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ABSTRACT

An ani mati on software systemhas been devel oped at
The Conputer G aphi cs Research Group whi ch al | ows
a person with no conputer backgroundto develop an
animationidea into a finished col or video product
whi ch may be seen and recorded in real time. The
ani mati onmay i ncl ude conpl ex pol yhedra forni ng
wor ds, sentences, plants, ani mals and other crea-
tures. The animation system called Anina Il, has
as its three basic parts: a data generationrou-
tine used to nake col ored, three-di mensi onal

obj ects, an ani mationlanguage with a sinple
script-1ike syntax used to describe parallel no-
tion and display transformationsin a flexible,
schedul ed envi ronnent, the Myers al gorithmused in
the visible surface and raster scan cal culations
for the color display. This paper discussesthe
requirements, the problems, and the trade-offs of
such a system An overviewof researchin the
area is given as wel | as the design and i npl enen-
tation highlights of the Anima Il system

1. Introduction

During the past several years, films fromthe

Uni versityof Utah (16), General Electric Corp.
(17) and by N. Max (18), illustratethat the abil-
ity to produce 3-D shaded object animationhas
been a significant additionto the field of com
puter animation. Max's comment about his film
"Spher e Eversion," describes the basic feeling to-
wards this type of animation: "The filmproduces
a visual i zati onwhi ch coul d not have been achieved
in any other medium and coul d never have been

ani mat ed by hand." (26)

A 3-D ani mati on systemwhi ch uses a visibl e sur-
face al gorithmto cal culate the final displayed

i mage nust deal with severe time-space considera-
tions resulting fromthe increased conplexity of
both the data and the data handling al gorithms,
through all phases of the system Traditionally,
shaded obj ect ani mation whil e producing high qual -
ity has been a difficult, slowand expensive proc-
ess as a result of inplenmentational trade-offs
anong these various consi derati ons.

An ani mati on software systemhas been devel oped
by the Conputer G aphi cs Research G oup as an
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attenpt to maxinize the trade-offsinvolvedin

3-D col or ani mation. The goal has been to achieve
the capability and i mage qual ity necessary for
conpl ex ani mationand, yet, maintainthe total
system ef fici ency necessary for a production ani-
mat i on environmnent.

Anima Il is a conputer ani mation systemdesigned
for the productionof color, three-dinensional
video tapes. It is ainmed at the animtor, educa-
tor and artist who requires anything froma high
vol ume of short col or sequences for teaching pur-
poses, to realistic key frane ani mation involving
conpl ex col or objects and precisely timed life-

li ke novenents. The Anima |l systemprovides an
efficient environnment for the creation, animation
and real -tine pl ayback di spl ay of col or-shaded
pol yhedra. The video output is directly connected
to vi deo recordi ng equi pment and a standard col or
tel evi sion set.

2. Background

Bef ore di scussing previous research in the area of
3-D shaded ani mation systens it is inportant to
briefly di scuss the requirenents, the problems and
the trade-of f s whi ch acconpany the design and im
pl ement ati on of such a system

2.1 Requirenents

Systemand user requirenents for 3-D shaded ani ma-
tion can be classifiedintothree factors deter-
mi ni ng overal | systemperformance.

2.1.1 Capabilities - A shaded ani mation system

can be viewed as having three separate capabili-

ties. Each has a unique functionw thinthe sys-
temand each has different problemns.

» Data Generationis the process of constructing
a conputer nodel representingthe three-dimen-
sional object or formthat is to be animated.
The type of data to be generated is deternined
by the type of visible surface al gorithmused.
Essenti al | y, pol ygon-basedal gorithms need
pl anar pol ygons whi | e paranetric surface al go-
rithns need hi gh-order patch equations. There
have been many approaches to inputting of 3-D
pol yhedra. These include dual data tablet dig-
itizing (32), single datatablet (23,27), and
geonetric model ing (4,8, 13,29).

® Aninationis the process of "givinglife" to



t he gener at ed obj ect s by speci fyi ng noti ons
which imtate the actions of the physical world.
These noti ons i nvol ve changesto an object's
position, orientation (rotation), size and
shape. Al so the concepts of acceleration, de-
cel erationand "path-fol | owi ng"are included as
mot i on descriptions. The ani mator controls the
noti ons of an object through a programor
"script" wittenin the syntax of the systenis
| anguage. Key frame techniques i npl ementedin
several 2-D/3-Dline animation systenms (3,6, 19,
36), notablyby the FilmBoard of Canada (34,
35), have proven a nost effectivemnmeans for
speci fyi ng the notion dynam cs (nmovenment
through time and space) of conpl ex ani mati on.
The central notion of key frane animationis
that an action of an object will change "front
some spatial state "to" a new state and that
this actionw |l range "front sonme time frame
Wit hinthe sequence "to" alater frame. In
this manner the user need only specify the
spati al -tenporal extrenes and the in-between
frames are cal cul at edby the | anguage. As well
as other responsibilities,the animationlan-
guage nust al so control a visible surface al go-
rithmin one manner or another.

e Display and recordtechni ques give the ani mation
systemthe capabilityof view ng the ani mation
duri ng devel opnent and docunentingthe final
ani mati on sequence. The nbst common et hod of
dealing with the output froma visible surface
al gorithmis to photograph it frame by frame.
The i mage out put may be a sweepi nghori zont al
scan line on a refresh CRT, or nmay be buffered
ina2-Dmtrix menmory with raster video dis-
play. Another nethod is to encode the visible
surface algorithm sresults and store this in-
formationon an anal ogue (30), or digital (5,
25) disk. The video sequence may then be read
fromthe di sk, decodedthrough a scan-Iine de-
coder, and displayedinreal tine on a video
nonitor. A refresh CRT needs filters to pro-
duce col or while a raster-scandisplayw ||
typi cal | y have col or output.

