
Eighth Annual Re.Port, February 1982 
Interactive Graphics for 

Molecular Graphics System 

TR88-038 

July 1988 

Lynn F. TenEyck 

The University of North Carolina at Chapel Hill 
Department of Computer Science 
CB#3175, Sitterson Hall 
Chapel Hill , NC 27599-3175 

UNC is an Equal Opport unity/Affirmative Action Institution. 

' I 



Eighth Annual Repor t 
XIH Granl RR 00898-08 

IC\rERACI'IVE CR.<\PHJCS FOR 
MOLECULAR GRAPHICS SYSTE~! 

Lynn F. TenEyck 

Department of Computer Science 
University of Nor·t.b Carolina 
Chape l Hitl. t'{or tb Carolina 

February 1982 



1. Summary of Research Progress 
We have buill, 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 
present resource, called GR!P-75, bas been sho,Yn to be as complete and useful as 
any In existence. One impressive measure of the power and u t ility of CR!P-75 is 
that at least seven of our clients have obtain ed their own graphics systems as a 
direct result of their successful work here. 

Our resource bas dual objectives. We are a service center providing power
ful computer graphics facilities and expert computer assistance to chemists 
studying macromolecular structure. We are also computer scientists dedicated 
to advancing the art of interactive computation and interactive, three
dimensional graphics. The objectives arc 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 Lurn pro
vides our clients with more powerful tools t.o improve the accuracy of their 
results and, mos t importantly, improve their insight into very complex slruc 
lures. Our overall objectives are: 
I. To help our client biochemists obtain th.e most accurate structural informa

tion their data will support, with the most ellicienl use of their time. and 

2. To advance the art of interactive gr aphics to the point that our clients a re 
able easily to perceive the significant chemical information in their struc
tures, at all levels or detail. 

We believe that the use of our system substantially improves a chemist's 
understanding of the molecules with which he is working. Our mos t va luable 
produc t is insight. 

Five years of experience wilh C!U?-75 have shown us a number of Inadequa
cies. We are now building a second-generation version of this system, called 
GR!P-X. designed to be more comprehensive in the biochemical problems that can 
be attacked, more powerful in the mathematical tools available, more varied in 
the visualizations available for molecules and maps, smoother in the user inter
face, and constr ucted as product-quality, documented, exportable software. 

Fundamental to our approach are the following objectives: 

• 'I'he GRIP system is designed to help chemists ge l results from theil' 
research, and its success is measured only by theirs. 

• CR!P is de signed to he lp the chemist visualize h is molecules, his density 
maps, etc., so that be can use b.is knowledge to guide computational 
processes. That is, it is an aid to, not a surrogate for, human thinking and 
manipulation. Hence a strong emphasis is placed on human factors 
research and on human engineering or the system. 
GRIP is designed ~o serve many users, not one or two, so it must include an 
armory of alternative tools and techniques. 

• CR!P is designed to Interface smoothly with any batch computations its 
users must do, and to incorporate on -lin e fe.ciliUes for all computallons tbat 
can reasonably be done "while you wait." 

• We a s computer scientists a re in terested in CR[P a s a test-bed for research 
in man-machine systems design, in man-machine interaction, and in the 
design of distributed computing systems. 
A corollary of these objectives is that we are heavily dependent on observa

tion of and feedback from real users attempting to solve real problems. 
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Our users are almost exclusively working on the structures of molecules of 
considerable biochemical interest: protems and nucleic actds. We advance 
health-oriented biochemical research by enhancing the productivity of indivi
duo.! researchers through better tools. CRJ>-70 was the trailblazing system in 
manipulating a molecular model to fit complex experimental data. Our clients 
have published over thirty papers in the biochemical literature containing 
results de rive d from the CRJP system. Features pioneered in CRlP are finding 
their way into other molecular graphics systems. The presence of the facility at 
UNC has been instrumental in maintaining a c lose collaboration with biochem
ists at Duke, •vho come over regu larly to use our system. At least one of our new 
faculty members, Dr. R. Snodgrass. based his decision to come to UNC on the 
CR:P system, which demonstrated to him our ability to build large innovative sys
tems. 

Our facility consists of a VAX 11/780 computer with a Vector General 
VG3303 vector display unit and a fuJI complement of interactive input devices; 
and a PDP-11/45 computer with a Vector General VG3 vec tor disp lay unit and a 
high-speed connection to the University of North Carolina Computation Center 
360/75. Our present production system runs on the 360/75 and the POP-11/45. 
The VAX 11/780 system is for the development of our next s ystem. 

The Computer Science Department ob tained money from NSF Cor another 
VAX for departmental use. By pooling resources we have come up with a situa
tion in which everybody wins. In exchange for some of the currently surplus 
capacity of our VAX we have obtained, through the Computer Science Depart
ment and the Microelectronics Center of North Carolina, the use of 1.25 MB of 
memory (in addition to the 750 KB we bought) and a magnetic tape drive. We 
share t he GRlP VAX with other graphics users in the department; in return we get 
the use of the Jkonas raster graphics system and the fu ll resources of the 
department VAX. - for example, the Versatec printer/p lotter and a Hewlett
Packard four-pen plotter. 

