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I NTRODUCTI ON

A conprehensive 3-D real -ti ne conput er
ani mati on systemis based upon a broad
range of research activitiesin the field
of conputer graphics. In many ways the
requi rements for such a systemare nore
chal | engi ng and conpl ex than for other
graphi cs systens. This is particularly
true if one builds a | anguage and a
systemwhich is truly user oriented and
whi ch has vi abl e producti on capabilities
for researchers and fil mnmakers. Too
often systens which are the result of a
research experi nent in hardware or soft-
war e design do not go beyond a beauti ful

denpnstration of potentialities. Such
experinentationis essential to advance
the state of know edge but if conputer

animation is to becone a new research
and production instrunent we nust, in
addi ti on, provi de nore exanpl es of use-
abl e systens.

Al t hough each of the foll ow ngtopics

are aspects of a real-tine animation

envi ronnent deserving a detail ed expl an-
ation, they will be dealt with in a way
to introduce to the reader basic require-
ments and probl ens. The topics are:

I. STATE OF THE ART SYSTEMS, AND
LANGUAGES

¢ Used as references and as a basis
of conpari son.

I'l. AN ANI MATI ON ENVI RONMENT
* Several systens and | anguages are
bei ng i npl enented to run under
RSX- 11/ D on our PDP-11/45 com
puter.
A. VI SI BLE SURFACE SYSTEM
¢ Allan Myers' al gorithm

¢ VI LAN (VIsual LANguage)

* Professor of Art and Computer Science
and Director, Computer Graphics Research
Group
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B. GRAPHI CS SUPPORT SYSTEM

¢ Manfred Kneneyer's systemfor
handl i ng har dwar e devi ces,
data structures, managenent
of transfornmations and tine,
and nenory managenent for the
graphi cs buffer.

C. ANl VA

¢ A new graphi cs programr ng
| anguage has been desi gned
and is being inpl enent ed.

D. DATA GENERATI ON SYSTEM

¢ Some approaches to probl ens
are briefly discussed.

DI SPLAY HARDWARE AND GRAPHI CS ALGO-
Rl THVS

e The probl ens presented by the
order of transformationsin an
al gorithmare briefly descri bed.

H GH PERFORMANCE GRAPHI CS

e sone specul ations

I.  STATE OF THE ART SYSTEMS

During the past ten years several state of
the art graphics systens and al gorithns
have been used to produce conputer ani mat-
ed films. Sonme of these involve 3-D

gr aphi cs usi ng hi gh perfornance al gorithns
in software and/ or hardware and have set a
hi gh standard for conputer graphics.
Ceneral Electric'snulti-mlliondollar

col or display systembuilt for NASA was
the first maj or exanple(l). Concave 3-D
obj ects wi th 250-300 edges were di spl ayed
in real-tinme. Rougelot(2) of General

El ectric, using sone of the sane concepts
and technol ogy, devel oped an "off |ine"
systemto produce col or nmovies. Using
sone customel ectronic circuits. his

* e.g., a hard-wired matrix multiplier
handling coordinates of 6 edges at a
time.
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systemcoul d process a col or scene of
about 350 pol ygons (1400 edges) in one
second. Greenberg(3), using the Rougel ot
system produced a stunning animated film
representi ng novenent through the Cornell
canpus. The data for the Cornell canpus
had about 12, 000 pol ygons (48, 000-50, 000
edges) and each novi e frane required 20-
30 seconds of calculationtine.

The Rougel ot systemused the Schumacker (4)
algorithm This al gorithmprocesses
shaded and col ored objects but its data
representati onrequirenentsplace a heavy
burden upon the user. Essentiallythe
user nmust organi ze the data based upon
certain topol ogi cal properties of the
scene. This involves, anpbng ot her things,
faces whose fixed priorities can be com
puted relative to each other. The effect
is to reduce certain conputati onal prob-
lenms for the algorithm Wth a nodel of
an entire universitycanpus, this can be

a horrendous task. The preparation of

the data for the 12 buil di ngs represent-
ing the Cornell canpus took 12 students
one senester. The algorithm s speed is
dependent upon such data representation
and thus is not so general as nost |ater
al gorithms.

