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B. Highlight= - 1982-1983
Multiple Visualizations of Molecules Demonstrated

We and our scientific collaboralors have developed and imported programs
for producing many different geometric and parametric visualizations of molec-
ular structure. This yvear we broughtl this work together in a focussed effort to
apply all available techniques Lo a single molecule, Cu.fn superoxide dismutase.
In this way the various graphics technigues can be compared for their insight-
inducing power and Lheir costs. Moreover, combining all techniques on one
molecule offers maximum insight inte its structure and function.

Michael Pique projuced a 17-minute videotape, "What Does a Prolein Look
Like?", that embodies some 40 visualizalions of the 30D molecule. This together
wilh a companion paper by F.P. Brooks, "Views of Unseen Worlds," was one of two
invited keynote addresses at Science Magazine s Conference on Compulers in
Science in Chicago, in December. These works have been submitted for publica-
tion to SIGGRAPK'B3, ils proccedings (an issue of Computer Graphics,) and Lhe
ACM STGGRAPH Video Rewvizw, a videotape journal. John Tainer and Elizabeth
Getzofl of Duke Universily were Biochemist Consullants for Lhe work,

Semiautomatic Densily Map Interpretation

Tom Williams' system for computer-aided initial interpretalion of electron
density maps has been built and Lested. Using a ridge line represeniation of the
map, in which line segments connec!l local maxima, he has developed a method
which saves a greal deal of labor in the problem of going from the first electron
density map Lo rough molecular coordinates, This reduces a step which nor-
mally takes weeks to a few days, Others have tried ridge line representations
before, but not as an aid to human interaction. The ridge line representation
appears Lo be Lhe long-sought representation of electron densily which permits
compuler graphics users to see large volumes of map without excesding Lhe
capabilities of their displays, or, alternatively, Lo use standard displays instead
of expensive specialized ones.

Real-Time Images of Space-Filling Models

M. Pigue demonstraled real-tirne, joystick-controlled motion of space-filling
(CPK) computer graphics molecular models of up to 50 atorns! While this is still
shorl of the sizes needed for protein-gnzyme research, it is a rnajor technical
achievement and offers promise for larger molecules in the fulure,

GRIP (mestly) Transported to VAX Computer

Our local GRIP-7s molecular graphics system, which has been extensively
used [or bivchemical research, has been largely converted from an idiosyneratic
hardware-software configuration thal could nol be readily duplicated elsewhere
Lo & program in C, running under the UNX operating system on the DEC VAX com-
puter. Most of the system now works and il can be used on VAX-11/780 and 750
cemputers, Cemplelion of this project will enable this useful software tool Lo be
readily exported.
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lll. Narralive Description
A Summary of Research Progress

1. Objeclives and Operalion

We have built, and operate as a service resource, an effective interactive
computer resource for seeing, manually manipulating, and computationally
modifying mathematical models of complex molecules. We believe that our
presenl resource, called GRIP-75, has been shown to be as complele and useful as
any in existence. One impressive measure of the power and utilily of GRIP-v5 I8
that al leasl seven of our clients have obtained their own graphics systems as a
direct result of their successful work here.

Qur resource has dual objectives. We are a service cenler providing power-
ful computer graphies facililies and experl computer assistance to chemists
studying macromolecular structure. We are also computer scienlists dedicated
to advancing the arl of interactive computation and interactive, three-
dimensional graphics. The objectives are complementary. Our chemist clients
provide the essential focus and a real, complex, and interesting driving problem
for our computer science research; our computer science research in turn pro-
vides our clients with more powerful tools to improve their insight into very
complex structures. Qur overall objectives are:

1. To help our client biochemisis obtain Lhe most accurate structural informa-
tion their data will support, with the most eflicient use of their lime, and

2. Toadvance Lhe arl of inleractive graphics to the peint that our elienls are
able easily to perceive the significant chemical infermation in their strue-
tures, at all levels of detail.

Our most valuable producl is insight.

Seven years of experience wilth GRIP-7 have shown us a number of inadequa-
cies. We are now building a second-generalion version of this system, called
GRIP-X, designed to be more comprehensive in the biochemical problems that can
ke attacked, more powerful in the mathematical tools available, more varied in
the visualizalions available for molecules and maps, smoother in Lhe user inter-
face, and constructed as product-quality, documented, exportable soflware.

Fundamental to our approach are Lthe following principles:

= The GRIP system is designed to help chemists get results from their
research, and its success i1s measured only by theirs.

. @R is designed te help the chemist visualize his molecules, his density
maps, ele., so Lthat he can use his knowledge Lo guide computational
processes. That is, it is an aid to, not a surrogate for, human Lhinking and
manipulation. Hence a strong emphasis is placed on human factors
research and on human engineering of the system.

. GRP is designed Lo serve many users, not one or two, so it includes an
armory of allernative tools and techniques.

. GRIP Is designed to interface smoothly with any batch computations ils
users must do, and to incorporate on-line facilities for all compulations that
can reasonably be done "while you wait."

e We as computer scientists are interested in GRIP as a test-bed for research
in man-machine syslems design, in man-machine inleraction, and in the
design of distributed computling systems.

A corollary of these objeclives is that we are heavily dependent on observa-
tion of and feedback from real users attempting Lo solve real problems.
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Qur users are almost exclusively working on the structures of molecules of
considerable biochemical interest: proteins and nucleic acids. We advance
health-oriented biochemical research by enhancing the produetivity of indivi-
dual researchers through better tools. GRIP-75 was the trailblazing system in
manipulating a molecular model to fit complex experimental data. Our clients
have published over thirty papers in Lhe biochemical literature containing
results derived from Lhe GRIP system. Features pioneered in GRIP are finding
their way into other molecular graphics systems. The presence of the facility at
UNC has been instrumenlal in maintaining a close collaboration with biochem-
ists at Duke, who come over regularly Lo use our system. Al least one of our new
[aculty members, Dr. R. Snodgrass, based his decision to come to UNC on the
GRIP system, which demonstrated te him our ability to build large innovalive sys-
tems.