2.1.2 |nmage Quality - The type of visible sur-

face al gorithmused by the systemdetermnes to a
| arge degree the single (still) frame inmge qual-
ity produced. There has been nuch work in the
area of visible surface al gorithns, and no at-
tenpt is made here to present all the factors in-
vol ved. Basically, however, there are two types
of algorithms, the first type of which calculate
the intensities of a curvedvisible surface to the
resolutionof a singlepicture element. This type
i ncl udes the "reflectedradiation" al gorithmof
Magi (20), the recursivebivariate surface patch
al gorithmby Catmull (9), and (10,28). The second
type, pol ygon-based, sinmply colors or shades in
the faces of 3-D pol yhedra. Here the Watkins (31,
33) and Myers (24) al gorithns serve for exanpl es.
The first method inherently produces a snoot her
surface than the other andlends itself to the cal-
cul ation of texture, patterns and reflections (7).
Thus, for still frame images one typicallyinsists
on a visible surface al gorithmusing the first

net hod. However, for multiple frame (noving)

i mages, notion contributes significantlyto qual-
ity. Indeed it may be arguedthat the quality of
nmotion is the nost significant contributor to the
qualityof the animation. In any case, for
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ani mati on a vi si bl e surface al gorithmusing the
second net hod i s capabl e of sufficient quality.

2.1.3 Efficiency - A general definitionof effi-
ciency is "the ability to produce w thout waste.”
In a conputer environnent, the nost val uable re-
source to prevent fromwasting is conputer tine.
I'n an ani nation environnent the resource i s people
time. Efficiencyin an animation systeminplies
that all capabilitiesw thinthe systemare easy
to use and produce their desired results quickly.
For exanple, the systemis inefficient if people
who have been trainedin ani mati onhave to be re-
trainedin mathematics and/ or conputer programing
just so they may apply their previous know edge in
areas of color, form conposition, rhythm flow
and notion. Further, it is inefficient if an ani-
mator is forcedto stop repeatedlyduring the pro-
duction process, because of a slow turn-around
time to see the results.

To gauge efficiency at the systemlevel (i.e. sys-
t em responsi veness and systemt hroughput) an ani-
mat or nust questionall phases of the system How
longwill it take to make the data? Howhard is
it to describe the animation? Howlongwll it
take to calcul ate (turn-aroundtine)? How conpli -
cated is the final recordingprocess and how | ong
will it be to see the results? Systemefficiency
in an ani mati on environment can only be neasured
interms of howlong it takes and how hard it is
for the animator to get an ani mationidea off of a
storyboard and onto filmor videotape. A system
whi ch provides direct interactionand fast feed-
back gi ves an ani mator the freedomto experinent
with the systemand get a feeling for what kind of
ani mati on can be done.

2.2 Problens and Tradeoffs

Fitting the algorithmsused for producing, handling
and di spl ayi ng 3-D col or data together into a uni-
fied ani mati on systemcauses probl ems whi ch effect
the system s total performance. The problens are
due to fixed limts within the system deterni ned
by how nuch time, nmoney and menory was avail abl e.
Trade-of fs occur as sone features must be lost in
order for others to be inplenented.

For exanpl e the amount of directly addressabl e mem
ory avail abl e det er ni nes how nuch data memory and
instructionnenory can coexist. The size of the
data space linits the conplexity of the objects
whil e i nstruction space can decide capability and
faster response times since programoverlay and
task switch techni ques can be avoided if all the
programs are in main menory together.

Anot her exanple is inmage quality and its relation-
ship to capability and efficiency. A high-order
parametric surface equation realisticallydescribes
a snooth curved surface and has an increasein

i mage qual i ty over shaded pol yhedra. Wile it may
not be difficult to generate, the data for this
type of al gorithmwi thout a control |anguage, pre-
sents difficultiesfor the animator. The algorithm
can al so take a consi derabl e amount of cal cul ation
time to generate the final pictures. For instance,
there are sone excellent resultswith Catrmull's

nmet hod that took 25 minutes on a PDP 11/45 for a
single picture (7). Calculationtinme becomes im
portant in an ani mation sequence where one ninute



takes 1440 or 1800 frames (depending on film/video
recording). If polygon based shading algorithms
are used, image quality drops but capability and
efficiency increase (especially if the algorithm
is efficient).

Anot her trade-off in an ani mati on systemis the
means of displayingthe data and recordingthe fi-
nal sequence. Filmoffers higher quality (resolu-
tion and contrast ratio) conparedto video, but
must be chemically processed before the results
can be seen. Video however, has the advantage
that it can be immediately seen as it is beingre-
corded and the vi deo tape can be reused. Also
color is a natural conponent in a video system
whereas it nust be added through filters for the
fil mprocess.