Our effective configuration on the VAX system is 

• VAX 11/ 760 with UNIBUS but no ~iASSBUS; 

• the UNlXj operating system (Fourth Berkeley version for the VAX} 

• 2MB memory 

• 600 MB disk storage 

• 800/1600 bpi dual d ensity tape drive 

• Vector General3303 vector graphics display 

• lkonas RDS-3000 image processing and display system. "itb 1024 by 
1024 pixels at 8 bits/pixel (or 512 by 512 at 24 bits/pixel}, color map, 
two interno.! high speed processors, cross-bar switch for remapping 
pL'<el vo.!ues, video digitizer, and write mask 

• Summagrapbics data tablet 

• 16-channel (expandable to 32} analog to digital converter 

• h igh speed parallel link to department VAX, wbiob has bard copy 
p lotters, prl!Jter, and a dio.!-up connection to the national " USENET" 
UN!X network 

tUN!X !sa 'i'l-ademuk of S..ll Laboratories. 
The uselu!ness o! the ··us£NET'" network of usnc systems cA.."'l ha.a~y be ove!"S:a:ed. ~eW8 a:td 

mail ee.n be exc!lang.ed with over 150 computer systerr..s aeross the couzt-J)'. includ.ina sys
tems al Columbia University. \he Univer!nty of California at San Francisco. and the Un!verSJ· 
ty of Cali!ornia at La JoUo. The syste!t\$ memioned speoitlcally are ell domg work in interac
tive com?utet grephlcs, and I belleve that most of them receive resea.."'Ch su:?pontrom the 
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Another large gain from pooling resources with the department VAX has 
been reduction of maintenance cost s. We can use each machine lo verify faults 
in the other machine. Rapid <dentificaLion of defective circuit boards translates 
directly to shorter and cheaper service calls. 

Division of Research Resources. 
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1.1. Summary of GRIP-75 Us~c by year, 1975-1961 
Table I summarizes the use oi lbe Grt:?-75 system for all purposes since we 

began demonstrations and productive operation on July 15. 1975. We have not 
tried to estimate the syslem time spent on development before the beginning of 
productive operation but know it to be many hundreds of hours. Because we 
changed from manuallo machine logging of GRIP sessions in mid-1976, we believe 
Lhe true buildup of syslern usage to be substantially greater than suggested by 
these data. We have observed that users Lend lo overestimate the time they 
spend using GRiP. 

Table I. GRIP·?:> Usag<J by years 

1975 1976 1977 l97B 1979 1980 1961 Totals 

Production 329 581 781 1034 1108 556 349 4738 

Demonstrations 12 50 161 137 43 57 78 536 

Development 297 186 198 213 345 109 51 1399 

Totals 636 817 1140 1384 1496 ?22 tl76 66?3 
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Table II gives the use of the GRIP-75 system by year for each team oi biochemists. 
These teams are identified by their principal investigators. 

Table H. GR:P Production Time {Hours) 

User 1975 1976 1977 1970 1979 1980 1981 Total 
Hermans 7 29 42 13 11 102 
Kim 200 321 105 24 49 42 741 
Richardson 83 ? 9 91 188 384 297 169 1291 
Lipscomb 12 102 114 
Carter 27 21 4 5 16 73 
Jensen 46 62 LOB 
Tser;noglou 85 11 96 
Sames 19 19 
Low 55 19 I 65 153 464 
Davies 85 92 177 
Schiffer 35 28 26 28 89 
Am rna 163 35 198 
Wright 41 96 137 
Eendrickson 72 80 34 186 
Scbevitz 74 74 
Love 94 94 
Kar tha 109 109 
Taylor 89 45 17 134 
Rich 78 78 
Sarma 188 188 
Olson 20 20 
Bugg 39 39 
Premilat 24 24 
Amzel 98 98 
Hardman 27 27 
Eggleston 3 3 6 
Roth 7 7 

Total Hours 329 581 781 1034 1108 556 349 ~738 
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Table Ill is a list or the biochemis t s whose research teams have used the G;:u? sys
tem and their institutions. These are listed in lhe order of their first use of GRIP. 
For groups sending more lhan one biochemist lo use our system, tbe principal 
investigator is given flrsl and the names of his colleagues follow indented. 'fhe 
institutions of these colleagues are given only where they differ from the princi
pal invest igator's . In five cases - Sarma, Rich, Love, Sigler, and Amzel - the 
principal investigator has made little or no direct use of Cfl!P himself. 

J. Hermans 
0. R. Ferro 
J. E. McQueen 
[. D. Kuntz 
M. Vacatello 

S. H. ;Gm 

;. E.. Sussmnn 

R. W. It arrent 
S. R. Ro:bl'OO;c 
G. J.!. Church 
w. sru_., 
C.;. Alden 

0. C. Richardson 
J. S. Richard•on 
E. 0. Getzo!l 
J. A. ':'aine:-
0. McRee 

Vi. N. :.,pscomb 
J. L. Crawford 

C. W. Carter 
R. A. Jones 

Table III. GR!P Users (1975-1981} 

C:nivers!t.y o! Nort!t Caroli.,_a 
lstltuto d! Chil>'jC<l dcille J.tacromoleco:e 

University of Californjo. School of Pharmacy, Sa."\ Froncisc() 
tnstitute of Chemistry, Umversity of Naples. Italy 

Duke Unive!"Sity 

Duke University 

Harvard Ureversity 

University oi North Carolina 

L. H. Jensen University o! IVashi<lgton 
!C. Wetenpaugh 
R. E. Stenkamp Yale :Jruverslty 

J . T:se::r.JJogluu Wayne S"tate Un!vers:a.y 
G. A. Petsko 

M. Je.mes University of Albcrl4 
L. T. J. Oelbaere 
G. B=ayer 

B. Vf. Low 

A. Sal.o 
ll. Ki:nba!l 
S . Gilmell 

Co:umbia University 
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D. R. De vies 
~!. C. Liu 
E:. A Padla.n 