Qur facility consists of a VAX-11/780 computer, a Vector General 3303 vec-
tor display unil, an Evans & Sutherland PS 300 veclor display unit, and a full
complement of interactive inpul devices; and a PDP-11/45 computer with a Vee-
lor General VG3 vector display unit and a high-speed connection to the Univer-
sity of North Carolina Computation Center IBM 4341. Our present production
syslem, GRI®-75, runs on the IBM 4341 and the PDP-11/45. The VAX-11/780 sys-
lem s for Lhe development of cur next system,

The Computer Science Department obtained money {rom NSF for another
VAX for departmental use. By pooling resources we have come up with a situa-
Lion in which everybody wins. In exchange for some of the Lhen—surplus capa-
city of our VAX we obtained, Lhrough the Computer Science Department and the
Migroelectronies Center of North Carolina, the use of 1.256 MU of memory (in
addilion to the 750 KB we bought) and a magnetie tape drive. We share the GIP
VAX with other graphics users in the department; in return we get the use of the
Ikonas rasier graphics system and Lhe full resources of the department VAX —
for example, Lhe Versatec printer/plotter and a Hewlelt-Packard four-pen
plolber,

Our effective configuration on the VAX system is

. VAX-11/780 with UNIBUS but no MASSBUS;

. the UNIX{ operating system (Fourth Berkeley version for the VAX)
. 2 MB memory

. 600 MB disk storage

«  HOO/1B00 bpi dual density tape drive

o Veclor General 3303 vector graphics display

. Evans & Sutherland Picture System 300 vector graphics display

. Ikonas RD3-3000 image processing and display system, with 1024 by
1024 pixels at 8 bits/pixel (or 512 by 512 at 24 bits/pixel), color map,
two inlernal high speed processors, cross-bar swilch for remapping
pixel values, video digitizer, and write mask

- Summugraphics daka tablet

. 16-channel (expandable to 32) analog to digital converter

*  high speed parallel link to department YAX, which has hard copy
ploblers, printer, and a dial-up conneclion Lo the national “USENET"
UNTX netwerl

TUNX is a Trademark of Bell Lehoratories,



HR 00B58-09 27 February 1983

The usefulness of the USENET network of UN systems can hardly be ever-
slaled. News and mail ean be exchanged with over 150 computer systems
across the country, including systems at Columbia University, the Universily of
California at S8an Francisco, the University of California at La Jolla, and the IBM
UK Seientific Centre in Winchester, England. The systems mentioned speciflcally
are all doing work in interactive cormnputer graphics; several of them receive
research support from the Division of Hesearch Resources.

Another large gain [rom pooling resources with the department VAX has
been reduction of maintenance costs. We can use each machine to verify faults
irr Lhe olher machine. HRapid idenlificalion of defective circuil boards Lranslates
direclly to shorter and cheaper service calls,
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2. Summary of GRIP-75 Use by year, 1975-1982
Table | summarizes the use of the GRIP-75 system for all purposes since we

27 February 1983

began demonstrations and productive operation on July 15, 1875, We have not.
iried Lo eslimate the system Lime spent on development before the beginning of
productive operation but know it to be many hundreds of hours.

Table 1. cGRIP-75 Use by years

1875 1976 1977 1978 1979 1980 1981 1982 Totals
Production 322 ol ¥81 1034 1108 Ho6 349 130 4868
Demonstrations 12 50 161 137 43 57 76 52 HB8
Development 287 186 198 213 345 109 51 ] 1474
Totals 638 B17 1140 1384 1496 722 478 257 6930
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Table 11 gives the use of the GRiP-75 system by year for each team of biochermnists.
These teams are identified by their prineipal investigators.

Table II. criP Production Time {Hours)

User 1875 1976 1977 1978 1979 1880 1881 1982 Total
Hermans i =29 42 13 11 - - - 102
Kim 200 321 105 24 49 42 - - T4l
Richardson 83 0 o1 188 384 297 169 57 1348
Lipscomb 12 - - 102 - = = - 114
Carter 2% 21 - 4 5 16 - - T3
Jensen 416 B2 - - - - - 108
Tsernoglou B5 11 - - - - - o6
James 18 - - - - - 19
low 55 191 65 - 153 - 464
Davies B5 892 - - - - 177
Sehiffer 36 28 26 28 - 15 104
Amma 163 35 - - - - 158
Wright 41 - 96 - - - 137
Hendricks=on T2 80 3 - - 188
Schevitz Ta - - = - 74
liove G4 - - - - 24
Kartha 108 - - - - 109
Taylor B9 45 17 14 178
Rich TH - - - 78
sarma 188 - - - 188
Glson 20 - - - 20
Bugg a9 = - - 39
Premilat 24 - - - 24
Amzel a8 - - 88
Hardman 27 = - 27
Figgleston 3 3 - B
Roth ¥ i 14 2l
Total Hours 329 581 TB1 1034 1108 556 349 130 4868
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Table 111 is a list of the biochemists whose research teams have used the GRIP sys-
lem and their inslitutions. These are listed in the order of their first use of GRIP.
For groups sending more Lhan one biochemist to use our system, the prinecipal
investigator is given first and the names of his colleagues follow indenled, The
institulions of these colleagues are given only where they differ from Lhe prinei-
pal investigator's. In five cases —Sarma, Rich, Love, Sigler, and Amzel —the
principal investigator has made little or no direct use of GRIP himself.

4. Hermens
J: E. MeQueen
I R Ferro
L . Kunte
M. Veealello
3. H. Kim
3. L, Suzsman
R, W, Warrant
8. R. Holbrook
G. M. Church
W. Shin
C; J. Alden
. €, Richardsos
d. 3. Righardson
E. D. Getzoff
i . Tainer
D. McRee
W, N, Lipseomb
J. Ly Crawford
C W, Carter
B. A, lones
L: 1. Jansen
K. Watenpaugh
R E. Stenkamp
D. Teernoglou
G. A. Petsko
H. lomoes
Li T 1. Delbaere
G, Brayer
3. W Low
A Bato
M. Kimhball
S. Ginnell
. R, Davies
M.C Liw
E. A. Padlan
M, Schifler
i L Amma
R L Girling
R. C. Paslay
H. T. Wright
W. Hendrickson

Table 111, GRIP Users (1975-1882)

University of North Carolina
Istituto di Chimica delle Macromolacola
University of Califernia School of Pharmacy, San Francisco

Institute of Chemistry, University of Naples, [taly
Duke University

Duke University

Harverd University
University of North Carolinn
University of Washingion

Yale Univeruity
Wayne State University

University of Alberta

Columbia University

National Institutes of Health

Argonne National Laboratory
University of South Carolina

Princeton University
Naval Research Laboratory

10
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P. B. Sigler University of Chicego
A. Podjarny
R. W. Schevitz
W, E. Love Jehns Hopking University
¥. E. Royer
G. Kartha Roswell Memorial [nstitute
H. C, Taylor Berkeley Springs Research Consortium
A, Rich Massachusetts [nstitute of Technology
N, Wou
R. Saroma SUNY, Stony Brook
A. Laudin
A Olsen Nationa! Resource [or Computational Chemistry
€, Buga University of Alabama
A. Almassy
J. Fomtecilla
8. Premilat Universitéde Nancy, France
M Amzel fohns Hepking University
K. Hardrun 18M Yorktown Heights Research Center
0. Egglestan University of North Careolina
B. Roth Burroughs-Wellcome
M. Corey
L. Kuyper
M, Connolly Yale University

J. Changes in Resource Direclion

The usage of GRIP-75 is rapidly declining. That is not unexpected. Computer
graphics systems which do the same job as GRIP-75 are becoming fairly common.
Wie believe thal none of the olher syslems are quite as powerful as GRIP-75, bul
Lhey are not that far behind.