Anot her maj or systemis the Wat ki ns Box

at Case Western Reserve University. The
Wat ki ns(5) solution to the visible sur-
face problemfor 3-D concave pol yhedra
was hard-wi red by the Evans and Sut herl and
Corporationso that it can run in real -
tinme. This systemal so includes hardware
cli ppi ng, snooth shadi ng, perspective

cal cul ation and |ight source cal cul ati on.
The al gorithmfor clippingwas devel oped
by Sut herl and and Sproull (6) whil e the
one for snmooth shadi ng was devel oped by
Gourand(7). The display systemcost

about $500, 000 (the conputer is extra)
and is capabl e of di spl ayi ng shaded
objects in real-tine. A real-tine inage
may contain up to 2000 edges at 512 x 512
resolution. Interestingresults based
upon the WAtkins algorithmin software
(includingroutines for clipping, per-
spective and snooth shadi ng) are the

Uni versity of Utah filns on the "Face"
and the "Hand". The "Face", for instance,
i nvol ved about 750 edges. It is inter-
esting to note that although many hours
of conputer time were requiredto make
films several minutes in length tradi-
tional ani nati on woul d have taken far

| onger.

Per haps the nbst spectacul ar single com
puter picture to be produced is MAG's
(Mat henati cal Applicati ons Group, Inc.)
tree. A calculationat 500 x 500 resol u-
tion of a 3-D deciduous tree in color

wi t h hundreds of |eaves took nearly three
hours on an IBM 360/65(8). MAQ ' s(9)

al gori t hmhas been used to produce sone
of the best' computer ani mated fil ns.
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St audhammer ' s(10) systemat North Carolina
State Uni versity approaches a real -tine
col or video display for 3-D concave ob-
jects. Using anot her inpl enentation of

the Wat ki ns al gorithm he and his asso-

ci ates have hard-wi redthe scan segnent
conversion section of the algorithmto
increase its speed. Objects of 2000 edges
conpl exity typi cally take about 20-25
seconds wi th sinple objects taking ei ght
seconds. Staudhammer's systemdoes not
normal |y provi de for clipping, snooth
shadi ng or perspective, but these features

can be introduced at sonme cost in perfor-
mance. As is the case with all known
systens, the speed is al so dependent upon

the type of object selected. Significant-
ly lower in cost than other systems, his
approach has potential for w despread
conput er ani mati on.

There have been several attenpts at ani na-
ti on/ graphi cs programi ng | anguages with a
concern for natural ness. An experinental
effort of the Conputer G aphics Research
Group at O S. U. produced the G aphics
Synbi osi s System (DeFanti) (11), and its
derivative the Ani mati on- Real - Ti ne ( ART)
system Both of these, providi ng an easy
to use | anguage syntax, are for users who
have little or no programmi ng experi ence.
One can quickly learn how to build pic-
tures, use picture nmani pul ati on conmands
(nove, scale, rotate, warp, group, hide,
etc.) and to wite prograns in the |an-
guage. These systens can be easily used
to make fil mand vi deo-tape. After accom
plishingthese initial goals, it was noted
that it is sonetines difficult for users
to produce ani mati on sequences to their
liking. Analysis indicated that the easy
to use nature of the systens enabl es users
to go fromnaive to sophisticatedso

qui ckly that they overreach the systens
capabilities. Thus, the current challenge
is to retain sone aspects of natural ness
and real -ti me response and to build a |an-
guage and systemw th powerful al gorithnc
f eat ures.

1. AN ANl MATI ON ENVI RONIVENT

The Conputer G aphics Research Group is in
the process of constructing maj or portions
of an ani nati on environnent i nt egrated
under the RSX-11/D mul titaski ngoperating
systemon a PDP-11/45 ni ni conput er. Por-
tions selected to be inplenentedare
either essential or are currently suitable
for research. It seens clear that it is
not yet tine for a conplete production
systemal thoughwe will ultimtely use the
envi ronnent descri bed here as a production
system This procedure whi ch was al so
used with our prior systens (IBM1130 pro-
granms, GRASS and ART) (11) is guaranteedto
show what significant research probl ens
remai n.



