. tran form point in a coordinate ystem of dimension n into 
point in a coordinate sy tern of dimen ion less than n. In fact, computer graphics 
ha long been u ed for studying 11-dirnensional object by projecting them into 20 
for viewing [ 0LL67]. Here, we hall limit our elves to the projection from 30 to 
2D. The projection of a 3D object is defined by straight projection rays, called 
projectors, emanating from a center of projection pa ing through each point of 
the object,and inter ecting a projection plane to fonn the projection. In general. 
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Two different projections of the same line. (a) Line AB and its P.erspective projection A'f!. (b) 
Line AB and its parallel projection A' Et. Projectors AA' and BB are parallel. 

the enter of projection i a finite di tance a ay from th projec1jon plane. For 
om typ of projections, h wever, it i conveni nt to think in term fa center r 

project.ion that tend to be infin itely far away; we hall exp! re this concept further 
in Section 6.2.1. Figure 6. how two different projection. of the amc !in . or­
tunat ly, Lbe projection of a line is i elf a line o only line eodpoin need to b 
projected. 

The la of projection, with which we deal here i kn wn a planar geomet­
ric projection b au e th proj ction i onto a plan rather than nto a urved 
urface, and u e o-aigbt rather than curved proj tors. Many cartographic pr dec­

tion arc either nonplanar or nougeomctric. 
Planar geom tric projection , hereafter rei rred to imply as projections. can 

b divid d into two b ic cla : per pecti e and parallel. The di ' tinction I ie in 
the rel ation of th enter of projection to the projection plane. If the di stance from 
the on to the other i finite, then th projection i per pecti c· a th c nter of pro­
jection mo farther and farth r away. th projecto p ·ing through any particu­
lar object g t clo er and lo er to being parallel lo each other. Figure 6 .. iJlu ·trate 
hese Lwo case . The parallel projecti n is so named because. with the center f 

proje tion infinit ly di tanl, the proje tor are parallel. When we define a per pe -
live projection, w expljcitly pecify ir center of projection· for a paraJJel pr ~ -
Lion, we give it direction of projection. The enter of projection, being a point, 
has horn geneou coordinaL of the f rm (x, y, z. I). Since Lhe dire tion of proj -
Lion i a ve tor i.e. , a difference betwe n point ), we can compute it by ubtra ting 
two point. d=(x y,z 1 -(x', y',t l)=(a b,c, 0). Thu. , directions andpoiots 
at infinjt car.re pond in a natural way. ln the limit, a per pective pr 1ection wh e 
center of projection tend to a point at infinity be ome a parallel proje ti.on. 

Th - vi :ual eff ct of a p r pective pr jeclion i. imilar to that of photographic 
ystem and of the human visual ystem. and i known a pcrspecti e foresh.ort­

ening: The size of the per pe rive pr ~ection of an object arie in er •el with the 
di tanc of that object from the c nrer of proj tion. Thu , although the per pec­
tive projection of objects tends to look reali tic, it is not particularl y usefu l for 
recordi.u 0 the exact hape and m 'asurement. of the bjects· di ·tance cannot be taken 
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One-point perspective projections of a cube onto a plane cutting the z axis, showing vanishing 
point of tines perpendicular to projection plane. 

from tl1c proj tion. angl are pre erv d on only tho ·e face f the object parallel 
to the projection plane, and parallel line do not in gen ral proj ta parallel line . 

111e parallel projection i ales reali tic view becau e per ·pe tivefore. horten­
ing i. lacking although th re can be diJfcrent constant foreshclrtening along each 
a i • The proj tion can b nsed for c act mea urements, and parallel line do 
remain parallel. A in the per pecti e projection, angle are pr erved onJy on 
fa e of the obj CL parallel to the proje tion plane. 

The different types of perspective and parallel projectjon are discus ed and 
illu trated at length in the compr hen ive pap r by Carlbom and Pa iorek 

l ARL 78]. ln ecrion 6.2.1 and 6.2.2, we ummarize the b· ic definiti n · and 
haracteristics f the mor commonly u ed projecti n ; we then move on in Sec­

ti n 6.3, to under tand how 1he projections are specified to PHIG 

6.2.1 Perspective Projections 

The per pective projeclions of any et of parallel line that ,u-e not parallel to the 
projection plane converg to a vani hin point. In D, the parallel Line meet only 
at infiruty o IJ1e ani bing point can b thought of the projection of a point at 
infinity. Ther i ·, of cour • an infinity of varu hing points, ne for each of the 
infin ity of directions in which a line can be oriented. 

If the set o[ lines i · parallel to one of the lhre principal ax , the vani hing 
point i called an axi ani bing poin t. There arc al mo t thr e uch pain corre­
ponding to the number of principal axe cut by th projection plane. For example, 

if th projection plane cut only the : axi (and is therefore normal to it), nly the z 
i has a pdncipal vani hing point becau e line parallel to either the _y or .r axe 

are al o parallel to the proj rion plane and have no ani hin° point. 
P rspecli c projection are categorized by their number of principal vanisl1ing 

point and therefore by the number of axes the projection plan · cut . Figure 6.4 
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Figure 6.5 Construction of one-point perspective projection of cube onto plane cutting the z axis. The 
projection-plane normal is parallel to z axis. (Adapted from [CARL78) , Association for 
Computing Machinery, Inc.; used by permission.) 

shows two different one-point perspective projections of a cube. [t is clear that 
they are one-point projections because lines para1Jel to the x and y axes do not con­
verge; only lines parallel to the z axis do so. Figure 6.5 shows the con truction of a 
one-point p r pective with some of the projectors and with the projection plane 
cutting only the z axis. 

Figure 6.6 show. the construction of a two-point perspective. Notice that Jines 
parallel to the y a.xis do not converge in the projection . Two-point perspective is 
commonly used in architectural, engineering, industrial de. ign, and advertising 
drawings. Three-point perspectives are used less frequently, since they add Little 
realism beyond that afforded by the two-point perspective. 

6.2.2 Parallel Projections 

Parallel projections are categorized into rwo types, depending on the relation 
between the direction of projection and the normal to the projection plane. In 
orthographic parallel projections, these directions are the same (or are the reverse 
of each other), so the direction of projection is normal to the projection plane. For 
the oblique paralJel projection, they a.re not. 

The most common types of orthographic projections a.re the front-elevation, 
top-elevation or plan-elevation, and side-elevation projection . In aJJ these, the 
projection plane is perpendicular to a principal axis, which is lher fore th.e direc­
tion of projection. Figure 6.7 shows the construction of these three projections; 
they a.re often used in engineering drawings to depict machine parts , assemblies, 
and buildings, because distance and angles can be measured from them. Since 
each projection depicts only one face of an object, however the 3D nature of the 
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Figure 6.6 Two-point perspective projection of a cube. The projection plane cuts the x and z axes. 

projected object can be clifficult to deduce, even if several projections of the ame 
object are stuclied simultaneou ly. 

Axonometric orthographic projections use projection planes that are not 
nonnaJ to a principal axis and therefore how everal faces of an object at once. 

Figure 6.7 Construction of three orthographic projections. 
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Construction of an isometric projection of a unit cube. (Adapted from [CARL78J, Association 
for Computing Machinery, Inc.; used by permission.) 

They r emble lh p pe rive pr ~ecti n in thi way. bul differ in tba1 the ~ rc­
hortening i uniform, rather than being related to the distance from the center o 

proje Lion. Paralleli m of line is pre erved but angle are not. and cli Lance car; 
be me ured along each principal a· is (in general, with differ nt cale factors). 

Th i som etric proj ection i. a commonly u ed axonomctric projection. Th 
projection-plane normal (and theref re the direction of projection) makes equa:. 
angl · with each principal axis. ff the projection-plane normal i (d.v, dy dz), then 
we require that Id,\~ = ldyl = ld:I or ±dx = ±dy = ±d=. Th re are ju t ejght di.recLio , 
(one in each octant) that sati fy thi condition. Figure 6.8 shows the con traction 
of an i ometric projection along one uch direction. I. - 1 - I). 

The i · meLri projccti n ha the useful properly that all Lhree principal a 
are equally foreshortened, allowina- mea urements along the axe to be mad o the 
ame cale (henc the name: iso for equal, metri · for mea ure). In addition, the 

projecrfon of rh prin ipal a e make equal angl of 120° ith one anolher. 
Oblique projections, IJ1e ·cond cla of parallel projection djffor from 

orthographic projection in that the projectfon-plane normal and the direction Oi 

prnje uon differ. Obliqu projecti n combin prope1tie · of the fron t, top, and idc 
orthographic pr j ction wiLh Lho of the axonometri projection: lhe projectio­
plane is nom1al ! a principal axi . o the projection of the face of the object paral­
J l to Lru plane allow mea urement r angles and di tance ·. Other fa of the 
object proje t al o, allowing distances along prin ipal axe but not angle· to be 
measured. Oblique projection are widely, although not exclu ivcly. used in th" 
t xt b au of th se propcrtie aod b cau e they are easy to draw. igure 6. 
how the construction of an oblique projecti.on. otice that the projection-plan 

nonnal and the directi n of projection are no1 the rune. Sc cral i pe of oblique 
proje tions are de cribed in I FOLE90]. 