In the past we have devoted much of our effort to client service and to
research in how our clients made effective use of our system. (This is shown
dramatically by the figures in Table | comparing produclion use and develop-
mentl use of GRIP-75 during the period 1877-1979.) We are now devoting nearly all
of our efforts Lowards exploiting the Lthings we have learned abeout human fackors
in Lthe design and use of graphics syslems, and Lo exploring advanced computer
graphics technigues Lo be incorporaled into our new system. These efforts are
described much more fully in the next section, Once we have developed our new
system we will again enter a major clienl service phase, this time by export of
software.

Gifts for Resource Enhancement.

Our molecular graphics work has attracted much attention. This has
resulted Lhis year in substantial gift support for the Hesouree.

. Evans and Sutherland Computer Corporation donated a one-megabyte
PS 300 system to UNC for the molecular graphics work. This high-
performance vector- graphics instrument, has a relail value of $88,000.

= Tektronix donaled to our department two high performance color video
monitors together worth $18.000. One of these is altached Lo the Ikonas
raster-scan system and is used for molecular graphics.

o Veelrix gave us Lwo low-speed 512-line color graphics displays Logether
worlh $10,000. OUne of these is configured so it can be used for molecular
graphics.

11
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" Intel Corperation gave us VAX memory worth $12,000. Half of this goes on
Lhe Hesource's VAX,

. Burreughs-Welleome gave us a cash gift of $13,000 Lo support an addilional
graduale research assistanl on Lhe GRIP project for 12 months.

4. Core Research - System Building

Astthe users of our GRIP-75 hardware-software have found it valuable, they
have nereasingly installed molecular graphics equipment of their own, Hence
Lhe work of our team has largely shifted from providing eollaborative service to
biochemists on our firsl-generation system to building our next-generation
molecular graphics syslem, called GRIP-X. This core research dominated this
year's aclivities,

4.1. Mulliple Visualizalions of Molecules

In GRIP-X, multiple ways of visualizing molecules, not just Kendrew (stick-
figure) moedels will be important and pessible. This year we imported and investi-
galed all visualization techniques known to us, culminating in a research video-
tape by Michael Pigue showing over 40 visualizations of Cu,Zn Superoxide Dismu-
Lase,

Views &, 15, 16 were made by Tainer and Cetzoff, the other pictures were
done by Pigque.

Views 22 and 24 are enclosed as samples. In view 22 the solvent-accessible
surface has been colored Lo show the thermal activity of different parts of the
molecule as determined crystallographically, The cool spol in the center shows
thal the copper is very rigidly bound. The ecool spot to the ieft is where thw two
parts of the symmetric dimer (of which only one is shown) attach rigidly baclk-
Llo-back, View 24 shows a ribbon model of the backbone plus the copper and
zine. The backbone is colored by segment, showing clearly the f—barrel and the
loops holding Lthe metals.

e
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Visualizations in ""What Does a Protein Look Like?" Videotape

Vigualization Program Author
1 Coordinate Table
2 Spimeng beckzone
2 with zide chains
4 with hydrogens
5  Hall-and-stick model Ortep Carroll Johnson (ORKL)
& Peptide parallelograms Ribwvua Pique
7% Shaded paralielograms MOVIE.BYU Hank Christiansen (BYU)
a Lime-lapsed rotation : g
g  Smooth ribbon Splined Ribvu Pique
10 shaded rotating MOVIE.BYU Hank Christiansen (BYU)
11  Spherical mode! - color depthcue Sphereshade Pique
iz color by atomn 5 L
13 with side chains CPK Thomas Parter (NITHDCRT)
14 fragmenied spheres Modified RAMS  Michael Connelly (Seripps)
15 Acoessible surfeces - dots M5 Michael Connolly {UCSF)
16 clipped section Y ¥
17 varying probe radius % i
18 Aveessible surfaces - smooth RAMS Michael Connolly {Seripps)
18 varying probe radius b <
20 color by species-invariance by by
21 bty hydroghobic-hydrophilic i a
22 by thermal sctvity c o
23 by batkbone segment o "
24 Ribbon, colored by backbone segment HOVIE. BYU Hank Christiansen (BYU)
26  Surface of back colored by segment RAMS Michae! Connelly {Seripps)
26  Hack showlng f—sheet H—-bonding CPK Thumas Porter (NiH DCRT)
27  Electrostotic feld errows Amber Paul Weiner (UCSF)
28 Animated electrostetics Psanim Pique
28  Eleeiron density contours, 1 plane GRS Briiten
ao 3 planes GRIP-7H Britton
31 varying level GRIP-78 Britton
82 [Electron density ridge lines Grinch Willlams
33 colored by inierpretation v 3
34 varying level —_ -
36  Close-contact parametric plot HOVIE.BYU Hark Christiansen (HYU)
36 Reciprecel-space Fourier map Duncan McRee (Drlke)
3% Remachandran plet GRIP-7S UNC tenm
28 dynamic scan Ly -
38 3-d rotalion M "

4.2. Ridge-Line Density Representation and System for Initial Interpretation

Thomas V. Willilams completed censtruction and testing of a prototype
man-machine syslem for initial interpretation of density maps of proteins, a feat
not hercltofore accomplished by computer graphics. The breakthrough was the
choice of Carroll Johnson's ridgeline representation for electron density instead
of the convenlional contour representation. This allows the biechemist to zoom
back and lforlth belween global and local views and te dynamically change Lhe
level of density visible.