A. VI SI BLE SURFACE SYSTEM

The essential basis of the best known
real -ti me graphics systens is a signifi-
cant al gorithmwhich handl es the visible
surface problem The requirenents of
conpl ex al gorithns such as hidden line
renpoval and visi ble surface cal cul ation
are so great that |anguage designers tend
to suggest that such al gorithns nmust be
hard-wired. Since it is so difficult to
obtain a sufficientlyefficient inplenen-
tation, they sometines claimthat the
super - f ast conputers have not arrived to
handl e such problens in software. For
exanpl e, in the particul ar case of the

vi si bl e surface probl em one expert has
stated "hidden surface al gorithns take
too long to conpute to be useful in a
real -ti me systent (12). What many people
bel i eve can only be acconplishedin hard-

war e, has now been achi eved on a mini -
conput er in software.
Al an Wers, of O S U's Conputer G aphics

Resear ch Group has desi gned and i npl e-
ment ed a maj or new vi si bl e surface al go-
rithm for concave pol yhedra. It is based
on sone of the |atest progranmm ngtech-
ni ques i ncl udi ng structured progranm ng*
and it solves (actually avoids) the sort-
ing problemas expressed by |van

Sut herl and(13), et al. This algorithm
functions by efficiently acconplishing
the work to be done as opposed to using
ti me consuming strategies to avoid this
work, as is the case with previous al go-
rithnms. Thus, it represents the first

of a new cl ass of al gorithns.

Myers' techni que does not place a heavy
bur den upon the user for data representa-
tion as is the case with the Schumacker
and Newel | algorithms. Unlike any other
known al gorithmits conmputationtine
grows as a function no worse than |inear
as the nunber of faces increases.

| mpl ement ed** on a PDP-11/45 m ni conput er
under the RSX-11/D nul titaski ngoperating
systemin a 32K (16 bit word) mai n nenory
partition, it can manage over 24 frames
per second for snmall sinple concave

obj ects at 512 x 512 resolution. This

i ncl udes cli ppi ng, perspective and snooth
shadi ng. The routine can manage over ten
franes per second for nultiple sinple

* Although most of the ideas behind
structured programming are not new,
they deserve the emphasis they have
recently received.

** The basic visible surface capability
has been operational since the end of
1974 and the entire program with clip-
ping, smooth shading, transparency,
etc., has been operational since March
1, 1975. Consequently, the frame
rates given here are actual timed

- frame rates.
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obj ects wi t h i ndependent transformations.
The routine is not assisted by any speci al
pur pose hardware and uses only the point
pl otting, auto-increnent, Z depth cuing
and subroutine stack capabilities of the
Vect or General 3-D display. The routine
is capabl e of displayingan inmage of up to
ten thousand edges* fromthe 32K partition
whi ch contains the algorithm data and
free space**. Although conplicated and/ or
| ar ge obj ects cannot be di splayed in real -
time, an inmage of five to ten thousand
edges can be displayedin as little as
several seconds. Further, scenes of
reasonabl e conpl exi ty can be di splayedin
real-time at 100 x 100 resolution. At
this resolutionthe user can make basic

j udgenent s about objects in terns of their
position, intensity, speed of notion,
clipping, etc. After achievingthe de-
sired visual effects, he can filmthe
sequence at a higher resolution. Note
that this is practical using Myers' aol o-
rithmbecause the conputationtine de-
creases as a function greater than |inear
as the resol ution decreases.

The routine was designed with the scien-
tific experinenter in mnd and includes
the followi ng capabilities:

A Scene Structure

1. Multiple objects per scene.
2. Miltiple surfaces per object.
3. Miltiple faces per surface.

B. Il mage Qual ity***

1. dippingon a scene (a new,
efficient nethod).

2 Per specti ve on a scene.

3. Snoot h shadi ng of surfaces (if
desi red).

4. Vari abl e transparency of surfaces

(not in real-tine).

Three i ndependent gray scal es

(each of 2048 levels) for color

during filmng (the average is

di spl ayed for direct view ng).

6. Face intensities based on the
angl e between the |ight source
and the face (if desired).

o

C. Mani pul ati on Capabilities

1. Scaling of objects.
2. Rotation of objects.

* Typically, the maximum possible num-
ber of edges is several thousand less
than this.

** Although this may seem impossible
after some simple calculations, it
has been done.

**%* Note that individual parts of an
object (i.e., surfaces) may be inde-
pendently smooth shaded, faceted or
transparent.



3. Transl ati on of objects.
4. User specifiedface intensities
(if desired).

Al though interestingin itself, the algo-
rithmwith all of its capabilities does
not satisfy our primary research goal.
This is to nmake powerful algorithmc
graphi cs capabilities availableto the
scientific researchin a natural and

fl exi bl e manner. Consequently, the
kernel of a graphics | anguage to be

cal | ed VI LAN (pronounced'vi-lan) wl|
be designed and i npl enented to allow a
researcher the use of a sophisticated
"sol i d" obj ect mani pul ati on and di spl ay
capability.