~1. Scrutrer 

E. L. Arth-na 
R. L. G:,ling 
R. C. Paslay 

H. ':'.Wright 

W. Hendrickson 

P. 3. Sigler 
A. Podjarny 
R. W. Schevi~z 

W. E. Love 

W. E. Royer 

G. i<utha 

H. C. '!'ay~or 

A. Rioh 
N. Woo 

R. Sarma 
A. Laudin 

A. Olson 

C. BU8g 
R. A!massy 
J. ?ontecilla 

S. Prem1lat 

M. Am2el 

K. Hardman 

D. Eggleston 

B. Roth 

L. Kuyper 

J.I. Connolly 

25 February 1982 

National bs-Jtutes of :lealth 

A..111o:me Nat.:.oneJ .A.bo:-atory 

Princeton University 

t\1~wc.! Research Laboratory 

University ol Chlcaao 

RoS'Nell Memorial ins~ltute 

Berkeley Spri:nss Rtseo.rc h Consortium 

Massachusetts il'lst!tuto of Technology 

SUNY. Stony Brook 

NatioMI Reoowce lor Computational Ch emistry 

Umversity ol Alabama 

Univcr..,t&de Nancy, Prance 

Johns ilopklrul Uruveroity 

iBM Yorktown Holshts Besearch Center 

University ol North Corol!M 

&=ough,.IVellcome 

Yale Uruvel'sity 
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1.2 . Changes in Resource Direction and Problems 

It is obvious from the tables that the usage of GRl?-75 is rapidly declining. 
That is not unexpected. Computer graphics systems which do the same job as 
GEU?-711 are becoming fairly common. We believe that none of the other systems 
are quite a s powerfu l as Clll?-7$. b ut they are not that far behind. Our past 
experience de monstrates that chemists wilt t ravel long dis tances to work on a 
system Lbal offers them unique fac ilitie s. We are developing such facilities for 
CRli?-X. 

In the pas t we have devoted much of our eaort 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 I comparing production use and develop
ment use of GR!P-75 during the period 1977-1979.) We are now devoting nearly all 
of our efforts towards exploiting the lbings we have learned about human factors 
in the design and use of graphics systems, and to exploring advanced computer 
graphics techniques to be lncorpora ted in to our new system. These efforts are 
descr ibed much more fully in the next sectio n. Once we have developed our n e w 
system we will aga in enter a c lien t s ervice phase to study the ·utility and power 
of our new m e thods. We expect that the unique combination we will oaer or 
powerful graphics and good dtting a nd refinement aids will attract many clients. 

1.3. Core Research and Deve lopmen t Summaries 

This section describes the various projects in graphics and crystallography 
which we have worked on during the past year. Some of the projects involve 
people not connected with tbe facility, working under the dir ection of members 
of the facility. This is one of the gr eat advantages of placing a facility of this 
type in a computer science department. '!'h e softwar e engineer ing class, COMP 
145, needs a steady stream of projects for the student teams of programmers. 
These teams work for a c lient, p roducing sof·l\vare to his specifications. We have 
served as "clients" for a number or teams, and have obtained useful prototype 
software as a result. (COMP 145 teams c-arely produce production quality 
softwa.re, but are very useful for producing prototypes and test versions.) Two of 
the projects - advanced graphics and semiautomatic interpretation of electron 
density maps - are reported in substantial detail because of their importance to 
our facility. 

1.3 .1. Advanced Graphics for Molecular ModeUillg 
During the past year we have devote d a large par t of our effort to graphic s 

research in order to develop useful tools for CRi?·X. It has been obvious to us for 
some lime that an advanced system is going to have to deal in more than just 
alomic coordinates and connectivity; other molecular properties will also have 
to be treated. All or these properties are diUerenl abstractions of the molecule 
and often require different representations. The following paragraphs describe 
some of the a reas in which we have been working. 

1.3. 1.1. High Performance Raster Graphics 

Ther e a re aspects or molecular gr a pbics for wh ic h r aste r graphics are m uch 
better suite d than line-drawing grap hics. Examples are space tilling representa
tions of molecules and full color displays. Tbe lkonas color gr aphics image pro
cessing system attached to our VAX bas a frame butler that can be used either 
for a picture 512 by 512 pixels with 24 bits per pixel, or for pictures 1024 by 
1024 pixels with six bits per pixel; a color map, which can map any pLxel value 
into 30 bits of color information; a cross-bar switch, which can arbitrarily per
mule lhe bits in each pixel before they go through the color map; an internal 32 
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bit processor with a 200 nsec cycle time; a multiply-accumulator module, which 
can multiply a pair of 16-bit numbers and accumulate a 35-bit sum tn 200 nsec; 
a video digitizer for storing video signals into the frame buffer; and a high reso
lution monitor. We are continuing experiments begun last year to determine 
bow a device of this nature might best b e used for interactive molecular g raph
ics. 

One of the best pos~ible depth cues, for- those who can see it, is stereo. The 
lkonas monitor runs at 60 Hz non-interlaced. By us ing the cross-bar switch to 
exchange images every frame and having tbe user view the display through an 
appropnate shuttering device •~e expect to be ab le to show very stable stereo 
1mages with fuU color and 512 line <esolution. or eight colors and 1024 line reso
lution. (We have requisitioned the special glasses required for this.) In a system 
of this nature the limil on lhe complexity of the picture is determined by the 
fineness of the raster. rather than by the number of vectors to be drawn. Any 
picture that can be stored in the frame buffer can be viewed in full stereo by 
this method. Th is raises the very interesting question of a suitable r t;presenta
tlon for an e lectron density map on a stereo- raster graphics system. 

The oth er major depth cue commonly used in interactive three-dimensional 
graphics is the kinetic deplb effect, by which a moving image on the screen 
appears to be moving in space. This is a very good illusion. particularly when 
the motion is under the direct and immediate control or the user. Raster graph
ics systems usually cannot p r esent the kinetic depth effect because of the very 
laq~e number of pLxels which must be re,~itten to produce a new picture. The 
lkonas can rewrite a picture very quickly using the internal bit-sliced micropro
cessor. A team of students in COMP 14-5, tbe Software Engineering class taught 
here by Professor Brooks, tackled the problem of generating moving molecular 
pictures on t he lkonas. The team included .Mr. Larry Lifsh itz of th e GRIP project, 
and was supervised by Mr. ~lichael Pique, a lso of t he GRrP project. The project 
was quite successful for structures up to about 50 atoms. The illusion or a model 
of solid spheres rotating in space is remarkable. Two papers on the project have 
been submitted to SIGGRAPH 82, a major computer graphics conference. 