It is often said that standard TV di splay of com
puter pictures is of |low resolutionbecause one
sees the jaggies. This assunptionis quite ms-

| eadi ng and one shoul d make a di stinction between
the inherent resolutionof TV and conputer gener-
ated pictures. For instance, if a color TV canmera
is recordinga rotating 3-D col or cube (areal-
wor | d object) and it is displayedon the nmonitor

vi ewed at a distance 5 times the hei ght of the
screen, thenthere will be no apparent jaggies.

On the other hand a conput ed ani nati on sequence of
a sinmlar colored cube rotating on the nmonitor also
viewed fromthe same distance wi || usual |y have
jaggies. The visible surface al gorithmnust com
pute the 3-D position, intensity, hue and satura-
tion for each point generatingthe scan linesto
display the picture. Typicallythere is a certain
percent age of error in these calculations and the
conputational tine requiredto overcone these er-
rors can be | engthy. Wsat one nust consider are
the trade-offs. Wile high picturequalityis im
portant and desirabl e, what does it nean in the
context of noving images and the bandwidthlimta-
tions of an NTSC signal ? Visionresearch suggests
that less pictureresolutionis necessaryfor nov-
ing i mges than static inmages.

2.3 Other Systens

Based on the literature to date, there have been
many conput er graphics facilitieswhich have inple-
ment ed either a technique for generating 3-D ob-
jects, an ani mationl|anguage, or a visible surface
al gorithm Two exanpl es woul d be the University of
Utah which produced the Watkins Algorithm (31,33),
and Archul eta' s work at Law ence Livenore Labora-
tory (2) where he inplenented a fast version of the
Wat ki ns Al gorithmon a CDC 7600. However, only a
fewfacilities have attenptedto integratethese
fundanent al capabilitiesinto one conplete system
for the expressedpurpose of ani mation.

2.3.1 An experinmental 3-D ani nmation systemwas de-
vel oped at the | BMWat son Research Center by Appel
et al. (1). This systemproducedoutput to a high
resolution microfilm recorder in the form of hidden
line or shaded objects. A special "movie specifi-
cation language" was used to control motion, chang-
ing viewpoints of perspective and a remote light
source capable of casting shadows. Efficiency in
the system was increased by sharing program tasks
among an IBM 360/67, a 360/91, and a 1130. 3-D
data was entered into the system either by inter-
actively picking points with an IBM 2250 or by
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"encoding manually when additional artistic free-
dom is required."

2.3.2 Case Western Reserve University has a com-
puter system which can generate shaded perspective
pictures in real time. This "Shaded Graphic Sys-
tem" was developed for Case by Evans and
Sutherland Corporation at a cost $400, 000. It
consists of a graphics processor driving a pipe-
line of special purpose hardware for matrix multi-
plication and shading. Sharing memory with the
graphics processor is a PpP-11 with a 10 megabyte
disk and an assortment of I/O devices. 3-D data
is processed on a scan line by scan line basis by
a hardware implementation of Watkin's hidden sur-
face algorithm and sent to a shader which uses the
Gouraud shading technique (21). The resulting im-
age is displayed on a raster scan CRT for real-
time display. A camera unit with color filters
under computer control is used to produce computer
animated films.

Jones (22) describes a high level programming lan-
guage he implemented for the Case system. It con-
sists of a complete implementation, for the PDP
11, of Algol-60w th the addition of stringvari-
ables, I/Ofacilities, and extensions for handling
graphi ¢ shaded i mages. The pri mary purpose of
this work was to facilitatethe use of a custom
built systemwhi ch can produce shaded i mages in
real time. According to Jones one important ad-
vantage of Algol was its block structure which
Jones decided would lend itself quite nicely to
the description of graphical structures. The con-
sequence of this approachis that just as Al gol
itself is away of talking about algorithms, the
graphi c- ext ended Al gol is a way of talking about
graphi cal data structures.

Currently, the system requires 3-D data to be en-
tered through a dual data tablet arrangement which
means the animator must provide detailed drawings
from several viewpoints (something most animators
with their "sketchy" storyboards don't have readi-
ly available). But besides this and the lack of
color in the system, the combination of Jones' ex-
tended Algol-60 language and the powerful graphic
display processor presents a good example of a
general purpose 3-D real-time animation system.
Most of the film "Sphere Eversion"” was calculated
with this system.

2.3.3 Credit should be given to Goldstein (20),
Nagel, et al. (13) and Elin (14) for their pio-
neering work in the area of 3-D shaded animation
with the Magi-Synthavision system. The unique
visible surface algorithm uses curved patched sur-
faces, but its approach is fundamentally different
from others. "Rays' are fired from some point in
space and traced to the first visible point on a
3-D object. The advantage of this technique is
that since the rays are stopped at the first sur-
face encountered, no time is spent exami ningthe
parts of the nodel whi chwoul d be normal |y hi dden.
The system is capable of generating data with a
sophisticated "combinatorial geometry” technique
(thus preventing the decrease in data generation
capability, typically associated with parametric
surface algorithms). Here, "the user specifies
the geometry by establishing two tables. The first
table contains the type and location of the bodies
used in the geometric description (there are nine



basi ¢ shapes). The second descri bes the physi cal
regioninterms of the bodies in table 1 andthe
three Bool ean operators, '+, '-', and 'or'. Each
regi on has a uni que regi on nunber and the bodi es
are numbered in the order of their occurence. The
model is completely described in terms of its re-
gion number."