B. GRAPHI CS SUPPORT SYSTEM

We have a sophi sticat ed graphi cs support
systemconsi sting of a privilegedtask
and several device handl ers under RSX-11/D.
The graphi cs subsystemconsists of four
maj or conponents. These are, (i) the

di splay driver and interrupt service rou-
tine, (ii) a refreshbuffer, (iii) a
commruni cati onarea, and (iv) a subroutine
library. |If required, independent access
is available to the user to each of these
components. The general user, however,
interfaces to the graphics subsystem

t hrough the driver and treats the display
as an |/ 0O devi ce.

This systemgreatly facilitates hardware
control, data structure mani pul ati on,
nmenory managenent for the graphics buffer,
and the managenent of transfornmati ons and
tine. It should be noted that the graph-
ics support systemin and of itself pro-
vi des nore graphics capabilitiesthan

nost graphi cs | anguages.

C. AN NVA

We have conpl eted the detail ed design
speci fications for a new graphics pro-
granmm ng | anguage cal | ed ANl MA and we are
in the process of inplenentingit. The

| anguage has been designed for the scien-
tific researcher who can use real-tine
animation and filmas a research tool.

Qur conception of a graphi cs programr ng
| anguage is very inclusivewith a full
range of facilities, support algorithns,
gr aphi cs al gorithns, a conpil er, power-
ful nunmeric capabilities, a generalized
list structure for data, and other
features not usually found in graphics

| anguages. W plan to use 32K* (16

bit words) of nmain nenory for the |an-
guage and support al gorithms and we

al ready use 32K for picture buffer space.

VWhile it is beyond the scope of this paper
to describe details, a few inportant fea-
tures will be identified. W have devised

* Our PDP-11/45 has 32K of MOS memory and
64K of core memory. '
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a systematic nethod for the specification
of the common transformati onswhich are
essenti al for basic object manipul ation
capabilities. Qur format for handling a
general class of transformationsis dif-
ferent fromthe typical nethod which is to
devel op a package of transformationmatrix
generating subroutines. Wthin our |an-
guage transformati ons may be specified by
expr essi on definitions which are re-eval -
uat ed for every regenerationcycle. The

i mplications of our nethod are inportant
rel ative to reduced overhead costs in
response tinme, the options and the facil-
ities provided for the user, and the terns
in which the user devel ops a solution to
his problem It is extrenely difficult to
appreciate the difference this makes with
respect to the user actually being able to
acconpl i shwhat he wants to do with a
reasonabl e anmbunt of effort.

The | anguage is designed so that within a
single "notion command" capabilities

exi st which include the following: limts,
and node. Linmits specify the limts of

the notion; node specifies the actionto

be taken upon reaching the linmts. Mode

i ncl udes such things as repeat action,
reverse action and halt. For instance, a
requirenent in a real-tinme ani mation

envi ronment m ght involve a 3-D shaded
butterfly flapping its wings as it noves
in 3 di nensional space. The fl apping

m ght be acconplishedby nmeans of a rotate
command per wing with appropriatelimts
and wi t h an appropri ate node specification
to indi cate whet her the novenent shoul d
restart, reverse or stop when the limt is
reached.

In a real-tinme environnent there are nmany

i nst ances where one nust re-eval uatethe
par anet ers that nodi fy transformations.

Usi ng anal og i nput devices as well as

vari abl es and i nvoki ng prograns to nmake
the necessary changes in the notion se-
guence, the problemis a conpl ex one.

Ever yt hi ng cannot be re-evaluatedin real-
time, but we have devi sed a nethod of
notati on for the specificationof contin-
uous notion. For exanple, ".ROTATE NCSE, 5,
@7*A)" where the picture "NOSE" will be
rotated a constant 5 about the X axis and
a vari abl e anount about the Y axis speci -
fied by "7*A" which is re-eval uated for
every di splay regenerationusing the
current val ue of A Not e that includinga
| ocal clock in the re-eval uat ed expressi on
produces continuous notion. |f the above
speci ficati onswere ".ROTATE NOSE, 5,
@7*.F)" then the picture "NOSE" will be
rot at ed about the Y axis by an angl e de-
pendi ng upon the current "frame clock" .F.
This expressionis re-eval uatedon every
regenerationcycle.