1.3.1.2. Representalioos or Molecular Properties 

The conventional slick figure (Keodrew) representation of a molecule is a 
good representation or two properties - lihe positions in space of the atomic 
center s, and the bonding relationships between a toms. It is not a g ood 
representation of the spatial extent of the molecule, and carr ies no information 
concerning such properties as chemical reactivity or electrical charge. Dr. 
Michael Connolly bas developed a method of representing the solvent-accessible 
surface of a molecule by placing dots on the surface. This permits study of 
molecular surfaces. We obtained Dr. Connolly's programs, and arranged for him 
to visit our laboratory for a week to work witb us and to discuss the problem. We 
ho.ve been studying LIJ"s" pictures for several months now. Some or our prev10us 
results concerning three-dimensional illusions apply to these pictures; smooth 
motion and intensity depth cueing are good methods for enhancing the spatial 
perception of the images. We also believe t.hat we have dete rmined some of the 
importan t visual properties of the surfaces rot' perception as surfaces rathe r 
than as collections or dots. One of the important proper ties, we believe, is that 
the dots are placed on a surface which has continuous drst derivatives. This aids 
interpolation of the surface in the human perceptual system. Another impor
tant variable is the density or the dots over the molecular surface. We expect 
these results to be important as we develop raster ways of generating these 
images, and develop ways to manipulate the surfaces interactively. 



RR 00898-08 25 February 1982 

An obvious technique for encoding chemical and physical information about 
molecular properties is color. We have been investigating this intensively. At 
present we are using lhe lkonas raster graphics system with special purpose 
microcode routines to gel color pictures which can be rotated interactively. 
This is not completely satisfactory, as the 512 by 5 12 resolu tion Is visible to the 
user . It doe s. however , let us exper ime nt with the medium and determine good 
ways of using color. 1'he work by Tom Wi.lliams describe d later in this report 
depends heavily on color coding of information. Our c onclusion is that in an 
interactive system a large number of colors is desirable, but for simple color 
coding applications perhaps as few as seven will be acceptable. A line drawing 
display should have just as good resolution in color as in monochrome if smooth 
motion and stable images are to be achieved. We are presently negotiating for 
lin evaluation unit of a new color graphics display lube for our Vector General 
3300 display unit. We will be able to use this unit in color with no hardware 
changes to get a range of seven colors. 

1.3.1.3 . Automatic Ge n e ra tion of Abstractions or a Structure 
Much of the structural information about a molecule is best communicated 

in terms of high level abstractions. Features such as ,S-sheels and a-helices are 
best shown as ribbons and cylinders, or similar simplifications. Outstanding 
examples of this level of abstraction are the elegant drawings prepared by J. 
Richardson of Duke University in her Protei-n Structure Coloring Book. M. Pique 
bas been experimenting with methods to automatically generate such drawings 
given only a coordinate set. A procedure be bas developed for running a ribbon 
along a molec ular backbone (with shading and highlighting) shows very clearly 
bow any molecule is folded up. 

1.3.1.4. Ridge Line Representations of F.lect.ro·n Density Data 
The most common method for representing the e lectron density function 

on a graphics system is to contour the function in three dimensions at a con
stant leveL The resulting level curves form a sort of wire cage enclosing the 
molecule. This representation bas much to recommend it. It clearly shows the 
volume occupied by lhe molecule . It also gives a good idea of the shape of the 
molecule in any relatively small volume of space. This representation contains a 
great many lines and rapidly becomes confusing as on e tries to view larger and 
larger volumes . Also, information concerning the positions of the maxima o f the 
electron density function within the cage is not shown. 

As part of his work on a lgorit h mic filling of molecular models to electron 
density maps Tom Williams has been working with ridge line representations of 
the electron density map. Ridge lines run through the lubes that '~auld be 
defined by the cage of the contoured representation connecting the maJCima. 
The ridge lines are much closer to the stick figure representation of the 
mulc~;ule. This representation is very useful for lookmg at large volumes and for 
tracing molecular boundaries. 

1.3.2. Semiautomatic Inte rpretation of Elec tron Density Maps 

1.3.2.1. Introduction 

Tom Williams bas been deve loping a method for computer aided initial 
fitting of electron density maps. By initial fitting we mean estimating from an 
electron dens ity map the positions of the maiochain atoms and perhaps the car
bonyl and C-beta atoms. This method produces atomic coordinates for all of the 
atoms in each of the residues that have been located using the amino acid 
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sequence if it is available. The major part of his effort has been concentrated on 
designing a method tbat attempts lo make best use of the special skills of both 
t.he machine and lhe human user. A fitting system is being developed lo show 
the practicality of the method. Further work would be needed to produce a pro
duction quality system. or. as seems more useful. to incorporate his method into 
CRC?-X. 

1.3.2.2. Representation o[ the Electron Density Map 
The most commonly used representation ror electron density is contours 

drawn in sets of parallel planes. The contours show s urfaces in the electron den
sity function eilber at one or a small number of density values. The difiiculty 
with using contours for initial tilling is that many lines are needed to accurately 
show the surface and a global overview is often necessary to r esolve ambiguities. 
There is a limit to the number or lines that can be comprehended and inter
preted al once. 

