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Abst r act

Thi s paper describes an ani mati on package currently under devel opment at the Cornell Programof

Conput er Graphi cs.

The basic al gorithmenployedis |inear or non-linear interpol ationbetween successive pairs of key
frames. These key frames are conposed of artwork input by the animator on a graphic tablet and displ ayed
on either a black and white vector scope or a color halftone CRT. The initial working environnent is two-
di nensi onal , and the individual i mages are conbi ned using a mul tiplane cel animation technique to produce
depth and motionillusions. Real-tinmefilmpreviewng, utilizingan on-the-fly interpolationalgorithm
provides the artist with instant pl ayback of ani mated sequences.
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I. Introduction

The last five years have seen the devel opnent
of several sophisticatedconputer anination sys-
tenms. To reviewa fairly well established taxono-
ny, two general categories can be identified:

| anguage-dri vensystens and picture-drivensystens.

Each type offers certain advantages to the artist,
al t hough each contains certain inevitable draw
backs. These nay be summarized briefly as fol -

| ows:

Langquage-drivensyst ens:

Begi nni ng wi t h Kennet h Knowl t on' s pi oneer
pixellation films of the early sixties and con-
tinuing up through the current research of the
Chio State University Goup (2) and others, all
| anguage driven ani mators have in common a de-
sire to achieve maxi mumflexibilityin their
ani mation environnent through the provision of
a wide repertoire of picture nanipul ati oncom
mands. By allowing the artist to specify any
t wo- di mensi onal or three-dinensional transfor-
mat i on upon geonetries in the working data
space, these systens provi de consi derabl e free-
dom for the\devel opnment of artistic scenarios.

There are, however, distinct difficulties
in this approach. First the generation of three-
di mensi onal objects wi th sufficient ease and of
adequat e conplexity to serve as artistic ele-
nents in conputer animationis a probl emof con-
siderabl e conplexityin itself. Second, since
the wor ki ng envi ronnent of these ani mation sys-
tems is mani pul ated and distorted accordingto
conmmands entered on a conputer termnal, the
artist must acquire at |least some fanmliarity
wi th | anguage syntax.

Pi cture-driven, key-frane ani mati on systens:

In systems of this class the ani mator pre-
pares selected i nages at key intervals in the
sequence and sketches themon a graphic tablet.

I nteractionbetween the artist and his ani mation
is purely pictorial, and picture generation pro-
ceeds fromthese key drawi ngs instead of from
progranmed conmands. By subdi vi di ng each sketch
into discrete strokes, and fromthere into a |arge
nunber of closely spaced points, the conputer can
be programmed to generate franes internediateto
the key draw ngs using a sinple linear interpol a-
tion al gorithm

Several existing animation systens are based
on this approach, includingthose devel oped by
Wein (8) and Catnull (1). There are, however,
maj or problenms with key-frame ani mation. First,
there nust be a one-to-one correspondence of
strokes between the two termnal sketches in a
transformation. Wile this scheme provides a
sinpl e neans for controlling the overall transfor-
mation, certain classes of actions becone ex-
trenely difficult to achieve, such as |arge rota-
tions of objects. Second, linear interpolation
between two substantially di sparate draw ngs in-
variably results in the "collapsing phenonenon",
wherein the lines of the drawi ng appear to dis-
integrate and mingl e chaotically during the course
of the transfornation. Win has provided several
excel I ent suggestions for alleviating these arti-
facts of key-frameinterpolation (7). A third
i npedi nent relates to the organi zation of timngs
in the key-frane method. By adopting an al gorithm
for animati onwherein each transformationis
pl anned separately, the probl emof naintaining
smoot h transitions beconmes critical. In nmost of
the work produced to date the tenpo of the key
frames is highly apparent, and since continuityis
essential, the key-frane nethod presents a defin-
ite constraint in this area. Finally, alinta-
tionis inmposedby forcing the artist to inhabit
an essentially two-dinmensional world. Wileit is
a simple natter of draftsmanshipto produce a sta-
tic image which successfully portrays depth, it is
entirely a different probl emto produce key-frane
interpol ati ons of objects that retain true per-
spective throughout the transformation.
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The Cornell Program of Conputer Graphics is
currently devel oping an ani mati on system for even-
tual use in a production studio environnent. The
systemis basically designed on the key-frane

nodel of conputer animation, for which excellent
descriptions can be found in (4) and (8). It also
provides  three-di mensional capabilities,. but, in

order to prevent these additional degrees of free-
dom from becomi ng too unw el dy, they are dispensed
only in a carefully controlled manner, as des-
cribed in the next section.