TI ME MANAGEMENT AND TRACKI NG FACI LI TY I N
ANI VA

The scientific researcher in a real -tine



ani mati on systemrequi res accur ate and
repeat abl e i nages on the graphics displ ay.
It is necessary for the user to perceive
the dynami cs of a nodel correctly if it

is to be aresearchtool. There are many
al gorithns that exceed the capacity of

the conputer to cal cul ate and di spl ay

pictures at a real-tinerate. Conse-
quently, ti e managenent will often be a
significant problem it will often be
tine to display the next "frame" well

before the required conmputations for the

frame are conpl ete.

Tradi ti onal nmet hodol ogy for
ment invol ves systemcl ock support. The
usual i npl enmentati onof such support in-
vol ves timer queues and conmuni cati on

bet ween the cl ock support conponent and
the task scheduler. A significant short-
com ng of npbst i nplenentati onsof system
cl ock support relativeto real-tine ani-
mationis that there is no time-nmapping--
there is no way to correlate "actiontine"
with filmframe nunber. There is also

si gni fi cant overhead i nvol ved wi th system
cl ock support. W devel oped a techni que
for such support which is to be controll ed
by our graphics | anguage; and this support
is enbedded in the graphics systemitself.

ti me nanage-

A tracking facility, which depends very
heavily on tinme nanagenent, has the fol-
lowing capabilities: (1) the ability to
dynamically record in real -time suffi-
cient informationto replay the totality
of the visual effects produced originally;
(2) the ability to dynamically nodify in
real -ti me and under user control the play-
back of a previous track thus produci nga
new track, for exanple, adjust the rota-
tion of one particul ar obj ect over one
particul ar span of timne; (3) explicit
commands desi gned to performoften-desired
effects, essentially a superset of editing
and sim | ar operations perfornedon film
for exanple, inserting fades, conbining
("splicing") tracks, nodifyingtine rel a-
tionships, etc.; and (4) the capability
of puttinga track on filmw th the visual
effects essentially unnodifi ed.

D. DATA GENERATI ON SYSTEM

One of the major problens renmaining in
conputer aninationis data generation or
data i nput of three di nensi onal objects.
One i nput techni que uses a physi cal nodel,
for instance, a plaster cast of a head,
covered with |ines establishing convex

pol ygons and then set upon a digitizing
tabl e(14). The user applies an el ectronic
probe to the vertices of the polygons, in
an order suitable for a shade al gorithm
and the three di nensional coordi nate data
is automatically recorded on cards or

tape. Sutherl and(15) descri bes an input

t echni que using two el ectronic pens se

| ecting coordinate data froma draftsman's
representationof several views of a three
di mensi onal object. The nmultiple pens
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enabl e the user to indicate a single point
si mul taneouslyin two such vi ews, thus
defini ng the three di nensi onal position of
a point. Provided that one has the bl ue-
prints, this is very useful for a repre-
sentation of a npbdel to a shade al gorithm

However, in the typical case with aninat-
ors the object is usually just sonething
in their imagination. At best there nay

be a fewrough sketches of the nopdel on

paper wi t h many details m ssing.

There have al so been research efforts to
use a | aser beam scan of a physical nodel
for the automaticrecordi ngof data. This
t echni que has the probl emof excessive
data, and nore inportantly getting the
systemto recogni ze sub-pi ctures or bound-

aries, for instance, in a human head--eyes,
ears, or a nostril. Techniques of arti -
ficial intelligenceand pattern recognition

are al so being appliedto the data gener-
ation/input problem |It's an intriguing
approach, but the results at best are
tentative and there are horrendous probl ens
to be sol ved before such techni ques becone
practical. One suspects that sonme aspects
of the data generation problemare likely
to be sol ved much sooner using nore

st rai ght f or war d net hods.

O her net hods enpl oy mat henati cal tech-

ni gues to generate basic forns such as

pol yhedra or quadric surfaces and pl anes.
These forms are conbi ned to construct a
nodel of a car, tree, tank, building, etc.
Al t hough t hese net hods have produced
beauti ful representationsof various

obj ects, they are not general enough to
neet the needs of different ani mators.