13
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ly initial interpretation we mean estimating from an electron density map
the positions of the mainchain atoms and perhaps the carbonyl and C-beta
atoms. This method produces alornic coordinates for all of the atoms in each of
the residues that have been located, using the amino acid sequence if it is avail-
able.

Williams's systern is a man-machine system. Earlier attempts Lo interprel a
map by a computer alone have nol been very successful. Humans are very good
al patlern recognition. They can bring together diverse sources of specialized
informalion Lo delermine whether some feature matches a pattern. They can
balance a fealure's maleh to a local patlern with the {ealure’s global context to
make an overall decision. These are things thal computers do with much
difficultly. Compulers however are capable of accurate storage and recall of
large amounts of informaticn, patlern recognilion for local, well-defined pal-
terns, and numerical calculations.

The computer's Ltask then is bo remember the current state of interpreta-
lion and display il at all times. The ridge line graph and model are shownon a
graphics sereen with the edges color—coded by type. The different Lypes of
cdges are molecular model, uninterpreted map, and map interpreted as each of
the features mainchaln, sidechain, carbonyl, and bridge. The bridge type desig-
nates disulfide bonds and hydrogen bonds, This encoding helps the user Lo see
al a glance Lhe portion of the mainchain traced so far, which edges attached to
the mainchain have nol been accounted for yet, and many other useful pieces of
informalion about the current interpretation. The current display implementa-
tion does color line drawing on an lkonas raster graphics system.

The user identifies features in the ridge lines and tells the computer which
feature to associale with which parl of the molecular model. The compuler
colors Lthe features accordingly. The user adds edges as needed; the computer
traces connected pallerns. Extensive Undoing features permit easy backing out.

The system concept and command struclure were set forth in detail in last
yvear's report; we will not repeal. Since last year's repor! the system was tested
on biochemist users and other maps. All the resulls are very encouraging.

Williarms and Brian Van Duzee have this year devoted considerable effort to
turning Williams's system from a working prototype into a robust product. We
shall continue that in the coming year.

Ridge-Line Representation of the Flectron Densily Map

The most commonly used representation for electron density is conlours
drawn in sets of parallel planes. The contours show surfaces in Lhe electron den-
sity funetion either at one or & small number of density values. The difficulty
with using cenlours for initial fitling is that many lines are needed to accurately
show the surface and a global overview is often necessary to resclve ambiguities.
There is a limit to the number of lines that can be comprehended and inter-
preted at enee, There i3 also a limil to the number that can be displayed
flicker-free and dynamically rotated,.

Hidge line representations of the electron density map were [(irst suggested
by Dr. Carroll K. Johnsen of Oak Ridge National Laboratory. A ridge line
representation shows Lhe essential information about Lhe location of high den-
sily and bow il is connected, using many fewer lines Lthan does a contour
representation, Ridge lines, named by analogy to geographie terrain, form a
nelwork or graph connecling peaks (local maxima) through passes. If there was
one and only one peak for each atom in the molecule then producing the ridge
lines would completely solve the problem - each graph vertex would correspond

14



RR 00898-09 27 February 1963

to an atom and each edge to a bond. For molecules the size of proteins this
never occurs because of insufficient map resolution, phase errors, noise in the
dala collection process, atom mobility in the erystal, ete. The problem has been
reduced to determining the correspondence between the ridge lines and Lhe
model. Some edges of the ridge line graph will lie along bonds, some cdges are
spurious and do nol correspond Lo any part of the model, and some edges are
missing, leaving bonds unaccounted for. The task then is to match the two
graphs, the molecular model and the ridge lines,

SysLem [or Initial InLerpretation

The use of ridge-line densily map representations so reduces the number of
lines Lo be displayed that Williams was able Lo build his prototype on the raster-
sean lkonas instead of the veclor-drawing Yeclor Graphics 3303, This gave him
eolor, which radically simplified his user interface,

Two corollaries ermnerge for GRIPX. First, we need color on cur veclor sys-
terns, so that we can show quite complex molecule densily rmaps and dot sur-
fuces, Hence we are cutting back everywhere to squeeze such a color Lube into
the budget.

Sevond, Williams was able to deal with real maps using raster scan technol-
ogy. This is radically cheaper Lthan vector-drawing technology because many of
the components are mass-produced for television, By using ridge-line represen-
Lalions of densily for fitting ag well as for inlerpretation, we hope to be able to
build a full-function version of GRIP-X that will run ona color workstation costing
under §35,000, such as the SUN.

Our experience with Williams's protolype suggests three exciling possibili-
tics Lo be explored—-none has been demonstrated:

= Jane Richardson's experience suggests thal the overview zoom and
variable contour level features of the system may make it possible
te interprel lower-resolution or neisizr maps than herelofore
could be interpreled at all.

. The high guality of sorme of the initial interpretations suggests
Lthal it may be possible to skip entirely the usual manual fitting
step for proteins; and go directly to algorithmic refinement by
computer,

. The reduced picture complexity may permit us to move molecular
graphies from high-cost instruments into the mainstream of com-
puter graphics technology, permilting most protein structural
chemists to have syslems in their own labs.

lience our plate is full!

4.3. Space-Filling (CPK) Models

A major goal for GRIP-X is to allow real-time moving and docking of CPK (solid
spherical) models of molecules. We this year demonstrated real-time motion of
molecules of up to 50 intersecling alomic spheres!

lust as contours are not the only nor necessarily the best representations
of electron density, so stick-figure (Kendrew) models are not the only represen-
tution for molecules. Biochemists routinely use plastic space-filling models
composed of spherical atems (CPK models) as well, particularly when investigat-
ing packing and docking.

With computer graphics, il has heretofore been possible Lo use stick-figure
models with dynamic motion o7 colored and shaded spherical models for static

15
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viewing only. The calculations for spherical models could not be done in the
1/ 30 to 1/ 12 second necessary for dynamic motion,

On GRI2-X we want bo achieve dynamie rrotion for space-filling models, and
we Lhink we can within the next few years.

This year Dr, Barry Zeeberg of UNC used the lacility Lo continue develop-
ment of a technigque suggested by Pigque in which each atom is represented by a
circular disk parallel to the viewing sereen. The disks are painted to look like
shaded spheres. Of course, they aren’t; at any given time one disk may partially
overiap another, bul ils entire surface is in front of or behind the olher's; there
are no inferseclions visible. As the molecule is rotated, disks jump discontinu-
pusly in front of or behind each olher. Nevertheless, it is a more rapidly com-
puted approximation to a space-filling model

Pique explored ways to use Lhe Jkonas display's very fasl internal processor
Lo eonstruet realistic pietures of properly intersecting spheres capable of
dynamic movement. In January he demonstrated dynamic movement of
molecules of up to 50 atoms. While still an order of magnitude slow for proteins,
Lhis is an exciling and encouraging achievernent.