The input to the system also includes "the loca-
tion and characteristics of a camera (focal length
and size of image plane), the direction from which
the light is coming and a set of instructions
called "Director's Language,” which tells the com-
puter how to treat the objects (animtethe ac-
tors) in the film."

The calculated visible surface output is stored on
magnetic tape. Using this tape as input a second
pass through the conputer is made to convert the
region-intensitydata into color-intensity. The
filmprocess (basedon color addition) requires
that the output tape be made with three weighted
red, green and bl ue franes for every one frane
fromthe input tape. The tapes, inthis form are
fed through a Data General M niconputer to a pre-
ci sion CRT. The inmages are filmed through a com-
puter control | ed color wheel (triple exposure--
once for red, green and bl ue).

The Magi - Synt havi si onsystemhas taken an excel -

| ent approach to 3-D shaded animation with the use
of "Combinatorial Geometry" and a "Directors Lan-
guage" to control their calculated visible surface
output. Unfortunately the system suffers from a
lack of interaction, because to use these powerful
facilities the animator must keypunch in the com-
mands to control both the data generation and ani-
mation process. Also, calculation time is sow,
ranging from 30 seconds a frame for extremely sim-
ple data, up to around 20 minutes a frame (15).

3. Anima ll

The animation software system has been implemented
in a standard minicomputer environment (Diagram 1)
with a PDP 11/&5 as the central processing unit.
The CPU has 64 K of core memory (32 K of which
contains the RSX || -D operating system) and 32 K
of MOS menory. In addition, the peripheralsin-
clude: a 4096 x 4096 Vector General refresh CRT
with joystick, buttons and dials; a 44 mega-word
(16 bit), "3330type" novinghead di sk used as t he
system disk; a special purpose color, raster-scan
decoder which serves as our real-time video inter-
face. The software in the animation system was
written in assembly language to increase efficien-
cy (Diagram 2).

The system, Anima ll, supports an environment in
which a user trained in areas other than computer
programming, is capable of:

e Creating complex color polyhedra with a real-
time interactive geometric "modeling” routine.

e Writing an animation script describing parallel,
keyframe motion dynamics controlling multiple
objects.

e Animating the script using a specially written
animation language processor in which the Myers
visible surface algorithm is the kernal
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conponent in the calculations for the final
di spl ay out put.

o Displayinganddirectlyrecordingin real tine,
the col or video sequence that was cal cul ated
and stored (in binary) on the systemdi sk by
the ani mati on | anguage.

Wil e each of these areas have noteworthy theoret-
ical and inplenmentational featuresin and of them
sel ves, what is significant about the Anim |l
systemis the integrationof these separate, com
pl ex processes into a conplete system which is
bot h easy to use and efficient.

Currently the Anima Il systemis supporting anima-
tion projects in the areas of education, tel ecom
muni cation and art as well as research projects
for astronony, statistics and conputer-aided
design.
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Diagram 1
3.1 Data Ceneration

The objects in the animation sequence are created
Wi th Parent's (29) interactive data generation pro-
gram The user views and interacts with the ob-
jects in real time on a random scan CRT. Concave
pol yhedra are joined and intersectedto formcom

pl ex shapes. The object can be bent or warped into



ANIMA II SOFTWARE
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FILE SYSTEM >

Di agram 2

Figures 1 - 12
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nmul ti pl e shapes for animatinglater. Transparent
to the user is the data structure of the objects
whi ch consists of closed pol ygons forming cl osed
convex or concave surfaces. The user is only aware
of positioningtwo objects in some relationto each
ot her, pushing a button, and either joiningthe two
together or cutting one into the other. The proc-
ess is accunul ativeand can be repeated as often as
necessaryto build the final object. The color of
the objects can be specifiedwhen the user chooses
his prinmtive objects (agreen ball can cut a green
hollowin ared cube) or individual faces may be
sel ected and "painted."

The dat a generationroutine uses 32 K of MOS nmeno-
ry for instructionand data space and uses 20 K of
core menory for a device handl er which buffers the
display lists and refreshes the Vector General .

The routine can handl e up to 2500 uni que edges. A
user accustomedto the "scul pting and buil di ng" ap-
proach of the routine can make an object in a very
short time. This can range from5-15 minutes for
a sinpl e shape such as a bl ock letter, 2-3 hours
for the frog and duck in Figures 1-12, and up to
five hours for conplex data |ike the "Jack-in-the-
Box" shown in the video tape acconmpanyingthis
presentation. These tines also includethe bending
and war pi ng process to make mul ti pl e shapes for in-
terpol ation (blending)in the | anguage. A detailed
presentationof the intersectionalgorithmused in
the data generationroutine is being given at this
conference by its author.