We need net hods that are sonmewhat anal ogous
to the sculptor workingin clay to create
t hree di nensi onal npdels. One shoul d have
the freedomto quickly describe arbitrary
surfaces, to snooth one surface into

anot her one in order to establish conti -
nuity, to add to or subtract from snall
sections of surfaces, to stretch, tw st or
even squeeze a formw th ki nesthetic feed-
back--essentiallyto shape it into the
final form Then wi th sinple commands one
shoul d be able to specify the color, the
texture and the degree of transparency of
sur f aces.

The anal ogy of the scul ptor's approach to
data generationis an artist's fantasy in
wor ki ng wi th conputers and one whi ch usu-
ally brings gales of laughter fromsoft-
war e desi gners and systens progranmners
(not ours). Cbviously, when the user's
dat a generati onprobl eminvol ves an inter-
active process and there is no formal
nodel , then the software requirenents
becone very conpl ex. The conmuni cati on
pr obl embet ween man and nmachi ne in an

i nteractive graphics environnment is still
a chal |l engi ngone. Mich of this inter-
acti on depends upon the kinds of defini-
tions that can be pernmitted by the soft-
ware. One nmust be concerned about



approaches to data structures, the type
of interactivel anguage to be used, the
rel ati onshi pbetween the data structures
and the | anguage and the mat henmati cal and
al gorithm c techni ques to be used.

Dat a generationw || be anot her system
runni ng under RSX-11/D and our graphics
support system which will exploit a three
di mensi onal sonic pen with a speci al
interface. Dr. Leslie MIIler of our
group has devel oped sone al gorithns to
easily create surfaces. These are tech-
ni ques to build three di nensi onal
curvilinear forms and to add surfaces

t oget her and t hrough i nterpol ationtech-
ni ques provide for snoboth continuity.
When the user is finishedhis fornms are
autonaticallyput into a format for visi-
bl e surface cal cul ati on. Al though

M1l er's approach has prom se for a
reasonabl y general class of forns, con-
si derabl e work remai ns before it m ght be
consi dered a system Eventually, when
files are created with the data genera-
tion system they will be transferableto
either the ANI MA systemor Mers' shade
system (VI LAN) .

[11. DI SPLAY HARDWARE DESI GN AND ALGO-

Rl THMVS

As one considers howto integrate graphics
algorithms into a | anguage, and how to
order transformati onsto optin ze speed

in relationshipto a graphics displ ay,

one clearly recogni zes that displ ay de-
signers did not have animation in ni nd
when they built current hardware. Al -
though filmis nade with these systens,
the dollar market is with custoners who
need assi stance for drafting probl ens,
circuit di agramdesi gn and ot her engi -
neering applications. These are usually
appl i cati ons where there is a requirement
for displaying |arge amobunts of data with
"occasional" small changes to this data.
Typical ly, the di spl ay desi gner's approach
to transfornmati ons has serious drawbacks
for real-tine animati on. Even the npst
general state of the art hardware inple-
ment ati on (m croprogranmmedor digital
transfornmati ons and read- back) is not
general enough to pernit certain al go-
rithns to efficientlyuse the capabilities
represent ed by the hardware.

Myers' visible surface routine is a

speci fic exanpl e of an al gorithmrequir-
ing calculationsin an order different
fromthat assuned by the di splay designer.
The al gorithmneeds to do the transform-
tions of the objects before nost of the
processing. In the case of a nicropro-
gramed di splay, there are two ways one

m ght attenpt to use the capabilitiesit
represents. The first is to use it to do
the transformations. This has the diffi-
culty that transferringthe rel evant

i nformati on back and forth between the
gener al purpose processor and the displ ay
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consumes a significant proportionof the
tinme that was to be saved. The second way
is to use it to performthe final phase of

the algorithm There are two difficulties
with this second alternative: the display
was optim zed for transformationsand is
now bei ng used for sonethingelse, and it

may wel | have insufficient nenory or no
menory at all to performthe al gorithm
t hat was i ntended.

In the case of hardware with digital trans-
formati ons and read-back, there is one of
the sane problems as with the m cropro-
granmmed hardware. This probl emis, once
again, that transferringthe rel evant

i nformati on back and forth between the
gener al purpose processor and the display
consumes a significant proportion of the
time that was to be saved. Note that for
al nost all practical purposes, the display
har dwar e cannot be used to effectively

i npl emrent any al gorithmexcept those for
which it was originally designed.

