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Thi s paper describes the facilities and operation of

Uni versity

the Programof Conputer G aphics at Cornell

University. A variety of graphic procedures are used for both input and output. The |aboratory
has the capability for producing dynanic vector di splays and for generating full col or images.
Nuner ous research projects in a variety of disciplineswhichare actively using this multi-user

graphi cs environnent are presented.

| ntroduction

An interdisciplinaryl aboratory has been
established at Cornell University for:

a) the devel opnent of conputer graphics
t echni ques,

b) the utilizationof these techniques to
hel p sol ve various research probl ens, and

c) the inprovenent of interactive design
met hodol ogy.

Using primarily digitizingtablets for the graphi-
cal input tasks, the researcher may sel ect any of
several two di nensional or three dinensional input
routi nes. These include volunetric input, serial
sectioning, three di nensional i nput using two

di nensi onal views, and extrusionnethods. D splay
options include static or dynanmic wire |ine draw
ings or full color static displays. Hidden line
and hi dden surface al gorithns, based primarily on
pl anar pol ygon descri ptions are avail abl e.

The initial graphics work has provided a
catalytic effect for the stimulationof joint re-
search projects. Present applications include
research in structural engi neering, geol ogi cal
sci ences, water resources planni ng, pollution
anal ysi s, energy conservation, bio-nedicine, archi-
tecture and animation. A brief illustrationof
sone of these projects is presented.

The |l arge variety of projects has enforced
the need for a general, rather than a discipline-
speci fic approach to interactive graphics. Mbst
of the graphic inputting, editing and di spl ay
routi nes that have been devel oped can be inter-
faced to either specializedapplications programns
or to each other. A brief descriptionof these
oper ati ng procedures as wel | as the equi pnrent and
facilities of the | aboratory foll ows.

This articleis not intendedto be an in-
dept h descriptionof any aspect of interactive
conputer graphics. It is solely an overview of

the obj ectives, operating procedures, and pro-
gress of a newinterdisciplinary conputer graphics
facility. For nore detailed informationon the

hi dden surface and surface representati onpro-
cedures or on the ani mati on system the reader is
referred to other papers enmanating fromthis

| aboratory and included in these proceedi ngs. .

Equi pnent and Facilities

The functional configurationof the graphics
| aboratory is shown in Figure 1. The najor graph-
ical conponents of the systemare the E &S
"Picture Systeni, the E &S frane buffer, and two
Tektroni x st orage tube di splays. Two conputers,

a DEC PDP 11/50 and a PDP 11/34, are used to per-
formall of the operations and control of the
di spl ays.

The E & S Picture Systemis a pipeline system
whi ch contains a picture processor, a refresh buf-
fer, picture and character generators, and a pic-
ture display and is capabl e of produci ng conpl ex
dynam c vector displays.

The E &S frane buffer is used for the pro-
duction of the col or i nages and has sufficient
capacity to store one standard video frame (480
rows by 512 colums) of 8 bit pixels. For any
i mage, each pi xel can be translated into any of
256 possi bl e col ors by neans of hardware | ookup
tabl es which provide 12 bit intensity | evels for
each of red, blue, and green.

Qutput fromthe frame buffer can be directed
to high resolutiontelevisionnonitors or to a
| arge screen video projector. A 16nmnotion pic-
ture canera has been interfaced to the support
processor for creation of stop frane notion
pi ctures.

The Tektroni x 4014 display termnals are
standard hi gh resol uti on storage tubes with the
capability for conplex static and limted dynam ¢
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Basic Configuration of the Cornell Computer

i mage generation. A conmon graphics software
package has been created which will drive both
the dynam c and static display devices.

Digitizing tablets serve as the standard,

general purpose graphic input devices in the
| aboratory. Several tablets of varying sizes,
rangi ng froma standard 11" x 11" tablet to a

| arge 36' x 48" digitizing tablet have been
interfaced either directly to the host processor,
or through the display termnals. One transparent
digitizing tablet allows for the digitizingof

rear projected i mages.
The host conputer is a PDP 11/50 wi th 96K
nenmory. It is interfaced to Cornell's | BM 370-

168 when | arger nmenory capacity is required. A
magnetic tape unit and two small disk units are
al so attached. The PDP 11/34 processor has been
added to the | aboratory equi prent configuration
primarily for the generationof color inmages. A
| arge dual drive 80 negabyte Diva disk unit,
DD-52, has been installedto inprove the effi-
ciency of the nulti-user operating systemand to
store the large quantities of required picture
information.