Ridge line representations of the electron density map were fust suggested 
by Dr. C. K. Johnson of Oak Ridge .\lationa l Laboratory. A ridge line representa
tion shows the essential information about t he location of high density and how 
it is connected, using many fewer lines than does a contour representation. 
Ridge lines. named by analogy to geographic terrain. form a network or graph 
connecting 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 com
pletely solve the problem - each graph vertex would correspond to an atom and 
each edge to a bond. ~'or molecules th e size of proteins this never occurs 
because of insufficient map resolution. phase errors. noise in the data collection 
process. atom mobility in the c rystal. etc. Tbe problem bas been reduced to 
determining the correspondence between the r idge lines and the model. Some 
edges of the ridge line graph will lie along bonds. some edges are spurious and 
do not correspond to any part of the model. and some edges are missing. leaving 
bonds unaccounted for. The task the n is to match the two graphs. the molecular 
model and the ridge lines. The ridge lines are approximated by an algorithm 
similar to that of Swanson (SWANS79]. 

1.3.2.3. The DiVision of Labor 
Humans are very good a t pattern recognition. Tbey can bring together 

diverse sources of specialized information to de termine whether some feature 
matches a pattern. They can balance a fealure's match to a local pattern with 
the feature 's global context to make an overall decision. These are things that 
computers do with much difficultly. Attempts to interpret a map by a computer 
alone have not been very successful. Computers howeve r are capable of accu
rate storage and recall of large amounts of information , pattern recognition for 
local. well-defined patterns. and numer ical calculations. 

The computer"s task then is to remember the current state of interpr eta
tion and display it at all Limes. The ridge line graph and model arc shown on a 
graphics screen with the edges color coded by type. The different types of edges 
are moll')cu lar model. uninterpreted map and map in terpreted as each of the 
fea tures mainchain. side c hain. carbonyl, and bridge. The bridge type designates 
disultlde bonds and hydrogen bonds. Th is encoding helps the user to see al a 
&lance lhe portion of the mainchain traced so rar. which edges attached to the 
mainchain have not been accounted for yet. and many other use(ul pieces of 
mformation about the current interpretation. Having this information always 
clearly visible should make the task of interpretation easier. The current 
display implementation does color line drawing on an IKONAS raster graphics 
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system. 
The user of the system is given the task or identifying features in the ridge 

tines and adding edges lo match the ridge llnes with the molecular model. The 
computer , of course, needs lo be t old about this feature. Eaving lhis communi· 
cation s imple and fast makes il easier for the user to experiment wilh various 
interpretations rat her· Lhan being locked in to one interpretation because it is so 
dit:Yicult to try others or spending inordina te amounts of t ime trying the envision 
what the consequences would be. 

The communication lakes p lace through relatively simple local pallerns. 
These patterns must be simple enough to be predictable in their application to 
lhe ridge lines yet powerful enough lo convey the shape of a feature like a 
sidecbain or a residue. The user selects a pattern and an edge in lhe ridge line 
graph that must be part of the match. The computer applies this local pallern 
and changes the current interpretation of the map to retlect the match. The 
compu ter changes only edges that are visible so that the user can immediately 
see the exact effects of the match. There ~1 re Lwo types of patterns for each 
feature: one that matches the whole feature and one t.hat unconditionally 
matches a single e dge. There is also a pat tern that will cause the type of a 
feature to revert back to unknown; all other patterns match only ridge line 
edges or type unknown. 

The mainchain paltern. for example, matches a path that connects the 
given edge to the closest existing mainchain edge {that is, one that has already 
been interpreted as corresponding to the mainchain of the model) if il exists or 
else to the farthest edge lhat can be reached. Further restric tions on lhe pat· 
tern are that it may not form cycles or branches in the mainchain. Thus to 
designa t e a path in the r idge lines as maincba in. the user merely selects the 
mainchain pattern and a n edge on that path. 

1.3.2.4. Commands 
There are three main types of commands available: vie"'ing commands that 

atiect which e dges will be seen, tlow of control commands that select the map or 
the state or its interpretation. and feature specification commands. 

The viewing commands are themselves of two types. One set changes the 
scale and centering of the portion of the map that is visible on Lhe display dev· 
ice. '!'he other set selects any combination of mode l. map thal has not been 
associated with a model residue, and map that has been associated. This selec· 
live display capability allows one, for exam pie. to show only the model that bas 
been l'it so far, or that model plus the unassoc iated portions of the map. This 
last combina lion effectively shows the molecular model replacing the now invisi· 
ble portions of the map that correspond to t he model. 

In addition to these interactive commands the vie,.ing angle can be 
changed dynamically. The lowest level of map that is visible can be changed 
dynamically also. This is analogous to changing the contour leve l for a contour 
representation of a map. 

The tlow of control commands include the LOAD and SAVE commands. The 
current centering a nd scale are saved in addit ion to the state of interpretation 
so lhal one can easily switch between alternate interpretations for comparisons. 
The derivation of tbe saved versions is maintained so lhat one can tell if, for 
example, two saved versions are alternative interpretations derived from a com· 
mon p revious inter pretation. Ut\llO and REDO commands allow the user to back 
up after issuing a command or to re·execute the command if it has been 
UNDOne. The current implementa tion allow the last 20 commands lo be 



RR 00898-08 25 Februar y 1982 

UNDOne. The UNDO command wiU o pe rate on any command with the restriction 
that only the last LOAD can be UNDOne and SAVEs cannot be U:'\l)One. REDO, of 
course, mus t be used to undo an UNDO command. Ther e is a batch program to 
e xtrac t th e tit model coor dinates from a sa ved map interpretation. 

Th e feature c ommands deal wi th three Levels of features . First. features of 
the type maincbain, sidecbain, c arbonyl oxygen. a nd bridge. Next are residues 
built of mainchain, sidecha in, and carb onyl. Finally chains of residues a re 
matche d with t he amino acid s equence . The patterns that specify the Lowe st 
Level features have already been discussed. 