4.4. crIP-vs Conversion

In spring, 1982, a COMP 145 studenl Leam consisting of J. Draper, M. Miller,
H, Taylor, and M. Wright undertook to convert parts of GrRIP-75 from PL/1 to C,
from the IBM System /360-75 to the DEC VAX-11/780, from the OS/MVT operating
system Lo the UNIX cperating system. It worked much beller than we had
expected, Bubstantial parls of GRIP-75 ran correctly on the VAX by the end of the
spring berm.

That team used the pllos PL/] to C translation aid built by the spring 1981
COMP 145 student team of C. Burns, A. MeDonald lll, M. Mocre, and KR, Smith.
They used a power{ul UNIX tool called YACC, which they fed the PL/I syntax tables
in the Vienna Definition Language, straight out of the report of the |IBM Vienna
Laboratory.

Nuring Lhe year Pique, aided by Rich Hammer, have continued this work. 1t
now appears Lthat we may be able to run GRIP-75 entirely from the VAX within
another year. Moreover, this conversion permits us Lo take GRIP-75 code bodily
into GRIP-X as thal seems wise,

1.5. Collaboralive GRIP-X Design: Database and Adjunct Lanpuage

We continued our collaboration with the IBM UK Scientific Centre (UKSC) in
Winchester, England, who are building a GRIP-X-type system in PL/] for an |BM
host and a Veclor General display. Brooks visited there in May: Dr. Williarn Wright
and Dr, Geoffrey Robinson visited here in September; Dr. Wright will be here
again in March. We confer weekly by a conference call between the two teams.
We finally have reliable electronic mail via the UNIX UUCP-net connected to the
IBM VNET. We have spenl days discussing overall system design, Wright's agent
concepl, and how Lhe system partilions.

Database. The UKSEC leam came up with a simply superb idea--to incorporale an
existing relational database systemn within GRIP-X instead of building slaborale
idiosyneralic dala management facilities. We see it working this way; When a
new visuglizalion (or view in the database sense) is called for, a query goes Lo
lihe dolabase system, which produces Lthe relations requested, These are then
compilatively translated into an intermediate form from which pictures can be
rapidly generated and in which manipulations can be rapidly effected. Upon Save
or Quit commands, new data are posted back into the database.
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Stephen Todd and Andrew Morffew of the UKSC team did tests with a system
UKEC had built earlier, the Peterlee Relational Test Vehicle. These tests showed
that even without any tuning, responses to demanding queries could be made in
15-30 seconds, which seéms acceptable considering the low frequencies of
queries we expect,

The UNC team imported and began investigation of Stonebreaker's INGRES,
a Unix-based relational database system. Because the user interface scems
beller, we dropped INGRES and have imported Wasserman's TROLL, another
UNIX—based relational system. We plan to investigate it more in the coming
year.

Adjuncl Language One of the powerful atiributes of GRIP-75 is its implementation
and use of a geometric manipulation language belween bthe menu language and
the PL/1 (or C) level, This has enabled us to build new menu commands for users
very guickly, adapting Lhe system to user needs,

Pique, Lisa Weber, and other team members have pursued various issues in
the design of an adjunct language for GRIP-X. We do not yet have a design, but we
know some importanl components,

4.6. Advanced Graphics Techniques

At all times we keep expleratory efforts going on advanced ideas and Lech-
nology. Often these are done al no cost to the GRIP project; they are carried on
by olher funded projecls or by student team eflorts in our COMF 145 course—
Software Engineering Laboratory. The Lhings that didn't work or don't work yet
are erumerated in the next seclion. Some of the ones that did are discussed in
the seclion above. Others are sketched here,

SUN Terminals. Graphies workstations built on the Motorola MCBB000 processor
offer high performance at low cost. We believe they will be a significant carrier
for GRIP-X.

We have selected the workstations of the Stanford University Network (SUN)
design for our experiments. This year Brian Van Duzee and Doug Schifl
attempted Lo transport Tom Williams's system for the VAX to a department-
owned SUN workstation built by Cadline. Due to operating system inadequacies
in the Cadline Unix System, we suspended this effort until our project's our SUN
workstalion built by SUN Microsystems Incorporated arrives. In Lhis way we will
debug the software on the machine we plan to use, one with a color system. It is
due for installation next week.

Fixel-Planes. Prof. Henry Fuchs, a department faculty member, has invented a
custom VL3I chip that should radically speed up processing of polygon
definition, hidden surface calculations, and polygon coler interpolation. A second
prelolype verslen is now running; a third is about Lo be fabricated.

Brooks studied how this might be applied to molecular graphics, The chip
can be programmed Lo evaluate expressions of the form Ax + By + C at all pixels
concurrently. Brooks devised a program for the chip that allows multiple eircle
definitions Lo be evaluated in about the same time each as one edze of a
polygen. The surprising result is thal circle evaluation can be done at all with a
linear expression evalualor.

Brooks also devised an algorithm by which Pixel-Planes can be programmed
to do "burmp-delection,” the instant detection of an attempt to move ene molec-
ular fragment inle a volume element occupied by another. This promises to be
useful for drug-design studies.

Varifocal Mirror. Traub of MITRE Corporation in 1967 patented a Lrue 3-D
display made by the synchronous plolting of points on a vibrating curved mirror.
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Hobgood and Brooks built one of these in 1270 and studied user perceplions of
it. Fuchs, Prof. S.M. Pizer, and Brooks are investigators in another project to
develop this technology.

This year that team showed for the first time Lhat protein molecule stick
figures can be rolated in real time while being thus displayed,

Head-Mounted Display. In a separale project, Fuchs and Gary Bishop are bulld-
ing in 1983 technology a reincarnation of lvan Sutherland's 1960's head-mounted
display, which never quile worked well enough for produclive use.

The idea is that Lthe user views a virtual world in which he is embedded,
rather than looking at one Lhrough the porthole offered by a normal graphics
screen, Separale displays are offered to the left and right eyes through half-
silvered mirrors that superimpese virtual objects on the real world. As Lhe posi-
tion and crientation of the head changes, Lthe scene is updated in real time.