. THE CONCEPT OF MULTI PLANE ANI MATI ON

In the ani mated cartoons of the 1920's, the
backgrounds were designed strictly as static, two-
di nensi onal backdr ops. They lent a sense of place
and scale to the animated characters in the fore-
ground cel, but rarely dealt with the space be-
tween these figures and their horizon.

When Walt Disney began work in 1936 on his
first feature-length film Snow Wite, it becane
necessary to depict settings wherein the charac-
ters were separated by vast distances fromtheir
backdr ops. Careful ly constructed perspectives
coul d provide an inpression of depth as |ong as
the observer's viewpoint was static, but a very
difficult problemarose when the script called
for a zoom or a panoramc sweep. In order to
simul ate a novenent of the imaginary observer to-
ward a character in the foreground, the figure
should enlarge in the field of view This can be
acconpl i shed sinply by bringing the camera cl oser
to the animation platten. The background scene
al so increases in apparent size during the zoom
but at a much slower rate due to its greater dis-
tance from the observer. I f the background cel
were kept flush with the foreground figure as it
had al ways been in traditional animation, it
woul d enlarge as rapidly as the foreground and
the illusion of depth would be Ilost.

Thi s probl em was sol ved by Disney with the
aid of an awesonme nachine called a multiplane
camera, shown in Figure la.  Each layer of ani-
mation is situated at a different distance from
the canera and illuminated independently. Thus,
to achieve a realistic zoom each cel layer is
nmoved toward the canmera at a speed inversely pro-

portional to its distance fromthe i magi nary ob-
server. The differential ratios in these rates
determi ne the apparent position of each draw ng
plane in depth. This was and still is one of the
cleverest devices ever to be wused in animation.
Unfortunately, each cel layer required several
technicians to operate it, and for this reason
it has been used sparingly since the first fea-
ture filns. Neverthel ess, it represents an ex-
cellent algorithmfor generating ani mated se-
guences of correct perspective and realistic
three-di mensional notion froma set of essen-
tially  two-dimensional drawings  (3).

I, THE CORNELL ANI MATI ON SYSTEM

1. Cener al organi zati on;
Figure 2 illustrates the |ayout of the anina-
tion package. I't has been devel oped as a dual -

system alternating between a bl ack and
hal ft one CRT.

di spl ay
white vector scope and a col or

Duvica I:
Seal-tice vector display

Dwvice IB:
Stop-fraca colar displey

Color—map
edttor

1
¥ Sequence I Stop-fraoe 5
previevar T filming comtrol :
I

Leecneriam e

Figure 2: Schematic organization of the Cornell

ani mation system showi ng the interface between

the wvector and color graphic systens. For a com
pl ete description of the equi pment configuration
of the Cornell laboratory, refer to (5), also in

this issue.

The mul tiplane camera stand used by

Figure la:

Valt Disney in his productions of the 1930's.
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Figure Ib: The multiplane editor of the Cornell
animation system (with its nenu).



I nput of the artwork can be initiated from
ei ther device, dependi ng upon the graphic nmedi um
sel ected by the artist. This process is entirely
pictorial, and the primary input neans is a gra-
phic tablet and pen.

The data then passes to the nultipl ane man-
ipulation routines. Here, the sketches and paint-
ings are conbined into a nultiplane ani mati on
envi ronnment anal ogous in concept to that used by
Walt Disney. This segnent of the ani nmation pack-
age operates exclusively on the vector displ ay,
since that device offers the best real-tine
capabilities.