Specifying a residue requires t hat the lower level features be already 
identified. The user selects an amino acid type, a sidechain . and a carbonyl, the 
mainchain being implied fr om these. The computer matches the edges of the 
map featur es to the model for that r e sidue type and does least squares tits of 
individual r ig id body pieces lo the map. Rigid bodies may extend Lo include 
bonds from adjacent r esidues lhat have been tit previou~ly. For example , if the 
succeeding residue has be en fit tben the rigid body CA-C'-0 is e xtended lo 
inc I ude t he N and CA a Loms of th a t succ e e ding r esidue. Th e individua l fi t s are 
combined to given an overall ft t of lhe residue to t he m ap. Within a n individual 
rigid body ftt.. cdeal bond leng ths and bond a.ngles a re pr eserved s ince the rigid 
body is only r otated and translated for the best fit. Combining the individual fits 
creates a compromise between ideal geometry and a best til to lbe electron 
density. 

To register residues with the known sequence, the two ends or a chain of 
residu es are s pecified. The com puter rates bow well the r es idue types t hat ha ve 
been assigned to these residues, match the sequence starting a t each pos sible 
position in the seq uence and e xtending In each direction. A lis l of the best 
matches is presented to the user for selection ra ther th an just taking th e best 
match. This allows the user to apply specia l in forma tion to the d ecision proc ess 
that may be very dillicu ltlo supp ly directly lo the computer. 

1.3.2.5. Results 

Ridge lines have been comp uted for a 1.9A rubredoxin map, a sea snake 
neurotoxin map , a 2.0A bul poor quality SOD map, and a 2.5A staph nuclease 
map. Only the r ubredoxin map has been in terpreted completely to the main
chain a nd sidechain le ve l. The ridge line s a r e superb and interpreting it with the 
method is very easy. Only s ix edges had to be added to bridge gaps in the main
chain. In one 45 m inute session Williams counted and identified sidechains 
without using the sequence. Subsequent comparison 'vith a well til model and 
the sequence showed that 40 perc ent of the residue types were correctly 
identified. lf residue types 1rith side chains or similar size and shape are con
sider ed equivalent (for example, THR and VAL), anothe r 40 percent or the resi
dues were chosen "correctly." The position of the iron atom was clear as well as 
toe four cy::; r esidues bonded to it. 

Only a few residues have been fit to the r idge lines for the pur pose or t est
ing the fit t ing portion of the system. The othe r maps have not been e xamined in 
deta il. Experience with these and poore r resolution m aps may r equir·e 
modification of patte rns or a dd it ion o f n e w typ es or pat terns b ut exte nsive 
modi fica tion of the syslem is not expec ted to be required. 
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1.3.3. Design of the New CRlP 

The field of protein crystallography bas moved rapidly in the last five years. 
C!UP·X will have to be far more fiexible and powerful than G:iill'-75 if we are to lead 
in the field of molecular graphics. We idenlify three categories of users: filters. 
viewers, and m.overs. F'Uters are protein crystallographers adjusting or creal· 
ing a molecular model to fit an electron density map. l!iewers are Lbose study· 
lng a ser ies of structures looking for homologies or attempting Lo characterize 
macromolecular structure$. Movers are biophysical chemists studying molecu· 
lar interactions or molecular dynamics. AU three categories of users place spe· 
cia! demands on a molecular graphics system. 

Fitters typically work in two stages. The Orst stage is obtaining a molecular 
model, by hook or by crook. The second stage, at least in recent years, is to 
refine the molecular model against the crystallographic data. Bolh sleps 
require the ability to edil the molecular model conveniently. Lack of such facil
ity is one of the deficiencies in GRfP-75. We are designing the new GRt? lo include 
editing of the structure at several levels - the atomic level, the residue level , 
and perhaps the secondary and terLiary structure leve ls. 

There is no general agreement concerning the best methods to be used dur
ing the refinement stage. Thus GRIP must not only support refinement, lt must 
support research on refinement methods. We are proposing to make available to 
the user a variety of automatic and semi-automatic aids to fitting, such as bump 
checkers, on-line geometry idealizers, and perhaps a utility to evaluate meas
ures of the current goodness of fit to the experimental electron density map. 
We are also planning Lo include a convenient interface to batch programs for 
such tasks as structure factor calculation, partial structure diacrence map cal· 
culation, and struct ure factor least squares refinement. Finally, we wUL support 
generation and manipulation of structures with non-standard geometry. (Such 
structures can easily arise during refinement.} 

l!iewers generally have very elaborate graphics requirements. They need to 
be able lo manipulate several structures at once, with both automatic and 
manual control of relative orientation. They need to be able to edit tbe picture 
(as distinguished from editing the molecule} very extensively. Viewers need the 
ability to identify and manipulate as units various substructures within the 
molecule - helices, sheets, and domains, for example; to selectively display 
chemicaUy significant features of the molecule; and Lo show various abstractions 
of the molecular structure. (Common s truc lura! abstrac t ions are Lhe a-carbon 
skeleton of proteins, ribbon diagrams, and representation of helices by cylinders 
or p-sbeets by broad arrows.} Present plans for CRti'·X do not include immediate 
full support of all of these features, but do include the hooks necessary to install 
tbem. We will provide tbe ability to identify and selectively display various sub
sets of a structure. 