Hishop has running a slow-motion prototype in which the user sees a protein
molecule filling the space, "life-size,” as it were, The hard problem is tracking
the position and orientalion of the head. Fuchs and Bishop have a new scheme
for Lhat now under implementations. Brooks and Pique are advisors Lo that pro-
ject.

Raster Analytic Molecular Surfaces. Ur. Michael Connolly of Seripp's Clinle
Hesearch Institute in La Jolla visited our facility for 10 days in August 1982 to
collaborate with Pique in developing Connolly's shaded-surface display of molec-
ular surfaces. Like his well-known dot surfaces, these show Lhe molecular sur-
face acecessible to a probe sphere of a given radius, Unlike the dots, or Liled sur-
faves derived from the dols, the surfaces generated by his "RAMS" program are
conlinuous, analylically smooth, and cover the molecule with no gaps or eracks.
The program runs on our.VAX compuler and generates images for the lkonas
color raster display. Each view of a typical protein requires about two hours to
calculate, About B0 such images were included in Pique's videolape, described
above,

4.7. Busts

¥We alse Lried some things Lhat either didn’t work or else don't work yel, Some
of these we will come back to later.

Molecular syntax. We investigated the codificalion intoe rigorous production-rule
form of Jane Richardson's informal rules fer what topology and shapes do and
don't oceur in known molecular eonformations, Too hard.

Crystallographic computatlion package. We tried packaging and transporting
into our syslem a sel of high-performance Fortran programs for crystallo-
graphic computations previously developed by Lynn Tenbiyck. It turned out that
some of the component programs had bugs too difficult for our COMP 145 stu-
dent team to solve during the semester, and Lynn hasn’t had time to Lackle
Lthem hims=ell.

Sinclair color display for VG 3303. We provided a test bed and collaboration for
Liarry Sinelair to come test his newly-developed color tube for the VG 3303. The
tube worked and drew color pictures, but the power supplies for the deflection
circuils were grossly inadequale, so Lhe pictures shrank. Sinelair went back to
California Lo work some more. We did not buy his sysltem as budgeted. Instead
we boughtl & eoler frent end for Lhe new SUN workstation.
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5. Collaboratlive Research

5.1. Richardsons, Tainer, Getzofl - Superoxide Dismutase.

Work this year culminated in Ph.D. dissertations by Tainer and Getzofl showing
the detailed structure and mechanism of catalylic action of Bovine Cu.%n
Superoxide Dismulase.

5.2. Richardsons - Studies on Interpretation of Density Maps

Drs. D. and J. Richardson of Duke University are conlinuing a research pro-
jeet to study the effect of resolution on the aceuracy of the interpretation of
etlectron density maps. They believe thal in maps with poorer than 3 A resolu-
tion certain Lypes of misinterpretations become common. They are attempting
Lo confirm Lhis in controlled studies using maps calculated to diflerent resolu-
tions of known structures, There is surprisingly little systematic knowledge of
the effect of resolution on the accuracy of a structure, partly because it is very
difficult to separate Lhe effects of resolution and phase errors, This study
should give insight into the nature of low resclution maps, and could act as a
valuable guideline for crystallographers deciding how much work Lo invest in
data collection before the-attempt to interpret their maps.

5.3. Hermans, Carson, Watenpaugh, Van Gunsteren - Molecular Dynamics

About half of the CPU cycles of the VAX-11/780, but none of GRIP-75, was used

extensively by this team lor developing:

. a package of software Lools for studying the dynamies of protein and solvent
molecules in erystals,

. a new macromolecule refinement proeedure with energy minimization and
least-squares crystallographic refinement,

. an excluded-volume theory of polymer-protein statistics tested by Monte
Carlo Simulations.

Dynamics of protein and solvent molecules in erystals

dan Hermans, Mike Carson, W. van Gunsteren - Biochemistry, University of North
Carolina.

After exlensive program development, we are presently performing simula-
tions of some scientific interest,

A number of programs have been brought inlo a unified format:

PREDATOR- prepares the data describing a systern to be simulated in a form
usable by the other programs, from easy-to-understand input.

CEDAR- performs melecular dynamics or energy minimization; the program
allows for presence of any number of molecules in the system, has special
features for rapid caleulation of waler-water interactions, and maintains
erystal symmetry.

MONTE- performs Monle Carlo calculations on the same sort of systems, moving
and rotating water melecules,

ANALYSIS- Various features within Cedar, and several stand alone prograins per-
form: Calculation of structural parameters, calculations of average and

rms values, caleulation of simulated density maps, calculation of time
correlalion funclions,
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GRAPHICS- A program was written that will perform playback of short time
sequences of a molecular dynamics run, as images of stick models with dot-
ted hydrogen bonds, on the Evans and Satherland PS 300. Another program
shows a stick model with thermal parallelopipeds at each atom location.

Simulations in Progress

Simulation of the Alpha Helix. Four simulations are being performed; of an 11-
residue molecule, (alanine)*11, both in vacuo and in a box with water molecules
al liquid water density, and of an infinite polyalanine molecule with 11-residue
repeat (=3 helical turns), again both in vacuo and in liguid water. Pending a
Lhorough analysis, we can already say that Lhe structures vary more in waler
than in vacuo; in facl, the 11-residue molecules becomes 0 "messy” during
short molecular dynamics runs Lhat we believe they are undergoing unfelding to
the random-coil conformation, or rather, to different members of the enor-
mously large family of conformations that together constitute "the" random-
woil.

Building Guessed Structures. Al Charlie Bugg's request, we have simulaled
static conformations of two proteins of unknown structure, according to his
hypolheses. Both structures were built by analogy with existing x-ray crystallo-
graphic slructures of other proteins. For one of Lthe proteins (a scorpion toxin)
Lhis was an obvious analogy between proteins of similar function but from
different species. The other protein, or rather, peptide, “apamin® from bee
venom, was built in analogy with a small part of Lhe scorpion neurotoxin. The
resultant structure showed a number of characteristies Lthat agreed with recent
ronelusions hased on 2-D NMR measurements that were unknown to us when the
simulation was performed,

MACREF, a macromolecule refinement procedure with energy minimization
and leasl-squares crystallographic refinement. Jan Hermans, Mike Carson,
UNC; K.D. Walenpaugh, UW, Seattle.