At this stage, the data consists of a series
of key frames specifying the exact state of the
ani mation at selected intervals in the sequence.
The final step is for the conmputer to performthe
mat hemati cal i nterpol ati onbetween t hese key
frames, and to display the resulti ng sequence on
one of the output devices. Two nmeans for previ ew
ing are available to the artist, real-tineblack
&whi te playback or stop-frane col or pl ayback.
The restrictionof real-tineplayback to the vec-
tor scope is due entirely to the Iimtations of
avai |l abl e technol ogy. After exam ning the ani ma-
tion, the artist then has the option to refine
either his artwork or the nultipl ane setup and
then repeat the procedure. Wen the preview ng
finally yields satisfactory results, production
film ng may begin. For this purpose, each com
posite image is displayed one frane at a tinme on
the color CRT and filnmed using a permanently
mount ed 16mm canera. This process, although sl ow,
is performed autonaticallyby the conputer and
requi res no user intervention.

each of the three
be expl ainedin
be provided for each

In the foll ow ng sections,
basi c steps outlined above wil |
detail, and exanples will
stage of the process.

2. Bui | di ng the two-di nensi onal pl anes:

Each pl ane in the nultipl ane environnent con-
tai ns one ani mati on sequence devel oped by the ar-
tist. Several different ani mati on techni ques are
provi ded, but all of themgenerate a conti nuumof
t wo- di mensi onal i mages for that plane.

a) Key-franme i nt erpol ati on of
with |inear output

| i ne draw ngs
(Fi gure 3a)

The procedure for devel opi ng a key-frane sequence
fromline drawings is well known and has been des-
cri bed el sewhere (8). The final product of this
nmet hod is a sequence of franmes containing vector
appr oxi mati ons of interpolatedcurves. This may
be di spl ayed on either a vector scope or a raster
CRT.

b) Key-franme i nterpol ati onof |ine draw ngs
with col or output (Figure 3b).

Uilizinga sinple area-fillingalgorithm conti -
guous areas encl osed by the original |line draw ng
can be flooded with colors froma "palette" and
di spl ayed on a col or raster CRT, yielding an i mage
simlar in appearance to a traditionally opaqued
animationcel. |[|f a set of "seeds" to drive the
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area-filleris interpolatedalong with the profile
lines, internediate frames can be automatically
generated with full col or opaqui ng. Wen these
frames are | ater superinposedover other sequences
in the nultiplane environnent, nmul tipl e-cel opaqu-
ing is effected.

c) Static color backdrop (Figure 4a)

The rear planes in Disney's nultiplane ani mati ons
cont ai ned hi ghly el abor at e backgrounds, far too
conplicatedto be viably ani mated. Many of them
were oil paintings on glass plates, a nearly in-
credi bl e conbi nati on of materials to handl e, but
one which all owed great variationin texture and
tonal delicacy. As part of the Cornell animtion
system a painting programhas been devel oped in
whi ch the artist works with conputer-generated
anal ogi es of traditional draw ng i npl enents, such
as pens, brushes and washes. (This programis
simlar in design to the SHAZAMsyst em of Xer ox
and its descendants in other graphics |aboratories
(1) (6). Using this program full col or backdrops
of consi derabl e conpl exity can be achi eved.

d) Color-paletteinterpolationof static
backdrops (Fi gures 5a & 5b)

Al t hough the conpl exity of painted backgrounds
prohi bits geonetrical ani mati on, there exists
equal ly interesting possibilitiesin the interpo-
lation of the color palette. For exanple, sup-
pose that the artist colors a renderingof an
imaginary tenple in its nighttine array of bl ues
and deep purples. Then, w thout repaintingthe
basic figure, a sequence of palettes can be speci-
fied that depict the play of light and color in
the hall as the sun rises. These palettes can
finally be used by the conputer as key frames from
whi ch an entire ani mated sequence of subtle chro-
matic shifts can be produced.

e) Back-projectionof three-dinensional
simul ati on(Fi gures 6a & 6b)