W" on nnt. yet bave a satisfactoJ;"y analysis of tbc requirements of m.ovcrs. 
Obviously they need some of the features required by viewers. Just as obviously, 
they need a wide variety of automatic aids for evaluating different conforma· 
Lions a nd interactions. We presently believe that t he same features of the sys
tem design which will provide automatic aids for titters will a lso be adequa te to 
incorporate the automatic aids required by movers. We are starting a collabora
tion with researchers at the Burroughs·Wellcome Company in Research Triangle 
Park who are working on problems of drug design. They are concerned with 
tilting model compounds into active sites, eslimating binding properties, and 
tbe like. We hope that they will become the clients we need to focus our efforts 
in this tleld as the crystallographers have foe ussed our efforts in lhe fitting prob· 
lem in the past. 
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The design and implementation of G:l:? -X is in progress cooperatively with 
the ffiM United Kingdom Scientific Centre at Winchester. England. We are striv
ing for a common architecture for our systems (that is, they should appear the 
same to a use r ) even though we will necessarily have differ ent. implementations. 
Dr. William V. Wright, who directed work on ClliP·"/5, Is now at the IBM U. K. 
Scientific Centre. The new design incorporates some novel human interaction 
concepts developed by Dr. Wright. It will also provide, in addition to lhe manipu
lation of structures by knobs and joysticks as in the present system. some very 
interesting ways of specifying structural manipulations from a data tablet. (We 
are continuing our popular tradition of providing our clients with a wide selec
tion of techniques and str ategies.) 

We had severe comm unicat.ions problems during the p revious year. \'{ e now 
have a weekly conferenc e te lephone call, and provision for exchanging written 
documents electronically over the IDM VMNET. We also exchange visits several 
times a year. This bas substantially improved our collaboration. 

The present division of labor has the U. K. group doing most of the architec
tural design of the new system (in particular . Dr. Wright) and work on the design 
of a molecular database system. We are developing a language for implementing 
graph ics sys tems which we hope will be o f general utillty rather than just useful 
for this one system. Both groups are considering impleme ntation questions and 
data structures. 

1.3.4. Crystallographic Soth7are 
Dr. TenEyck has been developing a method of least squares refinement of 

macromolecular structures which promises to be faster, cheaper. and more 
rob us t than existing method s. A COMP 145 t eam has taken on the task of fitting 
aU of the separate programs used in t he method into one system. The system is 
being designed as a tes t bed for refinement methods in general, with the various 
steps of the refinement process all given well defined interfaces to the system. 
We hope that the availability of a system like this, coupled with good graphics for 
monitoring the progress of the refinement, "ill lead directly to more powerful 
methods of refining crystal structures. 

1.4. Collaborative Research and Service 

1.4.1. Calcula tions on Protein Structure and Inte r actions 
Prof. Jan Hermans, of the biochemistry department of the University of 

North Carolina. bas been a collaborator of ours since the earliest days or the G:l.lP 
system. The first GRIP system was written to aid his research in 1971. Lately his 
research interests have moved towar ds m olecular dynamics. We have provided 
Prof. Hermans access to our VA)( on a time -available basis for as long as we have 
spare capacity, with no commitment to maintain the ser vice. The projects 
described below have been greatly aided by our facilities, but their scientific 
content is due entirely to Prof. Hermans. 

An existing program that performs molecular dynamics calculations for a 
protein crystal (and which can perform energy minimization calculations) has 
been made to run satisfactorily on the VII){ under the Ul'm( operating system. 
This is a c opy of a pr·ogr am thaL also bas r un on a CDC Cyber and a VAX 11/780 
under th e VMS operating system. No "production" runs have been done so far on 
the VA)( here. Other programs that need to be brought up on tbe VA)( are a pro
gram that performs a Monte Carlo simulat ion of the protein-solvent crystal, and 
a program that calculates simulated electron density maps from the molecular 
dynamics and/or Monte Carlo results. 
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A second project is the development of MACREF, a macromolecule 
rell.nement procedure With energy minimization and least-squares crystallo
graphic rell.nemcnt. This is a collaboration 'vith Dr. K. D. Watenpaugh of the 
Unive rsity of Washington in Seattle. The program contains the first program 
mentioned above, and also PREDATOR a procedure which prepares lhe data 
structures used in the energy refinement calculation. PREDATOR h as been 
extensively edited on the VAX. and is now in Rat.for form. The ultimate objective 
is to have MACREF and PREDATOR both in "Ratrnac, a highly porta ble program
ming sys tem develope d by Prof. J. Stewart of the University of Maryland. 

A third project concerns an excluded-volume theory of polymer-protein 
interactions based on polymer chain s tatistics. An a lgebraic tbeory has been 
developed and bas been thoroughly compared with results of l{onte Carlo simu
lations of exclusion of spheres by random segmented chains (and vice versa). 
The agr eement is essentially perfect. Results of the theory also agree well with 
available experimental data. A manuscript d escribing the algebra and the com
parison of the two sets or theory and experimental data has been submitted t o 
J . Chem. Phys . A 15 minute ta lk on this projec t has been presented at t he 
February 1982 meeting or the Biophysical Socie ty in Boston. 

Prof. Hermans work is supported by grants from t he ~ational Science Foun
dation (PCM76-22723 and PCM81-12234) and the Xational Institutes of Health 
(HL-20319 and HL-26309). 

1.4.2. Interactions of Drugs With Proteins 
We are beginning a collaboration with scientists at t he Burroughs-\Vellcome 

Company in Research 'l'riangle Park, North Carolina, to develop improved 
methods for studying drug interactions with proteins and the evaluation of corn
pounds for possible biological activity. This is a very complicated (leld with 
many opportunities for advanced graphics and a utomated aids for e valuating 
molecular interactions. We have been looking for clients working in this field to 
give us the expert chemical guidance we wUI need and the feedback as to which 
or our techniques are successful. The development of GRI?-75 owes a great deal to 
the heavy early use of lhe system by Dr. Sung-Eo Kim. We need someone to play 
a similar role in our development of molecular interaction software. 

Initially we have aided in studies by Dr. Barb a ra Roth of the binding of 
lrimethoprim to the enzyme dihydrofolate reductase. So far this work has been 
a rather basic docking exercise With a small number of degrees of conforma
tional freedom in the trimethoprim. We arc using this simple initial study as a 
prototype to determine what tools will be appropriate for this task. 