Figure 6. JO how the logical relation hip among the various types f projec­
tion . The common thread uniting all the projections is that th y involve a projec­
tion p lane and either a center of projection for the perspective projection, or 
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Specification of an Arbitrary 3D View 
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The subclasses of planar geometric projections. Plan view is another term for a top view. 
Front and side are often used without the term elevation. 

direction of proje Lion for th parall I proj ction. W an unify rhe parall I and 
per ·pective ca e · funher by th.inking of the center of projecti n as delined by th 
direction to the center of projection from ome reference point and Lb di tan el 

the ref ren e point. When Lhj distance increa e to infinity, the projection 
becomes a parallel projection. Hen e we can al o ay that the common thread 
uniting the e projection i · that they involve a proje rion plane, a dire rion to Lh 

enter of projection and a di ranee to the enter of projection. ln Section 6.3 , we 
on ider h w to int grate · me of these type of pr j ctions into the D viewing 

pr ces . 

6.3 SPECIFICATION OF AN ARBITRARY 30 VIEW 

A. sugge ·tcd b Fig. 6.2 , 3D viewing in volve not ju t a projection, but aJ o o 
view volum again I whi h the D world i clipped. The projection and vie ol­
um together provide all th infonnmion that we need to clip and proj t into D 
space. Then, tl1e 2D trnn formation into physical device coordi11ate i stra ightfor­
ward. We now build on Lbe concept of planar-geometric projection intrnduced in 

cction 6.2 to how how I ·p cify a view olurne. Th viewing approa hand t r­
minology pre"entcd here is that used in PHl 

The project.ion plan . henceforth called the ie\ plane L be con i rent , ith 
th graphi literatur . i d fined by point n th plane called the rie.w reference 
point (VR P) and a normal to the plane called the view-plane normal (VPN). The 
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Figure 6.11 The view plane is defined by VPN and VRP; the v axis is defined by the projection of VUP 
along VPN onto the view plane. The u axis forms the right-handed VRC system with VPN and 
V. 

Figure 6.12 

view plane may b anywhere with respect ro the world objects to be projected: IL 
ma be in front of, cut through, or be behind the obje l . 

Given the vi w plane a window on th view plane i · needed.The window' 
role is similar to that of a 20 window: It contents are mapped into the viewport. 
and any part of th 30 world that project nio the view plane ou i.d of the win­
dow i not di played. We hall ce that the window al o play an imp rtant rol in 
defining the view v lume. 

To define a window on the view plane, w need a mean of pecifying mini­

mum and maximum window coordinates and the two orthogonal axe in the view 
plane along which tJ measure the e coordinate . Th e axe ar part of the D 
vie in •-reference coordinate RC) y tern. The origin of the VRC y tern i 
the VRP. One axis of the VR i VP · thi ax.i is called the n axi . . econd axi 
of the YRC is found from the view-up ector (VUP), which determine th v-ax.i 
direction on the view plane. The v axi i defined ucb that the proj ction of V P 
parall I 10 VP onto the view pl ne i coin ident with th v axi . The 11-axi dir c­
tion is defined uch that u, v and II form a right-handed coordinat y tern , as in 
Fig. 6. 1 J. The VRP and the two direction vector VPN and VUP are pecified !.n 
the right -handed world-coordinate y tern. ( ome graphic package u ·e tbe ya.xi 
as P but this con encion i Loo re trictive and fail if VP i paral lei to the .I' 
axi , in which ca e V Pi und fined.) 

The viewing-reference coordinate system (VRC) Is a right-handed system made up of the u, v, 
and n axes. The n axis is always the VPN. CW Is the center of the window. 
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With the YRC system defined the window ' minimum and maximum u and 11 

coord inates can be defined as in Fig. 6. J 2. Th.is figure illu trates that the window 

doe not have to be symmetrical about the VRP, and exp]jcitly shows the center of 

the window, CW. 
The center of projection and direction of projection (DOP) are defined by a 

projection reference point (PRP) and an indicator of the projection type. If the 

projection type is perspective, then PRP is the center of projection. If the projec­

J.ion type is parallel, then the DOP is from the PRP to CW. The CW is in general 

not the VRP, wbich does not need even to be within the window bounds. 

The PRP is specified in the YRC system, not in the world-coordinate system; 

thu , the position of the PRP re lative to the VRP doe not change as VUP or VRP 

is moved. The advantage of this scheme i that the programmer can specify the 

direction of projection required and Lllen change VPN and YUP (hence changing 

VRC), without having to recalculate the PRP needed to maintain the desired pro­

jection. On the other hand moving the PRP about to get different views of an 

object may be more difficull. 

The view volume bounds that portion of the world that is to be clipped out 

and projected onto the view plane. For a perspective projection, the view volume is 

the semi-infinite pyramid with apex at the PRP and edges pas ing through the cor­

ners of the window .. Figure 6.13 shows a perspective-projection view volume. 

Positions behind the center of projection are not included in the view volume 

and thus are not projected. In reali ty, of course, our eyes see an irregularly shaped 

conelik.e view volume. However, a pyramidaJ view volume is mathematicalJy 

more tractable , and is consistent with the concept of a rectangular viewport. 

For parallel projections, the view volume is an infinite parallelepiped with 

sides paraUel to the direct ion of projection which is the direction from 1he PRP to 

the center of the window. Figure 6.14 show a parallel-projection view volume and 

iL relati.on to the view plane, window, and PRP. 

n 

Center of 
projection 
(PRP) 

Figure 6.13 Semi-infinite pyramid view volume for perspective projection. CW is the center of the window. 
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Infinite parallelepiped view volume of parallel orthographic projection. The VPN and directi 
of projection (0OP) are parallel. DOP is the vector from PAP to CW, and is parallel to the 
VPN. 

L time we might wanr th view v lume to be fin ite, in order to limit 
number of utput primitive projected onto the view plan . Figure 6.15 and 6. 1 
ho\ how the view olum i made finite with a front clippin plane and ha 

clipping plane. These plane , sometime called the hither and yon planes, an: 
parallel to th view plane; their normal is he VP . The plan are pecified by the 
ign d quantitie fr nt di tance (F) and back distance B) relative 10 the VRP an... 

along the VP , with positive di tances in lhe direcLion of the VPN. For the vie 
volume to be nonempty, the front di tance mu t b algebraical! greater than the 
bac di ranee. 

Limiti.n0 the view volume in this way can be u eful to eliminate extraneou 
obje l. and to allow the u er to concemrare on a particular portion of the world. 
Dynnmic modification of either the [ront or rear distance can give the viewer .. 

Figure 6.15 Truncated view volume for an orthographic parallel projection. DOP is the direction of 
projection. 
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VPN 

Truncated view volume for a perspective projection. 

good en e of the patial rela1j n hip between different pans of the obj ta th e 
parts appear and di appear fr m view Chapter l2). For p r pective projection 
there is an additiona l motivation. An object very distant from the cen ter of projec­
tion project onto the view urfa e a "bl b" of no di tingui hablc C m1. In di -
playing such an obje t on a pl uer, the pen an wear throu 0 h the paper: on a vecror 
di play th CRT pho phor can be burned by the electron beam; and on a vector 
film recorder. the high concentration of light cau e a fuzzy white area to appear. 

l o. an bj L very near th · nter of projection may extend aero th wind 
like om ny di conn Led pick-up slick , with no di cemibl tru t:ure. pecifying 
the view vo lume appropriately can eliminate such problems. 

How are the conten of the view volume mapped onto u,e di play ·urf a e? 
Fir t. con ider che unit cube e tending fr m O to I in ea h of the thre dimen ion 
of normalized projection coordinate, (1 PC). The view v lurne i tran formed 
into the rectangular olid of PC. which e tend from Xmin to Xmax along lhe x 
axi , from Ymin to Ymax along th y axi . nd from Zmin 10 =m along the : a.xi . Th• 
front clipping plane become th Zmax plane and the back lipping plane become. 
the Zmin plane. Similarly, the umin ide of the view volume becomes the Xmin plane, 
and lhe "m:ix ide b om th Xmax plan . Finally, the vmin ide of the view vol-
1.11ne become me Ymin plane, and the "max ide. b om · che Yma>. plane. Thi rect­
angular ·olid portion ofNPC call ed a 30 viewport, i wiililn the unit cube. 

The z = I face of lhi unit ube. in tum. i mapped into lhe large t . quare that 
an be in ribed on the di play. To create a wir -frame di pla of the conten of 

the 3D i wp rt (wh ich are the content of Lbe view vol ume), the z-componem of 
each output prin1i1iv i imply di card d , and th output primitive i di ·played . 
We hall e in Chapter J 3 that hidden- urface rem al impl u e the .:-compo­
nent to d tennine which output primitiv are lo e I to th vi wer and hence are 
vi ible. 

PHlG u e tv o 4 x 4 matrice , the view orientation matrix and the vi w 
mapping matrix to represent the comp! Le et of viewing p cification . The VRP 
VPN, and YUP arc c mbined to form rhe view orientation matrix, which tran -
fonn po ition repr ·ent d in world c ordinate · into po ition repre ·ented in 
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VRC. Thi tran fom1ation lake the u, v and n axes into thex, y, and z axe , Te pec­
tively. 