G aphi c | nput Procedures

In general, the characteristicsof an inter-
active graphics environnent can be descri bed as
consisting of three types of graphical operations:
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1) The creation of
di spl ayed.

the objects to be

2) The editing of the object description.

3) The generation of the displays.

A typical user should be able to rapidly and
preci sel y describe an object in two or three
di mensions in addition to color and tine. To this

end, a conprehensive set of graphic input routines
have been devel oped whi ch can be adapted for nost
applications. Four different methods are provided
for graphically inputtingspatial information.

Al of these methods rely on the availability
of standard i nteractive graphic inputtingand edit-
ing procedures (4).

The first graphical input approach consists
of building up a conpl ex environnent froma set of
pr edefi ned vol urretri c el enents (2,6, 11) (Figure2).
The t hree-di mensi onal data required for the com
posite object descriptionis obtainedby inter-
actively conmbining a set of primnitiveshapes and
forms and by utilizing their original nunerical
definitions. To achieve these capabilities, the
actual three-di nensional coordinates of the prim-
tive objects are separated fromthe transform-
tional parameters that are applied to the data
before display. This nethod pernmits multiple
el enents to be constructed fromthe sane set of
data and di spl ayed many times with different
transformations. It also allows for individual



transformati onal paraneters to be altered without
af fecting those of any other object. To separate
the coordinatedata fromthe transformational data,
two files have been established. The first con-
tains the actual untransfornedthree-di nensional
coordi nate data of the original primtive objects.
The second file contains the transfornmational
parameters for translation, scaling, and rotation
in each of the three coordinate axes. These files
are read froma mass storage device at the begin-
ni ng of each work session and can be witten back
to storage if the user makes an alteration that
needs to be saved for future sessions.

The advant age of this approachis that it
all ows the creation of conpl ex object descriptions
with a mnimal anount of data input and provides
dynami c vi sual feedback using perspective i mages
so that the researcher can work in three di nensions
The major restrictionis that the speed of the dis-
play may be linmited by the referencingstructure.
This hierarchical process is particularly appli-
cable to anal ytical routines based on sub-el enents
such as structural finite el ement anal yses or
mul ti-zone energy sinul ations.

A second and extrenely pronisingnethod is to
digitize three-di mensional informationinto the
conput er using multiple sets of two-di nmensional
phot ogr aphs (8,9). By identifyingthe appropriate
nunmber of known reference points on a two-dinen-
sional draw ng or photograph, it is possibleto
det ermi ne the mat hematical transformation matrix
that uniquely transforns the three-di mensional
spatial data to the existing two-di nensional
picture. If two drawi ngs or photographs are
avai l abl e, and the matrices defining their pro-
jections can be established, the process just
descri bed can be inverted. The user can input
the true three-di mensional object space informa-
tion by using a digitizing tablet and successively
identifying each point in the pair of photographs.
When conbi ned wi t h dynamni c di spl ays of the object
as it is being defined, this procedure is a ver-
satile input nmethod (Figure3). There are two
maj or restrictions. First, the process requires
an exi sting set of photographs or draw ngs.

Second, due to the inaccuracies of digitizing,
powerful editing routines insuring planarity and
aut omati c j oi ni ng and al i gni ng are necessary for
practical usage.

A third method is to define a set of serial
cross-sections of an object and automatically
conbi ne these planar definitionsto create the
t hr ee- di mensi onal shape. Al informationis input
in two-dimensional format. Normally the najor
constraint is the |arge anount of data required
to accurately define anor phous shapes. For this
reason, nunerical procedures utilizing B-splines
whi ch can accurately represent these two-dinen-
sional contours with conpressed data have been
i npl emented (1,5,12). Autonatic webbing routines
or |lofting procedures using Cardi nal splines can
provi de the three-di nensional surface interpol a-
tion (Figure 4). Several applications, including
the structural engineering finite elenent analysis
project, are presently using this input method.
Per haps nore inportant is the potential use of
this approach to the entire field of nedicine
where informationdescribingarbitrary, three-

di nensi onal objects is readily obtained in two-
di nrensi onal format.

The | ast graphical input approach can be
t hought of conceptuallyas an extrusion nethod.
A line can be generated froma point, a plane
froma line, and a solid froma plane. In each
case, the direction of the extension can be
control |l edand has a unique relationshipto the
ori gi nal two-di mensional definition. Elenents
can be created by digitizingon any two-di mensional
pl ane, transfornedinto a three-dinensional el enent,
and positioned appropriately. This process is
particul arly applicableto the field of archi-
tecture. For exanple, a designer can create a
t hr ee- di mensi onal obj ect description by the ex-
trusion of a base plan or building cross-section
(Figure5). Furt her nore, by using the sanme
graphic routines, the user can accurately and
interactively describe details of the el evations.