3.2 Script

Once the 3-D obj ects have been created, the user
control sthe rest of the ani mation process through
his script. The script is a story-boarded ani na-
tionidea, transcribedinto a list of instructions
wittenin the special descriptivesyntax of the

| anguage. The | anguage of the Anina Il systemof-
fers a means of initatingthe conpl ex notions of
"real " worl d objects by breaking each notioninto
sinpl e, but preciselycontrolled changes through
space and time. Language instructions are indi-
vidual |y schedul ed to be active over a range of
time duringthe ani mation sequence. \Wen the in-
structionhas reached its tinme limt, it can be re-
schedul edto be active later in the sequence, or it
can be renoved fromfurther consideration. An in-
struction specifies key frame tine parameters and
it al so describes key frame spatial transformpara-
nmeters. However only the extrene paraneter which
the instructionis changingto need be given, be-
cause the | anguage keeps track of where each obj ect
currentlyis. This saves animtors fromhaving to
keep records on their own of what they have done so
far in the script. They specify where they want to
go "to," and the | anguage cal cul at es what the vec-
tor should be to get there. This applies whether
the transformaffects position, rotation, size,
shape, or path. Using this format, a conbination
of a "set" and a "change" scene directive can com
pl etely control one sinple nmotion as in the exam
ple:

SEP POSITION name X, Y, Z, AT frame 1

CHANGE POSITION name TO, X, Y, Z, FROM frame 1,
TO frame 100

These two scene directives read as "set the
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position of some object to the point specified by
X, Y, Zon the first frame of the sequence (coor-
di nate and frane val ues can be given as nunbers or
symbol i c variables).” "At the sane tine, change
the position fromthe point where it was set, to a
new poi nt given by different X, Y, Z values and be
there by frame nunber 100."

The ability to schedul e the | anguage instructions
al l ows the user to animate nultiple objectswith-
out being concernedw th | ooping or programmatic
flow control. This notionof parallel commandsis
quite different fromthe typical approach found in
ot her graphics | anguages in which the animationis
control |l ed by guidingan internal programaddress
counter or pointer, into, through and out of a se-
ries of transformation control |oops.

The photographsin Figures 1 through 12 are sev-
eral of the extrene positions taken froman ani ma-
tion sequence involvinga duck, a frog and the
meeting of the two. The first four stills show
the duck in a head-down, head-up position as it
takes a drink of water. What the photos can't
showis the duck wadl i ng, wagging his tail, flap-
ping his beak, as well as changinghis orientation
(turning to one side then the other) and noving
through space--all at the sane time. The sched-
ul ed conmands in the script can be given quite di-
rectly to control the transformations needed for
this type of animation. The ani mator works on no-
tions independently, conponent by conmponent. In
the case of Figures 5 to 9, the aninator created
the frog and then intuitively "bent" the | egs and
arns into the extrene shapes that make up junping
and swinming. Then, in the script, the ani mator
deci des what the timing will be to get the frogto
change realisticallyfromone shape to another.
When this is settled, the ani mator nay deci de on
when to turn the frog during the sequence. After
that, how should the frog be noved to give the ef-
fect it is swimming. Here, accelerationand de-
cel erationcan be controlledby the animator to

i nprove the quality of motion. The introduction
of the duck, as seen in Figures 10 to 12 presents
no difficultyto the user. Conmands ani mating the
duck and frog are given directly, in parallel and
with no regardto nmutual interference.

When an animator is satisfiedw th the actions of
t he objects, he has the optionof controllingthe
whol e scene. Commands are used simlar to conven-
tional animationterns such as pan, tilt, zoom and
field, which change the rel ationshipof the ob-
server to the objects. Oher features of the ani-
mat i on | anguage i ncl ude col or, brightness, fades,
lighting.control in the formof independent posi-
tion and rotation of multiple light sources and
the ability to calculate a single frane or short
ani mati on segment wi thin the script.

3.3 Ani mation Language

When t he obj ects have been made and the notion de-
scri bed, the ani mator need only evoke the | anguage
to calculatethe final video sequence. The |an-
guage processor, designed and i npl ement ed by
Hackat horn (12), follows the user witten script.
It conpiles an animation file which contains all
the obj ect and col or paraneters needed by the vis-
i ble surface routines next in the production proc-
ess. |If, for exanple, the script describes a



sequence ani matingthirty mlti-col oredbl ock let-
ters and lasting for twenty seconds (600 franes),
then the conpiledanimation file will look like a
sequential |ist of six hundred dynanical |y changi ng
data structures, each defining the spatial and dis-
pl ay parametersof a collection of colored surfaces
for one frane.

The programtasks for the anination |anguage is di-
vided into four routines: preprocessor, scheduler,
interpreter, and conpiler.

3.3.1 Preprocessor

The preprocessingroutines are concerned primarily
with buildingthe data structure, but alsowth the
keywor d parsing of the script syntax. This routine
is controlledfirst by the prescene directivesthen
by the scene directives of the user witten script.
The prescene directives instruct the preprocessor
in the buildingof the data structure for the en-
tire ani mation sequence. The data structure in-

cl udes:

© Face and vertice information describing the
t hr ee- di mensi onal pol ygonal surface of each ob-
ject in the sequence.

o The different possible shapes that any object
can change into.

e Goup pointers for each object.

e Sub-group pointers w thin each object (object
parts).

e Miltiple "floating" light sources.

e Miltiple, three-dinensional paths through space,
sharabl e by all objects.

e A separate color for the inside and outside of
every face for every object.