Constrainingthe artist to inhabit an exclusively
t hr ee- di nensi onal worl d has defi nite drawbacks.
There are, however, instances in which three-

di mensi onal sinul ation prom ses to yield the best
backgrounds for a particul ar scenario. Archi -
tectural settings exenplify stagesets that woul d
not alter in shape, yet m ght be viewed froma
variety of different angles during the course of
an ani mati on. The Cornell ani mati on system pro-
vi des these three-di nensi onal simul ati on capabil -
ities, although only in the follow ng carefully
structured manner. Attaining the correct arrange-
ment of two-dinensional ani mation planes within a
t hr ee- di nensi onal stageset is anal ogous to the

pr obl emof conbi ni ng ani mati on and |ive-action
filmng in one sequence. Unless the spati al

arrangenent s are executed flaw essly, one of the
nmedia will "go flat", or seemto |lose its perspec-
tive depth. Figure 6a illustratesthis difficulty.

The sinmul taneous juggling of the two inmage types
Wi th respect to perspective alignnment woul d be ex-
trenely cunbersome to handlein this setup. One
solution to this problem and the one adopted for
the Cornell animation system is to separate the
two nedi a, conpose one independently, then super-
i npose the other at a later stage. Specifically,
the three-di nensional simnulationis worked out



Figure 3a:  Key-frame interpolation of line Figure 3b:  Key-frame interpolation of [line
drawing - vector output drawing - color output

Figure 4a: Static color background displayed on Figure 4b:  Vector approximation of 4a for display
color screen. on vector scope (allowing real-tinme manipulation).

Figure 5a:  Conbination of  two-dinensional and Figure 5h: Conbination of  two-dinensional and
t hr ee- di mensi onal ani mation, in night col ors. t hr ee- di nensi onal ani mation, in morning  colors.
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Figure 6a: Di rect conbination
of 3d and 2d anination

Figure 6b: Back proj ect ed
conbination of 3d and 2d

ani mation.

first, conplete with canmera angles and notion dy-
nami cs. Then the resul ting sequence is back-pro-
jected as a continuum of two-di mensional inmages on
the background plane of the multiplane environ-
ment, as diagramed in Figure 6b. Finally, the
artist proceeds to devel op his two-dinensional

ani mation as a superinposition over the sinulation
sequence. In nmuch the same way that traditional
ani mation was executed to match a pre-recorded
sound track, the multiplane animation in this ex-
anpl e woul d be altered and refined to overlay a
previously establ i shed backgr ound sequence. us-
ing this. nmethod, correct perspective and align-
ment between the two nedia are virtually assured.
The fountain and tenple in Figures 5a & 5b were
conbined in this nmanner, with the tenple input as
a two-di mensional painting and the fountain as a

t hree- di mensi onal simul ation.

3. Constructing the nultiplane animtion:

Figure Ib illustrates the geonetrical struc-
ture of the Cornell animator (compare to Figure
la). The imagi nary observer in this system de-
fines a three-dinensional cone or frustrum of
vision which is transpierced at carefully de-
fined intervals wth data planes. The two-

di nensi onal raw ani mati on sequences of the artist
reside on these planes.

By mani pul ati ng the object planes and obser-
ver's position, the artist can choose the best
views and sequences to tell his story. As Figures
7a & 7b illustrate, the nmultiplane effects are
achi eved by translating the observer's position
in any of the three directions or by tilting the
line of sight in any of the three degrees of ro-
tational freedom In addition, translations, ro-
tations and scaling functions may be specified
for each plane in the environnment for the possi-
bility of interrelational novenents anong the cels
of the conposite.

For the previous stages, some of the tech-
ni ques described utilize a vector-draw ng display
while others depend on color raster graphics.
For the next stage in the process however, all
work nust be representable on the vector scope.
To provide this capability, an edge-finding al gor-
ithmcan be utilized to generate a coarse vector
approxi mati on of those draw ngs created originally
for the color display. This vector sinulcrum an
exanpl e of which is shown in Figure 4b, contains
substantially less information about detail and
texture than its color genesis, but it is adequate
for the task of arranging the planes in space and
specifying the sequence dynamics.