Al t hough each techni que has its unique
advant ages, the i nputting procedures are even
nore powerful when these nethods are comnbi ned.

¥ 81.92

Fi gure 2 - Primtives

These displ ays were generated by a programwhi ch builds up conpl ex objects froma set of primtive shapes.

Two primitive elenents, one duplicated twce,

is tripled and the nine objects are displayed in Figure 2b

are conbined to forma set of
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three (Figure 2a). Each set
(ProgramPRI M Tl VES by Ni chol as Wi ngarten).



3 - Three Dinensional |Input from Two Dinensional Views

from established three-dimensional data points. The dashed lines
the conpleted house is shown in Figure 3b. The
(Program MODEL by Robert Thornton).

Figure

Figure 3a shows the forming of polygons
indicate the polygon being forned. A bird's eye view of

user can view

the conpletely defined object from any observer position

Figure 4 - Serial Sections
Figure 4a shows the display of a television tower on a nountain that was described in | ess than aminute
by tacing in the contours. The tower contours were subsequently "webbed" by connecting lines between
contours to produce a nore realistic surface (Program WRE by Mirc Levoy). The anorphous shape of Figure
4b was nodel ed by utilizing B-splines to represent the two-dimensional contours. Lofting was acconplished
using Cardinal splines for the three-dinensional surface interpolation (Program SURF by Sheng Chuan W).

Figure 5 - Extrusion Method

Figure 5a shows an isonetric view of the plan of a building digitized by an architect. " Rubber - bandi ng"
techniques were wused to ensure that lines are straight and parallel. Figure 5b shows the building after
the plan has been extruded to a preset wall height (Gaphic Input Program by Harvey Alison.)
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G aphic Di spl ay Capabilities Applications

The display environment has the capability The following is a brief synopsis of sone of the
for generating dynamc black and white Iline mej or application projects currently under inves-
drawing images. Views using any orthographic tigation. It is significant to note the diversity
or perspective projection are easily obtained of the applications and their ability to use a
from any viewport. Static displays can be variety of the graphic input and display routines.
generated on any of the output devices, but Since truly interactive graphics are not yet
conplex dynamic displays necessitate the special- econoni cal , our inter-disciplinary effort inplies
ized hardware of the wvector display system For a potential cost-effectiveness for  sophisticated
editing, and non-dynamic display requirenents, graphi cs utilization. The graphics techniques
a graphic software package has been devel oped have substantially enhanced the productivity and
which operates on the storage tube terminals devel opnent of many of these projects even though,
and sinulates the powerful vector display at their initiation, many of the routines were not
system Hard copy drawings are software gener- fully  devel oped.
ated on a printer-plotter from the image
descriptions. A Structural Desi gn

A unique graphics programmng system has A series of critical problens in structural
been inplemented to generate the color displays. mechani cs exploiting the natural symbiotic rela-
This system is designed to provide an environ- tionship between the highly effective, computa-
ment familiar to vector graphics researchers tion bound, finite element stress analysis tech-
while maintaining flexibility for a variety of nology on the one hand, and the visual, inter-
experinental approaches to wusing the frane active, dynamic conputer graphic technology on
buf fer. The data required for the generation the other, are being investigated.
of the black and white vector displays can also
be used for the creation of color images. Spe- One project is concerned wth'finite elenent
cifically designed operators are provided for grid optimzation. The finite element analysis
the creation of half tone color imges, including nethod is a neans for anal yzing structural be-
conmands for rendering dots, wvectors, convex and havi or by representing conplex objects with a
concave polygons and run-length encoded scan |ines. set of sinple-shaped elenents, i.e., triangles,

quadrilaterals, etc.  Structural equations are

For t hr ee- di nensi onal environnents, an derived representing the contribution of each
efficient hidden line and hidden surface algor- elenent to the total system response. Typi cal l'y
ithm has been developed and is available to all a domi nant portion of the total cost for each
system users (7,10). The approach is based on analysis can be attributed to the input task of
a two-dinensional polygon clipper which recur- describing the structural geonetry.  Furthernore,
sively subdivides the imge into polygon-shaped badly chosen coarse element grids will not yield
windows until the depth order is established. accurate solutions, but if large nunbers of ele-
The nmethod is sufficiently general to treat ments are chosen, the input and conputational
concave polygons wth holes. A mjor advantage times are excessive. A neans nust be found to
to this approach is that, since it retains the reduce the input task and enhance the analytical
pol ygon information, it is equally valid for sol ution t echni ques.
both hidden line and hidden surface display.