The ani mati on | anguage currently can control up to
128 obj ects, groups of objects, or possible object
shapes, however, the real limti ng factor in the
maxi mumconpl exi ty of the systemis the 32 K ad-
dress space of the PDP-11/45 CPU. The ani mation

| anguage uses 32 K of MOSmenory and 32 K of core
menory. This allows 20 K of object data space
(4000to 5000 uni que edges) and el sewhere a 16 K
section for buffering shape vertices and path ver-
tices (about 5300 points at 3 words each). | f
there is roomin menory for the data, the |anguage
can control 128 objects, 128 shapes, 64 groups, 32
pat hs and over 500 conmand instructions.

The preprocessor routine parses, interprets, and
execut es each of the prescene directivesuntil it
conmes to a SCENE START directive in the script.

For the remai nder of the script the data structure
is fixed, no new objects can be added, and the rou-
tine parses nothing, but scene directives. Each
scene directive gets parsed and converted into a
"command bl ock, " kept as part of a data list in
menory. A conmand bl ock has all the paranetric and
key frame (schedule) informationin it that was
given inthe directive line. It also contains
pointers into the data structure, plus a wor kspace
area bi g enough to hold the unique notion val ues
which wi || change fromframe to frane.
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3.3.2 Schedul er

The schedul er is the first of three routines which
are evoked for each frame. The schedulingroutine
is event driven by the start of each new franme.
Every frane it:

e Sequences t hrough each command bl ock in the
list, conpiledby the parser.

e Judges whet her the conmand bl ock is flagged ac-
tive or inactive after a conparisonof the key
frame informationin the command bl ock and the
current systemframe counter.

e Updates the notion paranetersin the workspace
area if the command is active this frame.

The schedul er routine works doubl e duty by both
schedul i ng t he conmand bl ocks and updating the

uni que notion i nformation that each bl ock carries.
It is at this state that the concepts of "set" and
"change" become inportant. A "set” command bl ock
holds its initial parameters throughits time range
Wi t hi n the ani mation process. However, a "change"
bl ock has a directioninitiallycalculatedas spe-
cifiedby the animator with a "change to" direc-
tive. Fromthe first frame of activity, the direc-
tion (an increment in X, Y,' and Z) of the "change"
bl ock wi | | be added to the bl ock's own internal

wor kspace nermory. These incrementing (positive or
negative) parameters get interpretedand execut ed
as if they belonged to a "set" commandbl ock. This
informationis used, with no further nodifications,
by the interpreter routines in doing the actual
transformations to the data structure.

3.3.3 Interpreter

After the command bl ocks have been schedul ed for
the current frame, the interpreter finds each ac-
tive conmand, determines the parameter type (rota-
tion, position, size, color, shape, path, etc.),

and perforns the necessary notion or displaytrans-
formations to the data structures. The key to the
interpreter is that for eachnew frane, all command
bl ocks schedul ed active wi || start their transfor-
mation on the original data. In this manner, both
the order of the commands and the range of their
schedul e determines what transformationsw || be
done to the data on any given frame.

3.3.4 Conpiler

The conpil er routine conpiles a data file as op-
posed to executabl e code. The routine cal cul ates
the color of each face, does perspectivetransfor-
mations, clips all faces not seen by the observer
and bui I ds an ani mation file containing a conplete
scene descriptionof every franme in the script.

The color of a face is a product of the relation-
shi p between the current positions of the |ight
sources and the plane of the face. The systembhas
three light sources which it keeps as X, Y, Z
points in space and al lows themto be translated
and rotated just |ike objects. The distance each
of the light sources is fromthe face, decides a
wei ght ed bri ghtness. Fromthis relationshipa

val ue between 1 and 224 is deternined. This value
corresponds to a color pal ettemade up of 224 en-
tries, each entry describinga fifteenbit red,



green, blue hue conbination. The color paletteis

| ogically organizedinto eight intensity-chroma
sectionswith 28 entries (the first entry is the
darkest color and the last entry is the brightest).
When the object is created in the data generation
stage, it is "colored" by assigningone of the
eight intensity-chromasections to each face. Wth
the informationsuppliedby the |ight source cal cu-
lations the final offset into the color paletteis
produced.

The scene has a user-specified observer position.
Every object has its own "pictureplane." Wth
this information, the conpiler routine calcul ates
perspective. Each frane, the vertices after being
transformedby the interpreter are projectedonto
a picture plane. The 'Z' axis coordinates are un-
affected by the perspective so that depth conpari -
sons may be done |ater by the objects in nenory as
one object. It checks which faces can still be
seen and appends the animationfile with:

e The faces in the object that are displayable.
e The colors of the displayabl e faces.
e The transformedvertices for the current frane.

e M scel | aneous di spl ay paraneters i.e., z-clip-
ping pl ane position, and background col or.

When the last frane of the script has been com
piled, what is left is a data file on the system
disk ready to be turned into the final color video
sequence by the visible surface al gorithmand a
raster-scan conversionroutine. Up to this point
the calculationtine has been rel atively short.
The only maj or cal culationsin the | anguage are the
dot products and face nornals needed for the |ight
source equations. As a result, the | anguage typi -
cally calculates a 300 frame (10 second) sequence
in under 5 mnutes.