The vi w- olume peciiication , given b PRP Umin umuJ. vmin• vmax. F and 
8 , along with the 3D viewport peci.fication given by Xmin, Xrnax, Ymin, Ymax Zmin· 

and , 11111)(, are ombined to form the view mapping matrix, which tran form 
point in VRC to points in normalized projection coordinates. The ubroutine call 
chat fonn the view orientation matri and view mapping m trix are di cu ed iJ1 

ecuon 7 .3.4. 
Jn Section 6.4 we see how to obtain variou view u ·ing the concept intro• 

duced in thi e tion. In e lion 6.5. th ba ic math matic f planar geometric 
projection is introduced wherea in Se tion 6.6, the mathematics and algorithm 
needed for Lhe entire viewing operation are developed. 

6.4 EXAMPLES OF 3D VIEWING 
I 

Figure 6.17 
Two-point perspective 
projection of a house. 

Figure 6.18 

In Lhi e tion we onsid r bow we can apply the basi viewing con ept intro­
duced in ection 6.3 to create a variety of projections, such as that shown in Fig 

.17. Becau the hou e hown in thi figure i u ed throughout thi section, it will 
be helpful to remember it dimen ion and p iti n, which are indicated in Fig. 
6.18. For each view discus ed, we give a tab! hawing the VRP, VP , YUP, PRP. 
wind w, and projection type (per pective or parallel). The 3D viewport default. 
which i Lhe unit cube in P i a um d tlu·oughoUl thi cti n. The notatior. 
(WC) or ( R ) i added Lo the table as a reminder of Lhe coordinate y tern in 
which the viewing parameter is given. The fonn of t11e table i illu trated here for 
the default viewing , pecification u ed by PHIGS. The default arc bown in Fig 
6. L9(a). The vie oJume corre ponding ro the e defauJt i hown in Fig. 6. l9(b} 
If the type of projection i perspective rather than parallel, th.en the iew volume · 
the pyramid hown in Fig. 6. I 9(c). 

(8 16, 30) 

z 

y 

(16, 10, 30) 

(16, 0, 30) 

This house is used as an example of a world-coordinate dataset throughout this chapter. Its 
coordinates extend from 30 to 54 In z, from O to 16 In x, and from 0 to 16 in y. 
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Techniques, and Interaction Tasks 

High-quality user interface are in many way the last frontier in providing com­
puting to a w ide vari ty of u er , since hardware and ·oft war co lS are now lo 
enougl1 to bring ignjfjcant computing capabil ity to our office and home . Ju l a 

oftwar engin ering ha recently given . tructUic to an activity that once was 
totally ad hoc o too the new area of u er-interface engine ring i gen rating u er­
interface principles and design methodologie . 

The quality of the user interface often determine whether users enjoy or 
despi e a y rem, whether the de ign r f the y tem are prai ed or damned , 
wheth r a sy tern ucceeds or fail in the mark t. Th de igner of an intern tive 
graphics app lica ti on mu t be en ili e t u er de ire for ea y-ro-leam yet power­
f-u l interface . 

The de ktop u er-inte1iace metaphor, wi th its window . icon . and pull-down 
menu all making heavy u e of raster graph i , i popular b cau e it is ea y to 
learn and require little typing kill. o tu er of uch y terns are n t computer 
programmer and have little ympathy for the old rylc, hard-to-I am, keyboard­
oriented command-language interface that many programmer tak for granted. 
The proce of de igning, 1 . ting, and irnplem nting a u er interface i cornpl x; 

e [FOLE90· S 86; MAYH90) for guideline and mechodolo 0 ie . 
We f cus in thi - chapter on input dcvi e , intera tion Lechnologies, and inter­

action ta ks. The e are the basic bui ld ing blo ks from hich u r interface are 
constructed. Tnpul device are the piece o hardware by which au er enter infor­
mation into a computer , y tem. We have already di cus ed many uch d vie in 
Chapter 4. In thi chapter, we introduce add itional device , and di cu rea ons for 
preferring one devi o er an rher. In Section 8. 1.6 we de. cribe input d ice 
oriented ·pecifically toward 3D interaction. We continue t u c the logical de ic 

297 
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catego1ies oflocator, keyboard, choice, valuator, and pick used by SRGP, SPJ-TIGS, 
and other device-independent gra{lhics subroutine packages. We also discuss basic 
elements of user interfaces: interaction techniques and interaction tasks. Inter­
action techniques are ways to use input devices to enter information into the com­
puter, whereas interaction tasks classify the fundamental types of information 
entered with the interaction techniques. Interaction techniques are the primitive 
building blocks from which a user inter face is crafted. 

An interaction task is the entry of a unit of infonnation by the user. The four 
basic interaction tasks are position, text, select, and quantify. The unit of infor­
mation input in a position interaction task is of course a position. Similarly, the text 
task yields a text string; the select task yields an object identification; and the 
quantify task yields a numeric value. Many different interaction techniques can 
be used for a given interaction task. For instance, a selection task can be carried 
out by using a mouse to select items from a menu, using a keyboard to enter the 
name of the selection, pressing a function key, or using a speech recognizer. Simi­
larly, a single device can be used for different tasks: A mouse is often used for both 
positioning and selecting. 

Interaction tasks are distinct from the logical input devices discussed in earlier 
chapters. Interaction tasks are defined by what the user accomplishes, whereas log­
ical input devices categorize how that task is accomplished by the application pro­
gram and the graphics package. Interaction tasks are user-centered, whereas 
logical input devices are a programmer and graphics-package concept. 

Many of the topics in this chapter are discussed in much greater depth else­
where; see the texts by Baecker and Buxton [BAEC87], Hutchins, Hollan, and 
Nom1an [HUTC86], Mayhew [MAYH90], Noonan [NORM881, Rubenstein and 
Hersh [RUBE84], Shneiderman fSHNE86J, and [FOLE90]; the reference book by 
Salvendy [SALV87]; and rhe survey by Foley, Wallace, and Chan [FOLE84]. 

8.1 INTERACTION HARDWARE 

H.ere, we introduce some interaction devices not covered in Section 4.5, elaborate 
611 how they work, and discuss the advantages and disadvantages of various 
devi.ces. The presentation is organized around the logical-device categorization of 
Section 4.5, and can be thought of as a more detailed continuation of that section. 

The advantages and disadvantages of various interaction devices can be dis­
cussed on three levels: device, task, and dialogue (i.e., sequence of several interac­
tion tasks). The device level centers on Lhe hardware characteristics per se, and 
does not deal with aspects of the device's use controlled by software. At the device 
level, for example. we note that one mouse shape may be more comfortable tO hold 
than another, and that a data tablet takes up more space than a joystick. 

At tl1e task leveJ, we might compare interaction techniques using different 
devices for the same task. Thus, we might assert that experienced users can often 
enter commands more quickly via function keys or a keyboard than via menu 
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selection, or thaL u er can pick displayed object more quLckJy using a mouse than 

they can using a joystick or cur or control key . 

At the dialogue level, we con ider not just individual interaction tasks. but 

aJso sequences of uch ta ks. Hand movement between device take time: 

Although the positionin!! task js genern ll y fa ter with a mouse than with CUT. or­

control keys, cur ·or-contrn l keys may be fa ter than a mouse if the u er 's hands are 

already on the keyboard and will need Lo be on the keyboard for the next ta, k in 

sequence after the cur or i repositioned. 

Important considerations at the device level discu sed i11 thi section, are the 

device footprint -(the footprint of a piece of equipment i the work area it 

occupies) - operator fatigue , and dev ice resolution. Other important device 

issues-sucb as cost, reliability and maintainability- change too quickly with 

technological innovation to be di cu ed here. 

8.1.1 Locator Devices 

lt i useful to cla sify locator devices according to three independent characteri , -

tic : absolute or relative disecl or ind irect, and di crele or continuous. 

Absolute devices, uch a a data tablet or touch panel have a frame of refer-

nce. or origin , and report position with re peel to that origiJ1. Relative device -

such a mice. trackball , and velocity-control joysticks-have no absolute origin 

and report only change from their former po ition. A relativ device can b used 

to pecify an arbitrarily laige change in position: A user can move a mouse along 

the desktop, lift it up and place it back at its initial tatting po itio.n, and move it 

again. A data tablet can be programmed 10 behave as a relative device: The first 

(x, y) coordinate position read after the pen goe. from far to near stale (i .e., close 

to the tablet) i ubtrncted from all , ubsequently read coordinate to yield onJy the 

change in x and y which is added to the previou (,x, y) position. This process is 

continued until the pen again goe to far tat . 

Relative device cannot be used readily for digitizing drawing , whereas abso­

lut device can be. The advantage of a relative dev ice is that the application pro­

gram can reposition the cur or anywhere on Lhe screen. 

Witb a direct device-such a a touch creen- the u er poLnts directly at the 

s reen with a finger or urrogat finger; with an indirect device-such as a tablet, 

mou e, or joystick-the u er moves a cursor on the screen using a device noL on 

the creen. New forms of eye-hand coordination mu t be learned fo r the latter; the 

proliferation of computer game in home and arcade , however, have created an 

environment in which many ca ual computer u er have already learned rhese 

sk.i ll . However, direct pointing can cau e aim fatigue, e pecially among casual 

user . 
A continuou device is one in which a mooth band motion can create a 

smooth cursor motion. Tablet , joy tjck and mice are all continuous devices, 

wherea cursor-control key are discrete device:;. Continuou devices typica lly 

allow more natmal ea ier and faster cur or movement than do discrete d vice . 