Subroutines for smooth shading, edge smoothing, To acconplish this, the follow ng approach
reflectance and shadowing are also available is being used. The structure is first auto-
when nore realistic imges are desired (Figure 6). matically subdivided into a mesh interactively

Figure 6 - Col or Graphic Displays

A color perspective image of a simulated house created using the extrusion system is shown in Figure 6a.
Shadows are automatically generated wusing the hidden surface algorithm A snoot h- shaded, transparent
object created with the serial section technique is shown in Figure 6b.  (Doug Kay). The backgrounds of
both figures were created by optical scanning techniques.
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sel ected by the analyst. The resulting gridwork
is graphically displayed and revi sed as necessary
(Figure 7a). When all | oads, support conditions
and strength i nfornmati on has been graphically
input, a conplete structural analysis is per-
formed. The resulting stress distributionis
then displayed in the formof iso-stress or

i so-energy contours (Figure 7b). These cont our
lines are then used to create a nore opti nal

gri dwor k.

Al t hough the finite-el enent nethod is
clearly an ideal approach for the anal ysis of
arbitrary three-di nensional structures, its
appl i cati on has been hanpered by the difficulty
in generating the necessary digital descriptions
of such structures. A second project involves
devel opi ng a graphical nethod for the digitiza-
tion, representation, and subdi visionof arbi-
trary three-di nensi onal surfaces. This enabl es
the rapid and accurate anal ysis of forms ranging
fromarchitectural shell structures to bi ol ogical
structures such as a human skull. The net hod
uses the lofting techni ques previously descri bed,
where the serial section contours are represented
by B-splines and the surface is interpol ated
with Cardinal spline functions (12). The pro-
cedures used all ow an accurate surface repre-
sentationwith only a small anmpunt of data. The
resulting surface can be interactively nodified
by the user until satisfactoryresults are ob-
tai ned (Figure 4b).

B. Ani mati on

A key-frame ani nati on systemhas been
devel oped whi ch accepts free-formline sketches,
free-formimges, or two-di mensional projections
of conpl ex t hree-di nensi onal environnents (3).
The key-franes are drawn by the artist using a
digitizingtablet and di splayedon either the
bl ack and white vector scope or the col or half-
tone CRT. These two-di nensional i nages are
conbi ned using a nmul ti pl ane cel aninmation
t echni que to produce depth and notion illusions
(Figure 8). The systemal l ows real -tine pre-
vi ewi ng by conputing the in-between frames "on-

/—]g\ <:>|<\/\1// i
1

N
i

the-fly", thus providing the artist with instant
pl ayback of the ani mated sequence. All inter-
action is pictorial, enabling the artwork to

be easily edited. Several artistic filns are
currently bei ng produced.

C. Ener gy Conservati on

Al t hough for several years, it has been
possible to sinulate the dynanic thernmal behavi or
of buil dings, the use of such simulations has not
been wi despread for several reasons. First, the
cost of analysis has been excessive since a |arge
nunber of man hours are required to accurately
descri be the building geonetry. Second, the
input requirenents for the avail abl e prograns
are so rigid and detailed that they can not be
used at the prelimnary design stage when nmuch
of the informationis not yet avail able. Inter-
active conputer graphics techniques can hel p
al | evi at e bot h probl ens.

A systemal |l owi ng the graphic creation of
conpl ex t hree-di mensi onal buil di ng descri pti ons
has been interfacedwith rmulti-zone thermnal
anal ysis routines. Conbinationsof primtive
vol unes are used to specify the buil ding shell.
The conpositionof each of the wall sections of
the building are interactively specified and
assigned to the appropriate planes (Figure9).
W ndows and doors nay be precisely | ocated on
any of the walls of the building. Al of the
required thernophysical characteristics of the
bui | di ng shell are autonatically conputed and
used for the thermal analysis routines. The
graphi c procedures for definingthe residential
bui | di ng have proven to be very fl exible and
efficient to use.

D. Agricul tural Tractor Accident Prevention

Agricul tural wheel tractors frequently
operate on potentially hazardous terrain where
overturning or other types of accidents occur.
Up to 1000 deaths in the United States occur
each year as the result of tractor accidents,
of which two-thirds are the result of tractor
overturns.