Through the script the ani mator may request that
the animationfile on the disk be played back (in
real-tine) to the Vector General. Since the
transformations of the objects are al ready com
pletely defined for every frame in the sequence,
the V.G playback routine has no conputationre-
quirements. This makes for an excell ent way of
previ ewi ng the ani nation sequence to get an idea
about the motions, but of course no color or
lighting informationcan be displayed. |f V.G
output is not specifiedin the script, the | an-
guage automati cal | yevokes the visible surface.

3.4 Visible Surface Al gorithm

The vi sible surface routine of the Anima Il system
is aversionof the Myers Algorithm Full inple-
mentation details of the original algorithmmay be
found (24), but for conpleteness, a brief descrip-
tion of the algorithm as it affects the animtion
process wi || be di scussed.

The programuses 32 K of MOS menory, containinga
data space of 20 K. At the begi nning of each new
sequence, the programreads a |ist of faces from
the animation file left by the | anguage. Here we
note that the |anguage has described all the ob-
jects in the ani mation sequence to appear as one to
the visible surface routine, alsothat all polygons
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createdwi th the data generationroutines have been
reduced to triangl es.

For each frame and startingwith the first, the
procedureis as follows. The face's information
isread in. This contains faces clipped out of

vi ew, backfaces renoved optional | yby the ani mator,
and color for each displayed face. Next the |ist
of uniqueverticeis read in as well as miscella-
neous i nformation such as background col or.

The programchecks each face against the face file
for this frame and if it is to be displayed (not
clipped or "back faces" renoved) the face is added
to a list of faces whose highest 'Y valueis iden-
tical to that of the current face. When all faces
have been checked for displayability, the al gorithm
begi ns producingthe visible surface output. As is
typical of linear to raster conversion and visible
surface algorithms, a scanline at atime is proc-

essed. Startingat the highest of the 512 scan
lines, lines are processed one line at a time until
all lines are processed. FEach line is processed as
follows. If the line contains no active faces

(i.e., no face starts, crosses or ends on the |line)
it is ignored. If the list of faces starting on
the line is not null then all of the faces on the
l'ist undergo a format conversion and are added to
alist of active faces. If the list of active
faces is not null then each face on the list is
processed, one face at a time, in whatever order
the faces on the list are in, until each active
face has been processed.

Processing a face nmeans processinga segnment of a
face, since one scan line at a time is processed.
Thus the list of active faces can be thought of as
alist of segments to process on a scan |ine. The
first segnent of the list is scanned (i.e., con-
verted to points). The 'Z (distancefromthe ob-
server) and intensity val ues for each point are
stored in the appropriateplaces inthe ZVSLS (Z
val ues scan line structure) and 1VSLS (intensity
val ues scan line structure) respectively. Both the
ZVSLS and | VSLS consi st of 512 |ocations, each |o-
cation of which correspondsto a horizontal posi-
tion on the output raster. At each horizontal po-
sition the 'Z value of the new point is conpared
with the 'Z' value of the point in the zZVSLS. |f
the new 'Z' is closer to the observer then both the
ZVSLS and | VSLS val ues at the current hori zont al
positionare updated with the val ues fromthe new
segment. If the new 'Z' is farther or equal then
no updating occurs.

After processinga segnent the correspondingactive
face is updated for the next scan line. If the

| onest point of the face has been passed then the
face is removed fromthe list of active faces.
After processing all faces on the list of active
faces for a scan line the scan line is converted
intorun | ength encoded bi nary data and stored a
scan line at a tine on the systemdi sk.

G ven a typical ani mati on sequence whi ch contai ns
pol yhedra of around 1000 edges and covering
an area of about one quarter of our TV nonitor, the
vi sible surface and raster scan conversion cal cul a-
tion of a 300 frame (10 seconds) sequence takes be-
tween 5 to 10 mnutes. |f the conplexity doubl es,
but the area remins the sane then the sane se-
quence wil | take 7 to 12 minutes. However, if the



area doubl es and the conpl exity remains the sane,
the sequencew || take 10 to 20 ninutes.

3.5 Display and Record

Currentlywe are using a standard broadcast televi-
sion as the view ng nechani sm a | arge capacity di-
gital disk for imge storage and broadcast video
for the raster-scan format inmage representation.
The broadcast video is not stored in conpositeNTSC
format, but rather is stored as run-1Iengths of par-
ticular intensity-chromaconbinationswhich are
converted (inreal-tine) to conpositeNTSC format
for display. The use of run-length encoding is our
response to the insufficiency of current computer
technology to easily handle the large quantities of
information implied by raster-format representation
of dynamic images. For example, a raster-format
dynamic image of 512 by 512 resolution, 8 bits per
resolvable element information content, 30 frames
per second display rate and 30 seconds duration re-
qui res over 235 million bytes of storage. The im-
plied data transfer rate (8 million bytes per sec-
ond) is prohibitivew thinour general purpose
design strategy. This is due to the fact that

al t hough di sks of over 200 nmillion byte capacity
are available, the transfer rate availableis |less
than 2 million bytes per second.