The program contains both PREDATOR and CEDAR. Both programs have
been extensively ediled to be in conformance with the prescribed format of the
Xtal-B0 erystallographic programs. Mike Carson spend some time in Seattle
learning Lo do this from K.D. Watenpaugh, and Jan Herrnans is about Lo spend a
week in Sealtle Lo assess performance of Lhe program in refinement. The work

will be reported at the West-Coast protein crystallography conference in March
1983.

Iixeluded-volume theory of polymer-protein interactions based on polymer
chain slalistics.

An analytical theory has been developed and has been thoroughly compared with
results of Monte Carlo simulalions of exclusion of spheres by random segmented
chains (and vice verza). The agreement is essentially perfect, Resulls of the
Lheory also agree well with available experimental thermodynamic dala, of
which some were obtained in our laboralory, and others elsewhere.

Une paper has appeared, and one has been accepted. A technical paper on
Lhe simulation melhod remains to be written.

4. Hermans, "Excluded-volume theory of polymer-prolein interactions based

on polymer chain statislics”, Journal Chemical Physics, 77, 2193-2203
(1982),

D. Knoll and J. Hermans, "Polymer-protein interactions: Comparison of
experiment and excluded-volume theory,” Journal Hiological Chemisiry,
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accepted for publication.

These papers bear the following acknowledgment: “Computations were done
with support from the National Institutes of Health, Division of Research
Resources (grant RR-00898)."

This work has been/is being supported by grants from NSF (PCMB1-12234)
and NIH (HL-28309). NSF supports molecular dynamies and simulations in gen-
eral, NIH supports, amongst others, a study of polymer-protein interactions.

5.4. Rolh, Corey, Kuyper - Interactions of Drugs wilh Proteins

We are conlinuing a collaboration with scientists at the Burroughs-Wellcome
Company in Research Triangle Park, North Carolina, to develop improved
melhods for sludying drug interactions with proteins and the evaluation of com-
pounds for possible biological activity.

Initially we have aided in studies by Dr. Barbara Reth of the binding of
trimethoprim to Lhe enzyme dihydrofolate reductase. So far this work has been
a rather basic docking exercise with a small number of degrees of conforma-
Lional freedom in the trimethoprim. We are using this simple initial study as a
prolotype Lo determine what Lools will be appropriate for this task.

Dr. Mike Corey of Burroughs-Wellcome uses the PROPHET system to gen-
erate and maintain files of chemically related compounds as parl of the drug
design process. We have been discussing Dr. Corey's research problems with him
Lo determine just which parts of his work are most suitable for automation and
graphical aids, Doris Knecht is our liaison person wilh the Burroughs-Wellcome
team. As an interim measure, a COMP 145 team has developed an interface
between our VAX and PROPHET which enables a PROPHET user to use our high
performance Lhree-dimensional graphics viewing system instead of Tektronix
storage tube graphics. Scolt Hennes continued this work during 1982.

5.5. Wollenden - Molecular surface of SGPA

Dr. R. V. Wolfenden of the UNC Department of Biochemistry is using the facility
Lo aid his study of the molecular surface of the SCPA enzyme, whose structure
hae been determined by Michael James and colleagues at Lhe University of
Alberta. SGPA ( Streptomyces griseus prolease A) is a proteolylic enzyme with
sequence homology to the trypsin family of serine proteases only in the immedi-
tate vicinily of Lhe active site. Our team used the published coordinates of SGPA
as inpul to Michae!l Connolly's *"MS" molecular dot-surface program, and
displayed the surfaces with superimposed stick-figure molecular models on the
Veclor General 3303 and Picture System 300. Dr. Welfenden is writing James to
ask for coordinates for an S8PGA substrate; when those arrive we will caleuale
the substrate's independent dot surface and see how well it fits the enzyme's.
Having a color monitor for either Lhe VG or the PS would greatly aid this work.
Wolfenden is also using the numerical solvent-accessibility estimates from MS to
guide protein-folding predictions.

5.6. Topal - SBequence-dependent Effects of DNA Methylation

Or. Michuel I). Topal of the UNC Department of Palthology has used the Veclor
General 3303 and Picture Systemn 300 displays to view molecular dot surfaces
compuled by Connolly's MS program. He is trying to predict Lthe effect on DNA
conformalion of adding methyl groups to particular rings in certain base
sequences, His work needed molecule-editing powers beyond what we can now
provide, so he is currently trying to open a Prophet account. We expect to work
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with him again this spring.

5.7. Schiffer -5 A resolution structure of Immunoglobin LOC

Dr. Marianne Schiffer of Argonne Nalional Laboratory visited UNC for four days
to try to learn Lhe gross conformation of the Immunoglobin LOC. Starting with
the refined structure of a similar molecule previously fit on GRIP-75, Bence-Jones
immunoglobin MCG, she used GRIP-75 and Williams's ridge line system to try to
identify the constant and variable domains in the new molecule’s low resolution
map. The work was diflicult, as neilher system was designed for such low reseolu-
Lior maps. She was able to locate the constant demains confldently, and the
variable domains tentatively, but decided Lo go home and work loward a better
map. She now has a 3.5 A map, and is scheduled to visit us again the second
week of March, 1883

6. Training
One visiting scholar, Dr. Thomas Hern of Bowling Green State Universily,
and five new graduate research assistants joined the project this year. The

training of new research assistants was a major project for the Fall term; Lisa
Weber did this training. Several of Lhese will be with us for three or more years.

We give our clients suflicient Lraining to use the system when they arrive,
but do nel Lrain them in the operation of the underlying computer systems.
Instead we provide them wilh trained assistants as "shepherds” to take care of
that aspect of Lheir use of the systemn. We find thal it takes one to two days fora
tlienl Lo become comfortable wilth the graphics and structure manipulation

[ealures of GRIP-75, and Lhe remainder of the visil can be devoted Lo productive
work.
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B. Highlights 1982-83
Multiple Visualizations of Molecules Dem onstrated

We and our scientific collaborators have developed and imported programs
for producing many different geomelric and parametric visualizations of moleec-
ular structure. This year we brought this work Logether in a focussed effort Lo
apply all avaiiable techniques Lo a single rmolecule, Cu,Zn superoxide dismutase,
In this way Lhe various graphics techniques can be compared for their insight-
inducing pewer gnd Lheir costs. Moreover, combining all Lechniques on one
molecule offers maximum insight into its siructure and function.