Interaction between the artist and the conpu-
ter is entirely pictorial, requiring no know edge
of programming or |anguage syntax. Moti on feed-
back is immediate, in real-time and at full resol-
ution, utilizing the fast vector drawing system
Throughout this process, the locations of the
planes and observer are being constantly tracked,
so that acceptabl e sequences can be repl ayed auto-
matically and included in the final animtion.

Figure 7a: Mani pul ati ng the observer's frustrum
of vision in the multiplane editor.

Figure 7b: Manipul ating the object planes in the
mul ti pl ane editor.
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4. Real -ti me previ ewi ng:

One inportant feature in any ani mati on system
is the ability to previ ewani mati on sequences at
cine projection speed (24 franmes per second), or
at least at standard ani mati on speed (12 franes
per second). In the Cornell system real-tine
pl ayback is achi eved using the fast vector draw
ing display. For this purpose, the vector approx-
imations of all color drawingis utilized.

A hardware matri x processor is capabl e of
handling in real -ti ne whatever translations and
rotations may be specified for each plane in the
environment. Unfortunately, however. the |inear
interpolationsutilized in the key-frame sequences
require substantial processing tine since the cal-
cul ations nmust be applied in software to each of
the thousands of points in each sketch. These
massi ve conput ati ons presently make real -tinme
pl ayback extrenely difficult to achieve.

The possi bl e progranm ng strategies for
achi eving real -ti me pl ayback of interpol atedse-
quences fall into one of two categories:

1) Pre-calculatedinterpolation, in which
the geonetry of each internediate frane
is conputed before the preview ng begi ns
and depositedon a | arge capacity, high
speed mass storage device for subsequent
pl ayback.

2) On-the-fly interpolation, in which the
geonetry of each internmedi ate frame is
conmput ed by the host conputer just prior
to its display on the screen.

The inherent di sadvant ages of pre-cal cul ating
the in-between franes and storing themon the disk
are fairly evident. First, it incurs waiting tine
bet ween the input and pl ayback phases of the pro-
cess. Second, it places an absolute linmit on the
nunber of frames that nay be previ ewed at once,
dependi ng upon the particul ar storage nmedi um
Third, any subsequent nodificationsto the ani ma-
tion require that the entire sequence be reconpu-
ted before it may be previ ewed again.

By using an intelligent graphics processor
that is substantiallyindependent fromits host
conputer, sufficient conputing power remains in
the CPU to inplenent an on-the-fly interpol ation
scheme. Furthernore, utilizingalgorithmand
code optim zation techni ques, the conputations
necessary to performsinple linear interpolation
can be di m nished significantlyfromthe basic
fornmul a.

Three processes are actually invol ved in
produci ng the conti nuous ani mati on on the screen:

1) Loadi ng of each pair
the di sk.

of key franes from

2) Interpolationof the sketch data.

3) Matrix transformati onand di spl ay of the
internedi ate franes.
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The key to producing this fast continuous ani na-
tionlies in the fact that each process is

achi eved by a separate part of the conputer sys-
tem operatingin an asynchronous, nulti-tasking
environnent. The three i ndependent devices in-
vol ved are the mass storage controller, the CPU,
and the display processor.

These t hree asynchronousl y operating devi ces
are slaved to the previewer in the Cornell system
using a networ k of pseudo-sinultaneousco-routines
executing in the central conputer, as shown in
Fi gure 8. At the start of key frame (n), the
di sk controlleris instructed to begin transfer-
ring the data for key frame(n+l) to a core buf-
fer. At the same tinme that the disk transfer is
triggered, interpolati oncomences on the first
pl ane of key frane (n). Wenthis plane is com
plete, the display processor is conmanded to
transformand display the plane. This is achieved
by | oading the plane's geonmetry into the display
pipeline along with the matrices desired for
translationand rotation. Meanwhile, the CPU is
working on the interpolationsfor the second pl ane.
When all planes have been conputed and processed
for display, work begins again for the next frame.
By the tine the entire key frane is exhausted, the
di sk operationis conplete and the next key frane
is ready for interpolation.