The run-length decoding and analog systems were
constructed by Dr. John Staudhammer and his asso-
ciates (DIG TEC, Inc.; Box 5486; Raleigh, N. C.
27607). The anal og systemand rearend of the run-
| ength decodi ng systemare sinilar to an earlier
system built under Staudhammer's direction. The
decoding system converts our run-length format to
that used in Staudhammer's earlier system. (30)

A dynamic sequence is transferred from the disk to
the TV according to the following scheme. A 32 KB
run-lengthbuffer is dividedinto two 16 KB buffers
for double buffering. A buffer is filled fromthe
disk. While this buffer is being filled, informa-
tion to/fromthe disk controller fromto the CPU
nmust be nultiplexedwith the data fromthe disk.
This mul tiplexingis automaticallyhandl ed by the
UNIBUS priority arbitrationunit. Fortunately, the
quantity of control informationnecessaryto run
the disk is a small percentage of the quantity of
data being transferred. Al so fortunateis the fact
that the dual ported MOS main menory pernits the
instructions and associ ated data of the control
programto be fetched sinultaneouslywi th the data
being stored fromthe disk. Thus, there are vir-
tually no nenory cycles lost directlyto the con-
trol program

Information flowing into the run-length decoding
system is buffered in an internal 32 KB MOS buffer
before it is decoded. This is the reason that in-
formati on may be transferred fromthe MOS mai n nem
ory buffer into the decoding systemwi th no concern
for fieldor frame boundaries. Mre explicitly,
since field and franme boundary i nfornationis con-
tained in the data, putting off decoding the data
until after information transfer permits the data
to be treated as a uni formstream

The calculations below are intended to give a quan-
titative indication of the capabilities of the sys
tem. It should be noted that in order to provide

the cl earest cal cul ations, nminor overheads such as
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start of field instructions are ignored.

The fol | owi ng cal cul ati ons assume an aver age of one
byte per run. This case is approachedfor images
with (typically) fewer than 33 intensity-chroma
conbi nati onswithin a scan line and fewer than 25
withina field. The disk specificationsare those
of the manufacturer. Since the RIPO4 disk system
is (relatively)the slowest part of the system it
det er mi nes t he maxi mnumperformance | evel .  For con-
tiguously stored files (as video files have to be
in this systenm the disk can be read continuously
at maxi numpossi bl e speed wi th the exceptionthat
some time (7mlliseconds)is |ost when changing
cylinders. Sincethere are 19 tracks per cylinder
and the disk requires 16.7 mlliseconds for one
revol ution, one cylinder can be ready every 317
mlliseconds. Since 214,016 bytes are stored per
cylinder, the average data transfer rate is 675
bytes per millisecond. Alowi ng 10 nilliseconds
for change of cylinder, 207,266 (214,016 mi nus
6,750) bytes can be obtained for every cylinder
read. Note that the storage space "passed over"
for change of cylinder is best wasted as an extra
revol utionwoul d be requiredto retrieveit. Thus,
the average data transfer rate is 654 (207, 266di-
vided by 317) bytes per nillisecond. Since each TV
frame | asts about 33 milliseconds, this is 21,582
bytes per frame. At one byte per run, thisis
21,582 runs per frane. Since the disk has 411 cy-
linders and the systemis retrieving 207, 266 bytes
per cylinder, there are 85,186,362 retrievable
bytes. At a maxi numof 21,582 runs per frane, this
represents 3,947 frames. Since the datais contig-
uous, any reductionin runs per frane directly
translates into nore frames. Thus, at 2,158 runs
per frame there are 39,470 franes. (25)

4. Concl usion

The devel opnent of conputer generated 'solid' ob-
ject animationis changing the way an ani mator ap-
proaches the docunentationof an idea. Convention-
al ani mationinvol ves draw ng and redraw ng pl anar
i mages on each frane throughout the entire se-
quence. |nmge creation and image animationare
very often the same process. But in a 3-D conputer
ani mati on envi ronnent, the user first builds a col-
ored object then animates it and these processes
are separate. The approach of 3-D col or animation
is sinmilar to that found in other disciplines such
as Ci nenmat ogr aphy, Theatre and Chor eography. Here
actors or dancers are chosen and given their roles
by a director who is responsible for the whol e
show. The approach is closer still to that of pup-
pet animation in which the work if Jiri Trinka,
Wllis OBrien (KingKong) and Ji mHensenwith his
Muppet s serves as excel | ent exanpl es.

The i npl enent ati onof such an ani mation systemre-
qui res bal anci ng systemrequi renent s agai nst the
avail abl e resources, while at the sane time keeping
sone notion of efficiencyin mnd. Anina |l, has
been devel oped and i npl enent ed as one sol utionto
the production of 3-D color ani mation. Each of the
subsystens in Anima Il have been especial | y desi gn-
ed to both interact freelyw th a user and inte-
grate transparentlyinto aunified system Wile
sitting at one work station, auser of Anina Il can
create, animate and di splay 3-D col ored obj ects,
then directlyrecord the ani mati ononto standard
video cassette tape. The systemhas linmtations in



the areas of data conplexity:
per scene; and data transfer:
the systemdi sk which can transfer about 20,000

5000 uni que edges
limted nainly by

bytes (1-3bytes per run-length) each video frane.

Currently nmethods are being explored to inprove
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