Most cootinuou ' device also permit easier movement Ln arbitrary directions than 

do cur or contr I key . 
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peed of cur or po itionino with a continuou device is affected b 

cootroJ-to-di. pla ratio, commonly called the CID ratio L HAP72]; it i the rat 
between hand movement th control) and cur ·or m.ov ment the di play. la.r,.,,. 
rario i go d f r accurate positioning, bur makl rapid mo ement tedious; a m 
mtio i g od for peed bUL not for accura . F rtunatel ,, f r a relative po iti011· < 

d vie . the ratio n ed not econ rant., bur can be changed • daptively a a func ti 
of control-movemenr peed . Rnpid m vement indicate the u r i making a g -
hand movem nt . o a ·mall ratio i u ed; a the peed de rea e the CID ratio 
increa ed. Thi variation of CID ratio an be ct up o that u er can use a mou. e 
po iti n a cur or accurate ly aero a 15-inch screen without repo itioning th 
wri t! For ind irect di cret.e d vices (cur or-c mrol key ) there i a irnilar te · 
niqu : The di tan e the cur or i mov d p r unit rime i in rea ed a a fun tion 
the rime the k y ha been held down. 

Preci po itioning i difficult wit11 direct device , if the arm i unsupport 
·ind extended toward the crcen. ry writing your name on a bla kboard in 1 

pose, and ompare th re. ult to your nmmal ignalllrc. Thi problem can be n 
gated if the rcen i angled clo c to horizontal. lndi.re L devices, on the other h 
allow the heel of the hand to re t on a uppon. o Lhat the fine motor control of 
finger can be u ed more effectively. ot aU ontinuou. 'ndirecc de i 
equally ati factory for drawing however. Try writing your name with a joy tic 

mou ·e. and a tablet pen tylu . . ing: the ·tylu is fa ·test, and the result i m 
pleasing. 

8.1 .2 Keyboard Devices 
The well- ·nown QWERT keyboard ha been ith u for many year, . It i ir 
that thi keyboard wa. originally de igned to slow down r pi LS. o that the type 
writer hammer would not be o likely to jam. Studies have hown that th ne\ 
Dvorak keyboard [l)VOR43] , which place vowels and other high-fr quen 
character under the home po ·ition · of the fing r" i omewhat f ter than i 
QWERTY d ign [GREE 7J. It ha not be n widely accepted. Alphab ti 
organiz d ke board are omctime u ed when many of the user arc nonrypt 
But more and more p ople are bei ng e po ed to QWERTY keyboard , a□d e er; 
e periment have hown no advanrag of alphabeti over QWERT k yboar 
lHIR 70; Ml H7 l]. 

Other keyboard-oriented on ideration , i.nvolving not hardware but softwa 
de ign, are a1Tano-ing for u u er lo enrer frequently u ed punc1uation or correct ic 
haracter without needing to pre the comrol or hift k imultaneou. ly at 

a. igning dangerou action (. uch , delete) c key that arc di tant fr m ther f 
quenrly u ·ed ke 

8.1 .3 Valuator Devices 

Som valuator arc bounded. like the volume control on radio- th djal can 
turned only o far before a top is reached that prevent further turning . b un 
valuator input an absolu t qun.nt i.ty. A continuou -turn pot ntiometer, on the e ll 
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hand, can be tumcd an unbounded number f time in either djrection. Given an 
initial value , the unbounded potentiometer can be used to return ab e lute value ; 
otherwi e the returned value ar treated a relative value . The pr vi ion of orne 
sort of echo enabl · the u er to determine what relative or absolute alue i cur­
rently beiJ1g pe i.fied. The i ue of C/D ratio discus d in the ont t of po ition­
ing device , also ari es in the u e of lide and rotary pot miometer to .input value . 

8.1.4 Choice Devices 

Functi.on keys ar a common hoic ·device.Their placement affect th ir u ability: 
Key mounted on the CRT b z I are harder 10 u e than are key. mounced in th 
keyboard or in a n arby eparate unit. fo I witch an be u ed in pplication · in 
whi h the u er' hands are n aged yet a single swi.tch lo ure must be frequently 
made. 

8.1.5 Other Devices 

Here we di cu · me of the le s common and in some case xperin1ental, 20 
interaction device ·. Voice recognizers, which are u ·eful becau. e they free the 
user hand for other u e apply a pattern-recognition approach to th aveform 
created when we peak a word. The wavefom1 is rypi ally eparated inlo a immb r 
of ruff rent frequency band and the variation over ti.me of the magnitude or the 
waveform in ea h band ~ rm the bas· · for th pattem matching. However, mi -
take can occur in th pattern matching. o it i especially important that an appli­
cation u ing a recognizer provid convenient correction capabilities. 

Voice recogniz r differ i.11 whether they mu t be trained to recogniz th 
wavef rm of a particular peaker and whether the ·an recognize connected 
peech oppo d to ingle words or phra, e . . Speaker-independ nt recogniz 

have vo abuJarie that include the digit and up to J 000 words. 
Th data tab I L h, s been extended i.n ever-al way ·. Many year. ago H rot and 

Negr poute used an experim oral pres ure- en itive tylu [HERO76J: High pre -
sure and a lo drawing peed implied that the user wa drawing a line with delib­
eration, in which ca e the line was recorded exactly a drawn· low pressure and 
fas t peed implied Lhat the line wa being drawn quickJy in wh ich case a straight 
line connecting the endpoint w recorded. more rec nt ommercially availabl 
tablet [ W CO9 ] incorporate uch a pr ure- en itive rylu . The re ·ulting thre 
degree of freedom reported y the tablet an b u ed in variou er .nive way .. 

8.1.6 3D Interaction Devices 

Som of tJ1e 2D interaction devices are readily extended to 3D. Joy rick can have 
a haft that twi t for a th ird dimen ion ( e F'ig. 4. LS). Trackball can be made to 
ense rotation ab ur the ·verti al a i in addition to that about the two horiz ntal 

axe . In both case however there i no direct relation hip between hand mo e­
ment wi th the device and th con-esponding movement in 3-spac . 
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Figure 8.1 
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A number o device can record 3D hand mo menc . For ample 1he 
Polhemu SPACE 3D position and rientation sen or u es ele tromagoetic cou­
pling between thre rran mitter ant nnas and thre receiver antenn . The tr 
mitter antenna coil , which are at right angl to one another to form a Cart iar, 
coordinate ·ystem, are pul ed in turn. The r ceiver has three imilarly an ange 
rec iver antenna ; ach rim a tran mitter coi'I i pulsed. a current i induced ir 
each of rhe receiver coils. The trength of the current depend both on the di tan 
between the receiver and transmitter and on the relative orientation of the tran rnj -
ter and re eiver coil . The combination of the nine current alue indu ed by lhc: 
three ucce, sive pul i u ed to calculate the 3D po ition and orientation of 
re eiver. Figw·e 8. l hows th i devi e in use for one of it common purposes: dig -
tizing a 3D obje t. 

The DataGlove records hand po ition and orientation a well a finger mm 
ments. A ·hown in Fi 0 . 8.2, it is a glove covered with small, li ghtweight en o 
Each en or i a hort lengll, of fiber ptic able with a Light-emitting diode (L 
at one end and a phototran i tor at the other end. The urface of the cable is rou_ 
cned in the area where iL i to be en itive to bending. When the cable is flexe 
ome of the LED light i lo t o I light i received by rh phototran i tor. 

addition, a Polhemu posi tion and orientation en or record hand movemen 
Wearing the DaraGiove a u er can gra p object move and rotate them, and 1 

release them thu providing very natural interaction in 3D (Zl 87]. olor Pl 
6 illu trate this concept. 

Considerable effort ha been directed t ward creating what are ften call 
artificia l realiti or virtual reali tie ; the e are completely computer-genera 
environments with reali tic appearance, behavior, and interaction techni 

{a) (b) 

(a) The Polhemus 3D position sensor being used to digitize a 3D object. (b) A wlreframe 
display of the result. (3Space digitizer courtesy of Polhemus, Inc., Colchester, VT.) 
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The VPL DataGlove, showing the fiberoptic cables that are used to sense finger movements, 
and the Polhemus position and orientation sensor. (From J. Foley, Interfaces for Advanced 
Computing, Copyright @ 1987 by Scientific American, Inc. All rights reserved.) 

[FOLE87]. In one version, the user wears a head-mounted stereo cli play to show 
proper left- and right-eye views, a Polhemus sensor on the head aJJow changes in 
head position and orientation to cause changes to the stereo display, a DataGlove 
perm.its 3D interaction, and a microphone is used for i suing voice commands. 
Color Plate 7 shows chis combination of equipment. 

Several other technologies can be used to record 30 positions. In one, using 
optical en ors , LEDs are mounted on the u er (either at a single point uch as the 
fingertip , or all over the body, to measure body movements). Light ensors are 
mounted high in the comers of a mall, semidarkened room in which the user 
works, and each LED is intensified in tum. The ensor. can determine the plane in 
which the LED lies , and tbe location of the LED is thus at the intersection of three 
planes. (A fourth ensor is normally u ed, in case one of the sensors cannot see the 
LED.) Small reflectors on the fingertip and other point of interest can replace the 
LEDs· sensor pick up reflected light rather than the LED's emitted light. 

Krueger [KRUE83] has developed a ensor for recording hand and finger 
movements in 2D. A television camera records hand movement ; image-process­
ing techniques of contrast-enhancement and edge detection are u ed to find the 
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outline of the hand and fingers. Different finger positions can be interpreted as 
commands, and the user can grasp and manipulate objects, as in Color Plate 8. This 
technique could be extended to 3D through use of multiple cameras. 