The prevention of overturns, or at

Figure 7 - Structural Analysis

Di splay of finite el enent
meter contours were specified. The nesh,
and serves as input for the anal ytical routines.
and can be used to generate a nore optinal

grid interactively created by the anal yst
i ncl udi ng the node nunberi ng systemwas automatically created
the stress anal ysis,
finite el ement nesh (Programby Bob Haber and Mark Shephard).

After
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is shown in Figure 7a. Only the peri-

i socontour lines are displayed
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Figure 8 - Animation

Figure 8a shows a key-frame line drawing of a princess kissing a frog. Editing options at the artists'
disposal are shown in the menu. A painted background scene for a multi-ccl environment is depicted in
Figure 8b.  (Program NEREUS by Marc Levoy, artwork by Jose Gelabert).
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Figure 9 - Energy Conservation

A conposite wall section is interactively built up froma stored library of materials and the thernal

characteristics are automatically conmputed (Figure 9a). The wal | sections have been assigned to each
pl ane and wi ndows and doors have been attached to the thernmal enclosure of the private resi dence shown
in Figure 9b (Program GLAS by Rich Rogers).
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Figure 10 - Tractor Sinulation
The figures are graphic displays of a tractor approaching a roadside bank and turning over. The tractor
nmotion is predicted and displayed using a dynamic simulation nodel. Interactive graphic routines allow

the tractor to be viewed from any vantage point (Program by Peter Atherton).
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| east properly designedrollover protective struc-
tures, will help protect the tractor operators.
The general objectives of this research project
are to devel op dynami c conputer simul ations of
agricultural tractor accidents to exam ne the many
paraneters of tractor design and terrain that

i nfluence accidents, in order to inprove the safe-
ty and reliability of vehicles. To effectively
conprehend the tractor notion, the mat hemati cal

si mul ati on nodel has been conbi ned wi th dynani c
graphi c display capability (Figure 10). The
researcher can actually see the vehicle turn over,
and visually as well as mathematically | ocate the
actual point of inpact. These graphic displays
are being used, not only to study tractor dynanics
and notion during accidents, but to devel op an
under st andi ng of appropriate tractor operator
actions to prevent accidents.

Conment ary

This paper has briefly described the input
and di spl ay procedures, the operating configura-
tion, and sonme of the research projects currently
under investigationat Cornell's Programof Com
puter G aphics. Based on our two and one-hal f
year experience, several statenments can be nade:

1. A nost all progranm nghas been inple-
ment ed usi ng FORTRAN |V under the RSX-11M nul ti -
user operating system Al though FORTRAN has en-
abled us to interfacew th many anal ytical rou-
tines in the publishedliterature, a higher |evel
I anguage, with recursive and interruptabl e capa-
bilities, would prove to be nmuch nore fl exible
for the coding and debuggi ng of interactive
gr aphi cs software.

2. The m ni-conputer envi ronnent has proven
to be generally satisfactory. By using efficient

matri x inversiontechniques, the nornmal linita-
tions on probl emsize can be overcone. Relative-
ly large scal e nunerical probl ens have been suc-
cessfully analyzed in structural nechanics, opti-

m zation and energy anal yses. The time require-
ments are not excessive. The major restrictions
arise fromthe 16 bit word size limting the
amount of core storage availableto a single
task (32k) and the precision avail able for cer-
tain display cal cul ati ons.

3. Both dynam c vector displays and col or
raster di splays denmand substanti al ambunts of
dat a t hroughput; a requirenment whi ch can severe-
Iy hanper a multi-user environment. By using
i ndependent di spl ay processors (the PDP 11/34
and the E &S picture processor, Figure 1) the
total systemresources can be nore effectively
utilized.

4. A graphics software package has been
devel oped to generate i mages on the storage
tube termnals. This package sinul ates the
commands and hardwar e capabilities of the fast
vector display. Not only has this enhanced
productivity, particularlyin the devel opnent of
new graphi cs prograns, but it can provi de renote
users with nore powerful graphic display capabi -
ties.

5. Each application project
phic input using either the dynam c display, the
col or display, or both. These projects have been
devel oped by programers with expertisein their
own field but with only limted experiencein

relies on gra-
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graphics. Qur ability to provide these research-
ers with a conprehensive set of graphic utilities
that can be easily interfaced to their analysis
progranms has proven i nval uabl e.
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