Si nce the di splay processing operates faster
than the interpolations, the critical path in-
cludes all of the interpol ations, but no other
processes, as the di agramindicates. If by chance
the work required to display a single frane is
conpl et ed ahead of schedule, an internal clock
del ays the programfor the proper interval of
time. The work will never fall behind schedul e,
since before the playback process begi ns, each
sket ch has been subdividedonly into a nunber of
points that can be handled at 12 franes per second.
For our present equi pnent configuration, this
limt has been neasured at about 2800 points,
whi ch all ows sketches of far greater conplexity
than can be previewed using the pre-cal cul ation
met hod, due to disk-to-coretransfer speed lim-
tations. O course, sketches of considerable
conplexity take on a slightly coarser appearance
due to this filtering/subdivisionalgorithm but
the results so far have been very satisfactory.
For sketches containingan initial point count
of under 5000, the filter-down is al nbst inpos-
sible to detect. Very sel domhas any sketch pro-
duced by the artists working on the Cornell sys-
tem exceeded 7000 points, which makes the tech-
ni que viable for use in a production environnent.

[ Figure 8: Time-
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In addition to the real-tineplayback capa-
bility, individual frames in the ani mated se-
quence can be transferred to the col or displ ay
for stop-frame exami nation. The inmage thus pre-
sented to the artist |ooks exactly as will the
final film includingnultiple-cel opaqui ng and
full col or shadi ng.

1'V.  CONCLUSI ON

This paper has presented an overvi ewof the
key-frame conputer ani mation systemcurrently
under devel opnent at the Cornell Program of
Conput er G aphi cs.

The basic al gorithmenployed is a |inear in-
terpol ati on bet ween successi ve pairs of key franes.
These key frames are conposed of artwork input by
the animator on a graphic tablet and displ ayed on
either a black and white vector scope or a color
hal ftone CRT. The attributes of this animation
package are:

1) The initial working environnent is two-
di nensi onal , and any of the follow ng
graphi ¢ nedi a may be used:

a. Free-formline sketches.

b. Line sketches with color infilling.
c. Color paintings.

d. Two-di nensional projections of com

pl ex three-di nmensi onal scenes.

2) These two-di nensional i rages are conbi ned
using a nul tipl ane cel ani mation tech-

ni que to produce depth and nmotionillu-
sions.
3) Real-tinme filmpreview ng, utilizing an

on-the-fly interpolationalgorithm pro-
vides the artist with instant playback
of ani mat ed sequences.

4) Al interactionwth the programis pic-
torial in order to facilitate the use of
this systemby the non-programringartist.

It is evident that nunerous approaches have
been taken to conputer animation. This can be
ascribed,toa large extent, to variationsin artis-
tic taste. There are, however, problens commn to
al | ani mati on systenms whi ch nust be sol ved before
they can be viably used for productionwork. These
i nvol ve increasing the resol ution, all ow ng for
real tinme playback at this increased resol ution,
and providing a nore efficient input system
Future research in conputer ani mati on nust address
these issues, as described bel ow

1) Most currently avail abl e col or frame buf-
fers are designed for the 512 x 512 nomi -
nal resolutionof a video nonitor. |In
order to obtain a satisfactory image for
theater projection, a resolution of at
| east 2000 x 2000 is required. The enor-
nous data storage problenms this inplies,
and the |ack of any viable device for
previ ewi ng such i nages, pose form dable
probl ems for conputer ani mation systens.
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2) The conpl ex pi xel - by- pi xel conput ati ons
required to generate a single frame of
col or ani mati on nake real -tinme col or pre-
view ng very difficult to achieve. The
only viable solutionyet evolved for this
limtationis to conpute each frane before-
hand and store it on a video disk or stop-
franme video tape-recorder for subsequent
pl ayback in real -tine.

3) Most animation systems currently require
that the artist input his sketches nanual -
Iy, using a graphic tablet and pen. This
time-consuming extra step can be elinina-
ted through the use of a high-precision
optical scanner. The edge-findi ngand
stroke identificational gorithms necessary
for such a procedure pose conpl ex probl ens
in thenmsel ves, but if solved, pronise to
further ease the |abor burden on the
ani mat or .
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