8.2 BASIC INTERACTION TASKS 

With a basic interaction task, the user of an interactive system enters a unit 01 

information that is meaningful in the context of the application. How large or small 
is such a unit? For instance, does moving a positioning device a small distance 
enter a unit of infomrntion? Yes, if the new position is put to some application pur­
pose, such as repositioning an object or specifying the endpoi111 of a line. No. if the 
repositioning is just one of a sequence of repositionings as the user moves the cur­
sor to place it on top of a menu item: Here, it is the menu choice that is the unit o 
information. 

Basic interaction tasks (BITs) are indivisible; that is, .if they were decorir 
posed into mailer units of information, the smaller units would not in themselve, 
be meaningful to the application. BITs are discussed in this section. 1n Secti 
8.3, we treat composite interactfon tasks (CDs). which are aggregares of the ba, ~ 
interaction tasks described here. lf one thinks of BTTs as atoms, then CITs a::-_ 
molecules. 

A complete set of BITs for interactive graphics is positioning, selecting, enter­
ing text, and entering numeric quantities. Each BIT is described in this seclion. ar 
some of the many interaction techniques for each arc discussed. However, thf"': 
are far too many interaction techniques for us to give an exhaustive list, and • 
cannot anticipate the development of new techniques. Where possible, the pros a:: 
cons of each technique are discussed; remember that a specific interaction ted -
nique may be good in some situations and poor in others. 

8.2.1 The Position Interaction Task 

The positioning task involve specifying an (x, y) or (x, y, z) position to U1e appli 
tion program. The customary interaction techniques for can-ying out this k 

involve either moving a screen cursor ro the desired location and then pushin.,, 
button, or typing the desired position's coordinates on either a real or a simula.!..l 
keyboard. The positioning device can be direct or indirect, continuous or discre■i! 
ab olute or relative. In addition, cursor-movement commands can be typed exp 
itly on a keyboard, as Up, Left. and so on, or the same commands can be spoker 
a voice-recognition unit. Furthermore, techniques can be used together-a moi..J 

controlling a cursor can be used for approximate positioning, and arrow keys, 
be used to move the cursor a single screen unit at a time for precise positioning. 

There are two types of positioning tasks, spatial and linguistic. Jn a span 
positioning task, the user knows where the intended position is, in spaliaJ relat 
lo nearby elements, as in drawing a line between two rectangles or centering 
object between two others. ln a linguistic po itioning task. the user k110w~ 
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numeri alues of the (x, y) coordinates of 1h po ition. In the fonner ca e, the u r 
wants feedback h wing th a tu I po irion on the ere n; in the !all r case, the 
coordinates of the po ition are need d. Tf th wrnng form of feedback i provided, 
Lh u er must mentall convert from one form to the other. Both form or feedback 
can be provided b di playino b di the cur, r and it numeric coordinate a in 
Fig. 8.3. 

8.2.2 The Select Interaction Task-Variable-Sized Set of Choices 

1.00 

- 1.75----, 

igure 8.3 
umeric feedback 

1egarding size of an object 
oeing constructed. The 
"eight and width are 

anged as the cursor(+) Is 
oved, so the user can 

~just the object to the 
desired size. 

The selection ta k i that of ch o ing an e lement from a choice set. Typical choice 
ets are ommand ·, arLribute value , obj ct cla e , and bj t in, Lance · . For 

exampl . the line- L le menu in typical paint progTam i a et of attribute value , 
and the object-type (line, circl , rectangle, re t, etc.) menu i.n uch programs L a 
e t of object class . ome interaction techniques can be u ed to elect f om any o 

the e four type of choice et ; ther are l • general. For example p inting at a 
vi uaJ r pre enta1ion of a et element an crve to elect it, no mall r what the e1 
type. On the other hand, although. function key often work quite wel l for electing 
from a command object cla s, or attribute set, it is diffi ult to as ·ign a eparate 
fun tion k y to each bje t in tan e in a drawing, since the ize of h choice set i 
variable. often i larg larger than the number of available fun ti n keys and 
change quite rapidly a the u er reate and deletes obj ·ct . 

We Lt e the term (relativC'ly) /1.xed-siz d choice set and I a,yin - ized choic • 
set. The fir L te1m haracterizes ommand. attribute, and obje t-cla . choice et ; 
the econd. object-in lance choice els. The moclifier re/alively recoo-nize that an 

of these . ets can change as new commanru attribute or object cla, se ( uch a 
ymbol i11 a drafting y tern) arc defined . Bur the 'et ize doe n I change fr -

quently nnd u ually does not change much. Varying- ized choice et on the oth r 
hand can become quite large. and can change frequentl . 

In thi ection w di cn I hnique 1llat are particuJ rly w U ·uired to pot n­
tiall y large varying- izcd choice ·c ; the e incl ude naming and pointing. In ec­
tion 8.2.3 we di cu · selection techniques particuJarly ~ ell uited to relatively 
fixed- ·ized choice l . The e tend LO b small, e cept for Lh large (but rela-
ti ely fi ·ed- iz d ommand ' Cl found in complex appli ation . T he echnique 
di ·cu ·sed include typing or speaking the name, ab breviation, or otl1er code that 
repre ·ent the et lement· pre · ing a f1.mcti n key as ochted with the tel ment 
(tlti an be en a identical Lo typing a in le character on the ke board): point­
ing at vi ·ual repre entation (t xrual or graphical) of the set element in a menu· 
cycling through tbe l until th de ired el men! is di played; and making a cli -
tin live motion with a continuou po ·itioning device. 

electing object by na ming. he user can type the choic ' na:m . The idea i 
simple, bm what if tJ1e user do • 11.ot know rhe object . name, as cou Id easily hap­
pen if hundreds of object are being displayed or if Lh u er has no rea on to know 
name ? e erthele · , thi technique· useful in everal illlation . Fi l i.f dl u er 
i. likely Lo know th nam of various obj er a a Ree1 ommander would kn \ 
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of the 0eet' hip . th n r ferri_ng lo them by mun i rea 'onabl , 3L' 

' ter than pointing. especially if the u er might need t roll through 
di ·play l bring the desi_red object into view. econd, if the di play i o Juuera. 
that pickino by pointing i diffi ult and if zooming i notfea i le (perhap becau 
the graphic hardware do nm upport zooming and ftwarc zoom i too slo\ 
then naming may b a boice of la t re ort. I · clutter i a pr b]em, then a ommar 
co tum object name on and of would be u ef ul. 

Typing allow u t mak multiple ele lion through wild-card or don !­

character , if the choice et elemenc ar named in , m aningful wa . el cti n 
naming i most appropriate for experien ed, regular u. er , rather than for 0.! 

in frequent u. ers. 
lr n ming b typing i nee ary a u eful fo1m of feedba k j ' to dj 

imrn diatel afrcr each key troke, the Ii I (or pa1tial li t, if the foll Ii t is t o I 
of nam in the elections •t matching the equence f characrer typed . o far. T 
di play can Lrig"er memory of how th n:lm i . pelled if the u er ha recalled 
fir l few character . As oon a an unambiguou march ha been typed, the co 
nam can be automaticaJly highlight d on the Ii l. lternacively, the name can 
automatkally ompleted on a an unambiguou match has een typed. 
t chnique, called auto ompletion, i ometime · di c nccrting to new u, e _ 
aution i advi able. eparate trategy for nam typein i spelling c . 

( ·omet:ime called Do What I Mean, r DWlM). 1f \he typ d nam doe not m 
one known Lo rhe ystem other name that are to to the typ d name can 

nted ro the u, er a alt rnative •. Determining clo ene can be as imp 
carching f r ingle-chara ter err rs or an in lud multiple-character and rr 

ing- hara t r error . 
With a voicer cognizer the u er can peak, rather than type a name. ab 

ation. or code. Voice input i a imple way to di tinguish command fr m 
ornmands are ent red by voi e, rh data ar en.tered by k yboard or oth r m 

ln a keyboard environment, thi foatme eliminate the need for pe i,tl har 
or m de to di tin.,,ui h data and commands. 

electing object by p inting. Any of Lh pointing technique memloned 
introduction ro eclion 8.2 can be u ed to select an obje t , by fir t poinlin.,. 
then indicati_no (typi ally via a bulton-pu ·h) rhat the de ir d obje I i being 
al. But what iJ the obj ct ha multiple le: cl of hierarchy, a did th robot of 
t r 7? lf tbe ur or i r the robot'. hand, it i not clear whetJ1er the u er i 
ing at th hand. the arm, or the enti_re rob t. Command like el ct_ro 
Sele t_ann an be u ed to pecify th level of hierarch y. On the ther hand. 
level al which the u ·er w rk change infrequently the u er wi_ll b able to 
fa rer wid1 a eparate command u h a Set_ lection_le el , u ·ed to chang_ 
level f hierar hy. 

different approa hi · needed if th number of llierar hkal level is unk 
t th y tern d igner and i pot ntially large (a in a drafting y Lem, wller 
b I are made up of graphic primitives and oth r ymb I . At lea t two u er 
mand are required: p_hiera:rchy and Down_hlerar hy. hen die u · r 

mething the y tem highlights the lowe ·t-level object en. lfthis i 
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Figure 8.4 State diagram for an object-selection technique for an arbitrary number of hierarchy levels. Up 
and Down are commands for moving up and down the hierarchy. In the state "Leaf object 
selected," the Down_hierarchy command is not available. The user selects an object by 
pointing at it with a cursor, and pressing and then releasing a button. 

desired the user can proceed. If not, the user issues the first command: Up_h.ier­
archy. The entire first-level object of which the detected object is a part is high­
lighted. If th.is is not what is wanted, the user travels up again and still more of the 
picture is highlighted. If the user travels too far up the hierarchy, direction is 
reversed with the Down_hierarchy command. In addition, a Return_to_low­
est_level command can be useful in deep hierarchies, as can a hierarchy diagram in 
another window, showing where in the hjerarchy the current selection is .located. 
The state diagram of Fig. 8.4 shows one approach to hierarchical selecr-ion. Alter­
natively, a single command , say Move_up_hierarchy, can skip back to the origi­
nally selected leaf node after the root node is reached. 