Michael Pique produced a 17-minute videotape, "What Does a Protein Look
Like?", thal embodies some 40 visualizations of the S0D molecule. This together
with a companion paper by I',P. Brooks, "Views of Unseen Worlds," was one of two
invited keynote addresses al Sgience Mogazine 's Conference on Computers in
Science in Chicago, in December. These works have been submitled for publica-
tion Lo SIGGRAPH'83, its proceedings (an issue of Computer Graphics,) and the
ACHM STGORAPH Video Feview, a videolape journal, John Tainer and Flizabelh
Getzof of Duke University were Biochemist Consultants for the work.

Semiaulomatic Density Map Interpretation

Tom Williams' system for computer-aided initial interpretation of electron
density maps has been built and tested. Using a ridge line represenlation of Lthe
map, in which line segments connect local maxima, he has developed a method
which saves a great deal of labor in Lhe problem of geing from Lhe first electreon
density map Lo rough melecular coordinates, Thils reduces a step which nor-
mally Ltakes weeks to a few days. Olhers have tried ridge line representations
before, bul not as an aid to human interaction. The ridge line representation
appears Lo be the long-sought representation of electron densily which permils
compuler graphics users to see large volumes of map without exceeding the
vupabililies of Lheir displays, or, alternalively, Lo use standard displays insltead
of expensive specialized ones,

Real-Time lmages of Space-Filling Models

M. Pique demonstrated real-time, joystick-controlled motion of space-filling
(CPK) computer graphics molecular models of up to 50 atoms! While this is still
shorl of the sizes needed for prolein-enzyme research, it is a major technical
achievernent and offers promise for larger molecules in the future.

GRIP (moslly) Transported to VAX Computer

Our local GRIP-75 molecular graphics system, which has been extensively
used for biochemieal research, has been largely converted from an idiesyncratic
hardware-software configuralion thal could not be readily duplicated elsewhere
Lo & program in C, running under the UNIX operaling system on the DEC VAX com-
puter. Most of Lhe system now works and it can be used on VAX-11/780 and 750

compulers. Complelion of this project will enable this useful software tool Lo be
readily exported,

C. Administralive Changes

The major administrative change is that Dr. Ten Eyck left in June to return
Lo Oregon. His position was ndvertised in Science and Nature, Several candi-
dales were interviewed; none were enlirely suitable. We are leaving this position
unfilled for year 10 in order to make ends meel and buy an essential piece of
equipment nol planned in 1978.
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D. Resource Advisory Committee and Allocation of Resources
Table 1V lists the members of our Advisory Committee.

We currently effer the facility, and such help as we can give, free of charge
to any chemist:

L]

who has a scientifically interesting problem,

whose work is at a stage where our facility might be useful,

who is willing to commit his time, travel money, and effort to a serious use
of the facility, and

who is willing to give us written and oral feedback from his experience.

Name

F. P. Brooks

J, Hermans
. Richardson

J. Richardson

W. V. Wright

Table IV: Advisory Commiltee Members

Degree Title Department Institution
Ph.D. Kenan Computer UNC-CH
Professor Srience
& Chairman
Ph.D. Professor Hiochemistry UNC-CH
Ph.D. Professor Biochemistry Duke U,
M.S. Assistanl Anatomy Duke U.
Professor
Ph.D. Senior UK Scientific IBM England
Systems Centre
Architect
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E. Dissemination of Information

The availability of GRIP-75 is widely known among crystallographers. We pub-
licize the facility by announcements and notices at scientific meetings, by
demonstrations to all interested parties, and by werd of mouth. Demonstrations
are perhaps Lhe most eflective means.

Announcements of Availability

During Lhe 1982-1983 grant period the availability of GRIP-75 was announced
at the Washinglon, D. C. meeting of the American Crystallographic Association in
Mareh, 1982. In addition GRP-75 was included in the list of molecular graphics
facililies published by the Broockhaven Data Bank, and of course is in the list of
Biotechnology Research Resources published by DRE. These announcements
should reach all of Lhe scientists who might be interested in our [acility. Our
experience indicates that most of our clients hear about our facility from other
crystallographers, then look up our telephone number in the DRR Biotechnology
Research Resources list,

Michael Pigue maintains an internationally recognized census of (over 80)
molecular graphics installations. At SIGGRAPE'82, he erganized a special infor-
mal session on molecular graphics, at which our installation was described,
among others.

Demonstralions

Some 52 hours of 1982 GRIP-75 resource time were used in demonstrations,
plus many more hours of VAX time. During 18982 we demonstrated GRIP Lo the fol-
lowing bischermists and computer scientists,

Mr. H. Stover Genisco Corp.

DBr. C. D. Barry Washington Univ,

Dr. Cyrus Levinthal Columbia Univ,

Dr. W. Gilbert Mass. Inst. of Technology

Mr. J. MoAllister Washington Univ,

Dr. 1. Rohrer Medical Research Foundation

Dr. James W. Fawcett  Ceneral Blectrie Blectronics Lab
Dr. Noble R. Powell General Electric Electronics Lab
Dr. Richard Economy  General Electrie Simulation & Control Systems
Mr. Terry R. Fowler General Electric Calma Company
Mr. Geoffrey Robinsen 1BM UK Secientific Centre

Dr. Thomas Hern Bowling Green State University
Dr. Harvey Cragon Texas Instruments

Dr. Richard Zayre Stanford University

Dr. Charles Johnson Univ of North Carolina Chemistry Dept.
Dr. Thomas Pierce Hohm & Haas Pharmaceuticals
Dr. John Rite Rohm & Haas Pharmaceulicals
Mr. Joseph Gilberl Hohm & Haas Pharmaceulicals
Dr. Harold Almond MeNeil Pharrnaceuticals

Mr. Steven Satterfield US Naval Academy

Dr. Steven Anderson Yale University

Mr. Eric Goldberg Tektronix Corp,

Dr. Howard Struble Duke University

Mr. Richard FPeldmann Nalional Insts of Health
Dr. W. van Gunsteren Univ of Groningen
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Ir.
Dr.
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. F. Richards Adrion
. Chien
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. Andries van Dam

. Yivian Alured

. Gene Mauleon

. Lipwell Harris

. Jon Camp

» Richard Brady

. Roberl S5t.John

Krauss
Elmore Miliner
Rebecoa Spitz
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Frederick Cancer Resc. Center
Union Carbide

Bvans & Sutherland Corp.
Evans & Sutherland Corp.
National Seience Foundation
National Seience Foundation
American Bell Labs

Brown University

Univ of Colorado

US Environmental Prol. Ag.
Mayo Medical Bchool

Mayo Medical School

Sidwell Friends School
Ciba-Geigy Pharmaceuticals