I'V. H GH PERFORMANCE ANI MATI ON/ GRAPHI CS
Advances in conputer technol ogy are bri ng-
ing nmore powerful m niconputerswith
greater nenory capacity, relatively | ow
cost dynani cal l y-al terabl e-horizontal |l y-
m cr opr ogr anmed pr ocessors and di spl ays,
and m croconputers. |In viewof these
devel opnments it is inportant to re-exani ne
the basic "bl ack-box" prem se under whi ch
hi gh performance graphi cs has been operat -
ing. 1t should be possibleto increase
the generality and flexibility of graphics
beyond t he bl ack-box approach. The bl ack-
box approach to graphics, epitonized by
Sut herl and, et. al., has | ong been the
"right" way to do graphics. |In the early
stages of conputer graphics it was the
only way to achi eve the perfornance neces-
sary for real-tine transformati onssuch as
clippi ng and perspecti ve.

Now t here are m ni conput ers avail abl e
which, in a relatively strai ghtforward

rmul ti processor confi guration, are capabl e
of real-tine graphic transformations for a
nmoder at e cost. For exanple, the foll ow ng
configuration (see illustration, next page)
woul d, with current technol ogy, provide
per f ormance of the sanme order of magnitude
as speci al purpose hardware. Although the
perfornmance on tasks that are traditionally
hard-wired (e.g., rotation, clipping)

woul d be | ess, the performance on tasks
that are not hard-w redwoul d be consi der -
ably greater than the traditional single
processor systemw th special purpose
hardware. Note that in the bl ack-box
approach the special hardware is of no use
except in the special cases, whereas a
gener al purpose system (ni croprogranmnedor
ot herwi se) | acks only a programto be of
use in any task.

too distant future it shoul d be
or exceed the current

In the not
possi bl e to equal
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capabilities of the hard-w red approach
even in the special cases. For exanple,
the Wat ki ns shadi ng hardware at Case

West ern Reserve University is capabl e of
calculatingin real-tine the visible sur-
faces descri bed by 2000 edges. The upper
limt of the hardware with severe flicker
is 4000 edges. Since this is a hard-
wired inplenentationof a particul ar

al gorithm and since the conputation
increases at a rate greater than linear,
there is a fairly restrictiveupper limt
on the nunber of edges this hardware can
handl e in a reasonabl e anbunt of tine.

If, however, the al gorithmwere not hard-
wi red, then there would be the possibility
of increasingthe buffer size and repl ac-
ing the algorithmby a better one.

One can antici pate the "graphi cs machi ne"
in the preceedi ng di agrambei ng expanded
in parallel. By extendingthe sane
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organi zati on over and over it woul d be

possi bl e to al |l ocate one graphi cs machi ne

per picture, thus creating "intelligent
pi ctures”. Al though such a configuration

is not currently very economnical, the
advent of |ow cost m croconputers and
menory is rapidly nmaki ng such approaches
possi bl e.
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Allan Mers' Visible Surface A gorithm

The following pictures were produced using Mers'
algorithm  There are several variables which deter-
mne the calculation time of a particular picture.
The nost significant of these are the nunber of
edges, the orientation of the object(s) and the area
of the faces (roughly measured by the size of the
objects). The table gives the average time per
frame for a nunber of objects.

The average is calculated as

256 256
Z 24 + Z Y5
i=1 i=1

512

where: 7s is the time for one "transform calcu-
|ate and ﬁispl ay" step of the 256 steps taken for
one revolution about the Z axis. Y, is the tine Smooth Apple
for one "transform calculate and diispl ay" step of

the 256 steps taken for one revolution about the Y

axis. These times are for 512 x 512 resol ution.

The designation large nmeans an object alnost the

size of the area displayed and small neans 1/4 (in

height) of large.

Ti m ngs
(averages for 512 different orientations
at 512 x resol ution.)

Number
of Frames/ | Seconds
Objects Bdges | Size |Second |Frame
large 2 0.5
[Violin 330
small Y 0.2
large 1 0.9
Mask 672
small 3 0.3
Smooth large 0.7 1
. 1hh6
Apple small | 1 0.7
"Mathematical” 4158 large . 0.3 3
Surface smelll 0.8 1

Virtual intersection of two violins.
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“Mathematical" Surface

Virtual intersection of an apple, mask and violin.
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