0054 Exhibit 1015 page 54 of 65 
DENTAL IMAGING

308 Input Devices, Interaction Techniques, and Interaction Tasks 

8.2.3 The Select Interaction Task-Relatively Fixed-Sized Choice Set 

Figure 8.5 

nu election is one of the ri he t technique for selecting from a relative _ 
1xed- ized hoic et. Here we di u sev ral key factor in menu de ign. 

Single-level ver us hierarchical design . One of the most fundamental me 
de ign deci ion ari if the choice et i Loo large to di ·play all at once. Such 
m nu can b ubdjvided into a logically tructured hierarchy or presented a a lin-
ear eque□ c of choi e to be paged r crolled through. roll bar of the l} 

u ed in many window manager allow al] the relevant -rolling and paging om-
mand t b pre ented in a ·onci , e way. fa t keyboard-oriented altemati e · 
pointing at the cromng command can al o be provided: for in ranee the arr 
keys can be u ed to scroll the window and the h.ift key can be combined with 
arrow key to mo e th election within th isible windo , a. hown in Fig. 

With a hierarchical menu the u er fir t elect from the choice set at the top 
th bi rarchy, which cau c a . econd choice et to be available. The proce 
repeated until a leaf n de (i.e. an element of the ch i e et it elf) of the hierar 
tree i lected. As with hierarcb ical object sele Lion navigation mechani m n 
to be provided o that the u r can go back up the ruerarchy if an incorrect ub _ 
wa elected. Vi ual feedback to give the u er m en e f place within the h i 
ar hy i also need d. 

Menu h.ierar hi can be pre nted in everal ways. Of course succes ive le- -
el of lhe hierarchy can repJac on another on the di piny as further choice 
made, but thi do not give the u er much en of po jtion within the hierar 
The ca cading hierarchy a depicted in Fig. 8.6 is m re attractive. Enough 
each menu mu t be rev aled that th c mpl te highlighted election path i 1 1 

and ome mean mu t e u ed LO indicate whether a menu item i a leaf node , 
the name of a lower-level menu (in the figure the right-pointing arrow fill 
role). noth .r arrangement i t how ju l the name of each electi n mad 

shift - t 
to move 
selection up 
using keyboard 

shift - J.. 
to move selection 
down using 
keyboard 

del ete 
find 

mergin 
print 
put 
repeat 
replace 

i to scroll window 
up using keyboard 

J. to scroll window 
down using keyboard 

A menu within a scrolling window. The user controls scrolling by selecting the up and dOW"' 
arrows or by dragging the square in the scroll bar. 
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Roman ➔ 

Modern ➔ 

(a) 

Figure 8.6 
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Foce ~.-~ 
H 1 t . S1ze 

e ve .1c 8 ➔ 

12➔ 

14 ➔ 

Face 

(c) 

309 

tyle 
lain 

A pop-up hierarchical menu. (a) The first menu appears where the cursor ls, in response to a 
button-down action. The cursor can be moved up and down to select the desired typeface. (b) 
The cursor is then moved to the right to bring up the second menu. (c) The process is 
repeated for the third menu. 

far in traver ·i.ng down th hierarchy plu · all th election available at che ·urrenl 
level. 

When we de ign a h.i rarchical menu rhe is ue f depth v r u breadth i 
alway present. nowberry et al. [S OW83] found experimentally that selection 
time and accura y improv when broader menu with fewer Iev ls of election are 
u ed. imilar r uJ are r ported by Landauer and achbar [LAND85] and by 
other re earcher . However, the e .re ults do not neccs ariJy generalize to menu 
hierar hie that la k a natural, under landable trncture. 

HierarchicaJ menu ele rion almo demand an a companying eyboard or 
function-key a celerator technique t peed up . election or more experien ed ( a­
called power) u er . Thi i easy if each node of the tree ha a uniqu name, o that 
the u er can ent r the n m dire tly, and the menu y tern provide a backup 
shou ld the u er·. memory fail. Lf the name ar unique only within each le cl of 
the hierarchy, th power user must type the c mplete path name to the desired leaf 
node. 

Menu placement. Menu howo n the dj play ere n an be tatic and perma­
nenLly visible, or can app ar dynamically on request (tear-off, appearing, pop-up 
pull-do~ n and pull-out m nu ). 

A pop-up menu appear on the reen when a selection is to b made ei ther in 
re pan e LO an explicit u r action (typically pre, ·ing a mou e or tablet puck but• 
ton), or automatically becau e the next dial gue step require a menu ele tion. 
The menu nonnally appear at the cur or location whi hi u ually the u er' cen­
ter of vi ual attenti on, th r by maintaining vi ual conrinuity. An attractive feature 
in p p-up menu · i the initial highlighting of the mo t recently mad election 
from the choic et if the most recent! elected item is more likely to be ele tcd a 
e ond Lime than i an ther item, positioning the menu o the cursor i on thal 

item. 
P p-up and other app aring menu con erve preci u creen pace-one of 

rhe u er-interface de ·gner ' most valuable commoditie . Their u e i facilitated by 
a ·a t RasterOp instruction, as di scu.- ed in Chapter 2. 
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Figure 8.7 

Shapes -

Sphere 

l Cybe 

r Pyrami~ 

C Cone 

f Cylinder 

Figure 8.8 
Radio-button technique for 
selecting from a set of 
mutually exclusive 
alternatives. (Courtesy of 
NeXT, Inc. © 1989 NeXT, 
Inc.) 
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s FIie tyle Fo nt Layout Arr ng fill L nes Pen 
:•: -::_ . Obj sel tate di grum 

A Macintosh pull-down menu. The last menu item Is gray rather than black, indicating Iha. 
currently not available for selection {the currently selected object, an arc, does not have 
comers to be rounded). The Undo command is also gray, because the previously execUte­
command cannot be undone. Abbreviations are accelerator keys for power users. (Copy 
1988 Claris Corporation. All rights reserved.} 

Uiilike pop-up m nu , pull-down menus ar anchored in a menu bar alon::: 
top of tl1e ere n. I Lhe popular graphical u er interface -the Apple Maciru 
Micro oft Window , OPE LOOK, and olif-u e pull-down m nus. Macin· 
menu shown i.n Fig. .7, al o illu trate a c lerator key and context ·ensiti i. 

Current ·election. If a y tern has the oncept of rnrrently elecred efemem 
choi e et, menu leetion allows this el m nt l be highlighted. In som ca 
initiaJ default etting i provided by the sy t m and is u ed unle the user ch 
it. Th currently lected lementean be hown in variou ways. Th radio-bu 
interaction technique patterned aJter th tuning button on car radio , i. one 
(Fig. . ). Again ·ome pop-up menu highlight the mo t recently el cted . 
and place it under U1e Clll" or on th, a Sumption that the u er is more likely to 
le t that item than to elect any other ntry. 

Size and hape of m nu item . Pointing ac uracy and peed ar affected b~ 
size of each individual m nu item. Larger item arc fa ter to el ct, as predict 
Fins' law [FlTT54; CARD831; on I.he other hand, ma1Jer items talce less pace 
pennjt mor menu item to b di played in a fixed area, but induc more e 
during ele tion. Thu , there i a conflict between u ing mall menu items to . 
erve creen pa e ver u u ing larger on to decrease election time and 

reduce erro . 

Pattern recognition. ln ,1 . ction technique uwo!ving pattern recognjtion. 
u er make ·equence · of movement with a conl.Uluou -positioning de ice, u 
a 1abler or mou e. The panem recognizer automatieall compare the equ .. 
with a set of defined patterns, each f whi h corre pond to an elem nt of 
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selection et. Proofreader 's mark indicating delete capitalize, move, and o on are 
attractive candidates for th.i approach [WOLF87]. 

Recent advances in character recognirion algorithms have led to pen-based 
operating system and notepad computer. , such as Apple s Newton. Patt ms are 
entered on a tablet, and are recogn.ized and interpreted a commands, numbers, and 
letters. 

Function keys. E1ements of the choice set can be as ociated with Junction keys. 
(We can think of ingle-keystroke input from a regular keyboard as function 
keys.) Unfortunately, there never eem to b enough key to go around! The key 
can be u ed in a bj rarchical-selection fash.ion and their meanings can be altered 
u ing chords, say by depressing the k yboard shift and control keys along with the 
function key it elf. For instance, Microsoft Word on the Macinto h u es 'shift­
option->" lo increase point ize and the symmetrical "shlft-option-<" to decrease 
point ·ize; "shift-optioo-T" italkize plain te.xt. and unitalkizes italicized text, 
whereas " hift-option-U'' treat underlined text similarly. 

8.2.4 The Text Interaction Task 

The text- tring input task entail entering a character string to which the applica­
tion doe not ascribe any special meaning. Thus, typing a command name is not a 
text-entry task. rn contrast, typing I gend for a graph and typing text into a word 
processor are text input ta ks. Clearly, d1e most common text-i11pm t chnique is 
u e of the QWERTY keyboard. 

8.2.5 The Quantify Interaction Task 

The quantify interaction task involve specifying a numeiic value betwe n ome 
mini.mum and maximum value. Typical interaction tech.njques are typing the value 
setting a dial to the value, and usi11g an up- down counter to s lect the value. Like 
the po itioning ta k, thi ta k may b eid1er linguistic or ·patiat. When it is li11guis­
tic, the user know the specific value to be entered; when it is spatial, the user 
eeks to increase or decrea a value by a certain amount, with perhaps an approx­

imate idea of the desiied end value. In the former ca -e, the interaction technique 
clearly must involve numeric feedback of the value being elected (one way Lo do 
this is to have the u er type the actual value)· in the latter case, it is more important 
to give a general impression of the approximat etting of the value. Thi i typi­
cally accomplished with a spatially oriented feedback technique such as di play of 
a dial or gauge on which the cunenL (and perhaps previous) value i shown. 

One means of ente1ing values is the potentiometer. The deci ion of wh ther to 
use a rotary or linear potentiometer should rake into account whether the visual 
feedback of changing a value is rotary (e.g. , a turning clock hand) or linear (e.g., a 
ri sing temperature gauge). The current position of one or a group of slid potenti­
ometers i much more easily comprehended at a glance than are tho e of rotary 
potentiometers, even if Lhe k11obs have pointers. On the other hand, rotary potenti­
ometer are easier to adju t. Availabiliry of both linear a.nd rotary potentiometer. 
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Several dials that the user can employ to input values by dragging the control pointer. 
Feedback Is given by the pointer and, in two cases, by numeric displays. (Vertical sliders 
Apple Computer, Inc.) 

can help u er · to a o iate meanings with ea h d vice. lt is important to u ea· 
lion con istently: Clo kwi e or upward mo ement normal! increase a aloe 

With ontinuou - cale manipulation th u r points at the current-value i 
cator on a di played gauge or cale, pre se the election button, drag the in 
t r along Lhe cal to the de ired v, lu , and then release th sel ction butto 
poimer i lypicall u. ed to indicate th value elected on the caJe, and a nume 
echo may be given. Fiou.re 8.9 shows everal su h dials and their as ociated 
back. 

8.2.6 30 Interaction Tasks 

Two of the four intera tion ta k de crib d previ u ly for 2D appLicatioo be 
more complicated in 3D: po ition and elect. The fir t part of thi ection de: 
with a technique for positioning and electing, which are closely related. In 
ecti n, we al o introduce · n additional 30 interaction ta k: rotate (in the ecr 

orienting an obje t in - pace) . The major rea on for the complication is the 
culty of perceiving 3D depth relationships of a cw- or or object relative to 01 

di played object . This contrast starkly with 2D interaction where the u er 
readily p rcei e that the ursor i abo e, nexc to or on an object. A econ 
complication ari becau e t.he c mmonly available interaction devices ucl 
mice and tablets, are only 2D devices, and we need a way to map mo emenc 
the e 2D device into 30. 

Di play of tereo pair , corr ponding to left- and right-eye views, is he 
for under tanding general depth relationship , but i of limir d accuracy a a 
cj e locating method. Methods for pre enting tereo pairs to the eye are di u 
in Chapter 12 and in LHODG85]. 0th r way lo how depth relation hip. are 
cu edinChaper 12- 14. 
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30 posltloning technique using three views or the same scene (a house). The 2D cursor(+) is 
used to select one of the dashed 3D cursor lines. 

Figure . IO how a common way to po 1t10n in D. The 2D cursor. under 
control of, ay, a mou e, rnov free ly among the three vi ws. The u er can elect 
any one of the 3D cur or' dashed line and can drag the line u i.ng a button-down­
drag- button-up quence. If the button-down ent i clo ·e to the int r eclion of 
two da hed cur or line , then both are selected and are moved with the mou e. 
Although th.is method may appear r trictive in forcing U1e user to work in one or 
two dimension at a Lime, it i ometime advantageous to decompo e the 3D 
manipulation ta k into impler lower-dimen ional task . electing a well as locat­
ing is faci litated with multip le view. : Object that overlap and hence are diffi ulr 
to distingui h in on view may not o crlap in anoth r vi w. 

with locating and electino, the is ue in 3D r talion ar und tanding 
depth r larion ·hips, mapping 2D interaction device into 30, and en uring 
stimulu, -re pon e compatibility (S-R comparibility) 1. An easily implemented 3D 
rotation technique pro id lider dial or g ugc that conrrol rotation abou1 1h.ree 
axe:. -R ompati.bility ·ugges that Llle three ax:e normally hould be .in the 
screen-coordinate sy tem- x to the right y increasing upward z out of (or into) the 
creen [BRJT78]. Of cour e, the center f rotation either mu t be explicitly 

specified a a eparate lcp, or mu t be inlplicit typically the r en-coordinate 
origin, th origin o the object, or the center of the object). J roviding rotation about 
the e n' x and y axes i e pecially simple, uggested in Fig. 8. 1 J (a). The (x, 
y, z) coordinat y tern , ociated with the ·Jiders i rotated a the lid r are 
moved to how the effe t of the rotation. The two-ax.i rotation approach can be 
easiJy generalized to three axe by adding a dial for z-axis rotation (a dial is 
preferable to a lider for -R compa1ibiLity . ven more -R compatibility m 
from the arrang meat of dial on th fa es of a cube hown in Fig. .11 (b) . which 
clearly uggests Lhe axe. controJled by each dial. A 3D trackball could b used 
instead of the dial . 

1 The human-factor~ principle, which smtc~ 1lrnt syst~111 response 10 u er ac1ion inu t be in the same 
direction or sam oriematioa. and that lhe mugni1ude of the rcspon:e should be proportional to Lhc ac­
tion . 
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illi\: X 

(a) (b) 

y 
♦ 
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Two approaches to 3D rotation. (a) Two slider dials for effecting rotation about the screen 
and y axes, and a dial for rotation about the screen's z axis. The coordinate system represe­
world coordinates and shows how world coordinates relate to screen coordinates. (b) Th 
dials to control rotation about three axes. The placement of the dials on the cube provides 
strong stimulus-response compatib ility. 

lt i often ne ary lo ombin Dint raction task . Thus r tation requ i 
. ele L ta k for the bject to be rotated, a po ition ta k for lhe center of r tation. 
an rienl la. k for the actual ro tation . pecifying a 3D vi •w can be thought of 
cornbin d positioning (where th eye i ). orientation (ho the eye is oriented). 
caling (fi Id of v iew, r bow much of the proj c tion plane is map ped into 

viewport) ta k. We can reate ucb a ta k by combining ome of the te hniqu 
have discu ed, or by de ·igni n afiy-around capabiUty in which the viewer fli 
imaginary airplane around a 3D world. Th contr Is are ypicall pitch, rol l. 
yaw, plu vela iry to p ed up or low down. With the fly-around oncepl, the 
needs an overview, such as a 2D plan view, i.ndjcating the imaginary airpl 
ground po ition and heading. 

8.3 COMPOSITE INTERACTION TASKS 

Compo it interaction task (CIT ) are bui lt on top of lhc basic interaction t 

(BIT) de cribed in Lh previ u e lion, and ar a tually combinati n of 8 
integTated i_nto a unit. There ar three major fom1 of CIT-: d ialogue boxe u 
pecify multiple unit of information; on rruction u ed to creat object requ 

two or m re po ition ·; and mani pul ation, used t:o re. hape cxi ting geom 
obj ts. 
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8.3.1 Dialogue Boxes 

We often need to elect multiple elements of a selection ·et. For instance, text 
attribute . u h as italic bold, underline. hollow. and all ap , are 001 mutually 
cxc1u ive, and the u er may want to select two or m re at once. ln addi ti 11 ther 
may everal et f relevant atlribut , uch as typeface and font. ome of the 
menu approach us fol fo selecting a ingle el mem of a ·lection et arc not at­
l fact ry for multiple ele lion .. For example pul l-down and pop-up menu nor­
mally di appear wh n a el ction i made. n es itating a econd activation lO 

make u econd selection. 
Thfa problem can be o ere me , ith dialogue boxe a form of menu that 

remain vi. ibl.e w1Lil exp licitly di. mis· u by th u er. ln addition, dialogue box • 
an permit e lection from more than on election et and can aJ o include are 

for entering text and value . Selections made i.n a dialogue box can be co1Tected 
immediately. When all rh informatfon has be n entered into the dialogue box, th 
box i typically di ·mi ed explicitly with a command. ttribute and other value 
'pecified in a dialogue box can b applied immediately, allowing th u er to pr -
iew the efl L of a font or line- t le change. 

8.3.2 Construction Techniques 

One ay 10 con tru r a !in i to have th u .. er indicat one endpoint and then the 
oLher; once the econd ndpoint is pccified. a line i drawn between 1he rwo 
point . With this t hnjque, how ver, the u er has n ea y way to try om di.fferent 
line po ition before ettling on a final one, because th lin i not actually drawn 
until 1he econd endpoint i given. 1th thi I_ le of intcra tion. the u, er mu t 
invoke a command each tim an endpoint is LO be reposition d. 

far uperior approa h i rubberbanding di u ed in Chapter 2. When the 
u er pu he a button (often the tip wicch on a tablet ty lu , or a mou e butt n) , the 
tarting po ition of the line i establish d by th cur or (u ually but not nee arily 

controlled by a continuou -po itioni.ng d vie ). As U1e cur ·or moves, so does th 
endpoint of the Lin ; when tbe button i rele ed.,_ the cndpoi.nt i frozen. Figur 

.12 how a rubberband line-drawing equencc. Th rubberband ta t i · activ 
only while a button i held down. lt is in this stale that cur or movement cau e the 
current Line to change. 

An en tire genre of interacti n te hniques .i d rived Crom rubberband lin 
dra\ ing. The rubber-rectangle technique start. by an haring one comer fa rect­
angle with a button•down nction , after which th opposite wmcr i dynamicall.y 
linked to the cursor until a button-up action occur . Th tat diagram for thi tc h­
niquc differ from that for rnbbcrband llne drawing only in the dynamic feedback 
of a r ctangle rather than a line. The rubber•circle t chniqu creat a circle that i 

ntered at rhe initial cur. or po irion and that pa e through the current cur or 
po ition. or that is within the quare d fined by opp ite comer.. II the e tech­
nique. ha e in common the u. er-action sequence of button-down, move Jo at r 
and see feedback. I urton-up. 
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+ 

+ 

Depress button; rubber­
banding begins al 
cursor position 

Line is drawn from 
starting position to 
new cursor position 

Release button; 
rubberbanding ends, 
line Is frozen 

Cursor no longer 
controls line 

Figure 8.1 2 Rubberband line drawing. 

Constraints of variou. type can be applied to the cur or po. iti n in any 
the e technique . Fore ample, Fig. 8.13 how a equence of lines drnwn us· :c 

th ame cur or po ition as in Fig. .12, but with a horizontal con ·craint in ff 
A vertical line or a lin at om other orientation, can also b drawn in thi m -
ner. Polylines made entirely of horizontal and vertical lines as in printed circ 
boards, VLSI chip , and some iry map , are readily created· right ang le. are in 
duced either in re pon e to a user command, or automatically as the cu rsor chan,. 
direction. The idea can be generalized to any hape, uch a a cir le, ellip , or 
oth r curve; the curve i initialized at ome po ition then cursor movemen c 
trot h w mu h of the curve i di played. [n generaJ , the cursor po ition i u d 
input to a con traint function who e output i then u ed to display the appropri 
portion of the object. 

8.3.3 Dynamic Manipulation 

Jt i not sufficient to ju t create line r ctang,le . and ·o n. In many iniation . 
user mu t be able to modify previou ly created geometric entitie . 

+ 

Depress button; 
rubberbanding 
begins at cu rsor 
position 

+ 

Line is drawn from 
starting position to 
x coordinate of new 
cursor position 

+ 

Release button; 
rubberbanding ends, 
line trozen 

Figure 8.13 Horizontally constrained rubbernand line drawing. 

+ 

Cursor no longe· 
controls line 
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qJ 

Co] E] 

Position cursor over 
symbol to be moved, 
depress button 

Symbol is highlighted 
to acknowledge 
selection 

Several intermediate 
cursor movements 

Release button; 
symbol locks in place 

Figure 8.14 Dragging a symbol into a new position. 

Dragging moves a selected symbol from one position to another under control 
of a cursor, a ' in Fig. 8.14. A button-down action typically sta1ts the dragging (in 
some ca es, the button-down is also used to select the ymbol under the cur or to 
be dragged)· then, a button-up freezes the symbol in place, o that further 
movements of the cmsor have no effect on it. Thi button-down-drag-button-up 
sequence is often called click-and-drag interaction. 

The concept of handles is useful to provide scaling of an object. Figure 8.15 
shows an object with eight handles, which are displayed a small squares at the 
corners and on the side of the imaginary box SWTOtmding the object. The user 
selects one of the handles and drags it to scale the object. If the handle is on a cor­
ner, then the comer diagonally opposite is locked in place. 1f the handle is in the 
middle of a side, then the opposite side is locked in place. 

When thi technique is integrated into a complete user inte1face, the handles 
appear only when the object i elected to be operated on . Handles are also a 
unique visual code to indicate that an object i elected since other vi ual codings 
(e.g., line thickne s, dashed lines, or changed intensity) might also be used a part 
of the drawi11g itself. · 

Selecting rectangle 
with cursor causes 
handles to appear 

Button actions on this 
handle move only 
right side of rectangle 

Button actions on this 
handle move only 
corner of rectangle 

Figure 8.15 Handles used to reshape objects. 



0064 Exhibit 1015 page 64 of 65 
DENTAL IMAGING

318 Input Devices, Interaction Techniques, and Interaction Tasks 

Polygon has been 
selected for vertex 
modiflcation, handle 
appears on each vertex 

Depress- move-release 
over vertex causes 
vertex to move 

Figure 8.16 Handles used to reposition the vertices of a polygon. 

Polygon no longer 
selected; handles 
have been removed 

Dragg111g rotating and caling affect an entir object. What if we wi h to 
able ro move individual point uch a the cnice of a polygon? Vertice coul" 
named, and th user could enter the name of a vertex and it new (x, y coordi n 
But th ame point-and-dra trategy u ed Lo ruov an entire bject i mor 
tive. ln thi a e, the u er point ro verte , ele t it, and drag it to an \\ 
tion. The ve11ices adjacent t lhe on elected remain connected via rubber 
line . To facilitate electing a vertex, we can make a ertex blink~ benever the~ 
sor is near, or we can uperimpo e handle over each vertex, a in Fig. 8.16. 
larly U1e u er can m ve an edge of a polygon by electi11g it and dragging with 
edge maintaining its rigjnal lope. For rnooth curve and urface handle_ ~ 
also be provided to alJow the L1ser t manjpulate poi nts that control the hape 
di cu ed further in Chapter 9. 

8.4 INTERACTION-TECHNIQUE TOOLKITS 

The lo k and feel of a u er-computer i_nteiface i determined largely by tb ' o 
tion f interaction 1ecbn.iqu provided for it. Recall that intera tion techni 
impl ment th hardware binding p rtion of a u er-computer interface de: = 

De igning and implementing a good ·et of intcracti n technique i time con 
ing: Intern tion-technique to Lkits. , hich are ubroutine librarie. of int ra 
techniques, arc mechanisms for making a collection of techniques available for 
by application programmer .. Th. approach which help. to en ure a con · • 
look and feel among application program , i learly a ound oftware-engin 
practic . 

fnleraction-tecbnique toolkit can be u ed not only b application pro.., 
but al o by the re ident window manager, which i. after al! ju c an !her pro~ _ 
U ing the ame toolkit acr the b ard i an important and c mmonly 
approa h to providiJ1g a look and feel that unifie both multiple applicati n 



0065 Exhibit 1015 page 65 of 65 
DENTAL IMAGING

l wi h to be 
SUMMARY 

could be 

bape, a Exercises 

Exercises 319 

Lhe windowjng environment itself. For instance, the menu style used to select win­
dow operations hould be the ame style used within applications. 

A toolkit can be implemented on top of a window-management system 
[FOLE90]. [n the absence of a window ystem, toolkits can be implemented 
directly on top of a graphics subroutine package; however, because elements of a 
toolkit include m nus, dialogue boxe , croll bar , and the l.ike all of which can 
conveniently be implemented in windows, the window system substrate i nor­
mally used. Widely used toolkits include the Macintosh toolkit [APPL85] , OSF/ 
Motif [OPEN89] and lnterViews [LINT89] for use with the X Window System, 
and several toolkit that implem nt OPEN LOOK rsUN89]. Color Plate 9 hows 
the OSF/Motif 1nterface. Color Plate 10 shows the OPE LOOK jnterface. 

We have presented some of the mo. t impo1tant concepts of user inteti·aces: input 
device , interaction technique ·, and interaction task . There are many more aspects 
of u er interlace technique and de ign, however, that we have not discussed. 
Among these are the pros and con of various dialogue styles-such a what you 
see i what you get (WYSIWYG), command language, and direcl manipulation­
and window-manager i sue that affect the u er interface. [FOLE90] has a thor­
ough treatment of those topic . 

8.1 Examine a user-computer interface with wb.ich you are fami liar. List each 
interaction ta k used. Categorize each task into one of the four B11: of Sectjon 8.2. 
If an interaction doe not fit tbis classification scheme, try decomposing jt furtl1er. 
8.2 Extend the state diagram of Fig. 8.4 to include a "return to lowest level" 
command that takes the selection back to the !owe t level of the hierarchy, such 
that whatever was selected first is selected again. 
8.3 lmplement a menu package on a color raster display that has a look-up table 
such that Lhe menu is displayed in a su-ong, bright but partially tran parent color, 
and aJJ the colors underneath the menu are changed to a ubdued gray. 
8.4 Implement any of the 30 interaction teclmique discussed in this chapter. 
8.5 Draw the state diagram that controls pop-up hierarchical menu . Draw the 
state diagram that control panel hierarchical menu . 
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