Dr. Mike Corey of Burroughs-WeUcome uses lhe PROPF..ET system to gen
erate and maintain files or chemically related compounds as part of the drug 
design process. PROPHET does not provide much aid in determining three
dimensional relationsbipa within a serie~ of olruclurc3. nor ia the viewing a.nd 
plotting hardware adequate toUr. Corey's needs. {This is in part due to the fact 
that PROPHET is running on a computer 1,000 miles away, communicating over a 
1200 baud telephone connection.) We have been discussing Dr. Corey's research 
proble ms With him to determine just which parts or b is work are most suitable 
for automation and graphical aids. As an interim measure. a COMP 145 team ls 
developing an interface between our V P\X and PROPHET which will enable a PRO
PHET user to use our bigb performance three-dimensional graphics vieiYing s ys
tem instead of Tektronix storage lube graphics. 
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1.4.3. Sea Snake Neurotoxin 
Proi. Barbara Low or Columbia University and Dr. Steve Ginnell, a research 

associate or hers, spent about 150 hours fitting the structure or a neurotoxin to 
a greatly improved 1.4 A resolution electron density map phased by the density 
modification procedures of Dr. Douglas Collins, Texas A&M University. The two 
visits this year are a continuation of work d one here beginn ing in 1977. 
Knowledge of the structure or this neurotoxin is important to understnnding the 
nature of the neural connections lt blocks. 

1.4.4. Studies on lnterpretation of Density ~.faps 
Drs. D. and J. Richnrdson or Duke l;nivers1ty are beginning a research pro

ject to study the effect or resolution on the accuracy oi the interpretation oi 
electron density maps. They believe that in maps with poorer than 3 A resolu
tion certain types of misinterpretations bee orne common. They are attempting 
lo confirm lbls in controlled studies using maps calculated to different resolu 
tions of known struct ures. There is surprisingly little systemalic kno wledge of 
the e a cct of resolution on the accuracy of a structure , partly beca use tL ~~ ve ry 
diJl'icult to separate the effec ts of resolution and phase errors. This study 
should give a lo t of insight into the nature of low resolution maps, and could act 
as a valuable guideline for crystallographers deciding bow much work to invest 
in data collection before the allempt to inter pret their maps. 

1.5. Training 
Three new gradua te research assistants joined the projec t this year. The 

training of new resea rch assistant s is a natural consequence of the number of 
students in t his department seeking professional Master' s degrees instead .of 
doctorates. We give our clients sufficient t r ain ing to use t he system when they 
arrive, but do not t rain Lhem in the operation of the underlying computer sys
tems. Instead we provide them with trained assistants as "shepherds" to take 
care of that aspect of their use of the system. We find that it takes one to two 
days for a client to become comfortable with the graphics and structure mani
pulation features of CR!P-7:,, and tbe remainder of his visit can be devoted to pro
ductive work. 

2. Administrative Cbanges 
The major administrative change is that Dr. TenEyck is leaving in May t.o 

retur n to Oregon. His position has been advertised in Science and Na.ture, and 
resumes are coming in. Intervie•ving has started. 
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3. Highlights 

Advanced Graphics 
We have devoted a grea~ deal of elior~ this year to new visual representa

tions of molecu les and density maps, and ~o making old representations more 
useful. An example is incorporation of dynamic motion into a full color raster 
graphics display. under Lhe continuous viewpoint control of the user. Another 
example is variations of M. Connolly's sur face representation. in which the sur
face points are replaced by small vectors normal to the surface. We also experi
mented with composite representations and with a dual workstation which has 
both line-drawing and raster graphics systems displaying the same molecular 
data in two differen~ ways. We are learning a lot about the relative strengths and 
weaknesses of the two ~ypes of display running them together in this fashion. 
One mea~ure of the ~uccess of our efforts in molecular graphics is that at the 
1981 SJGGRAPH computer graphics conference, our images were used by lkonas, 
Vecto1· General. and Ramtek in their hardwa ('e e xh ibits . 

Semiautomatic Density Map Interpretation 
Tom Williams' work on computer aided interpretation of electron density 

maps has been extremely fruitful. Using a ridge line representation of lhe map. 
in which line segments connect local maxima. be bas developed a method which 
saves a great deal of labor in the problem or going from the first electron den
sity map to rougb molecular coordinates. This reduces a step which normally 
lakes weeks to a few days. Others have tried ridge line representations before. 
but not in quite th is fashion. As a bonus. it appears that the ridge line represen
tation may be the long-sought representation o f e lectron density which permits 
computer graphics users to see large volumes of map w·ithout exceeding tbe 
capabil ities of their displays. 

So!t~1arc for Protein Crystallography 
One of tbe GR:P-X goals is to se!'ve as a general workbench for crystallogra

phers. We have started implementing standard crystallographic programs on 
our computers to support this goal. The system being developed is sufficiently 
fiexible to support research in crystallographic computing methods as well as 
simply supporting c rys tallographic computing. Crys tallography has long needed 
a suitable test bench for compar ison of dLfferent methods in the same environ
ment. We believe our system will provide this function. 
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4. Resource Advisory Committee and Allocation of Resources 

Table N lists tbe members oi our Advisory Committee. We currently offer 
lhe facility. and such help as we can give, free of charge to any chemist: 

• wbo bas a scientifically interes ting problem. as assessed by the Committee, 

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

• who Is willing lo commit his t ime, travel money, and effort to a ser ious use 
of the facility, and 

• who is willing to give us 1vritten and oral feedbac k from his experience. 

Table IV: Advisory Committee ~{embers 

Name Degr ee Title Department Institu tion 

F. P. Drooks Ph.D. Kenan Computer CNC-CH 
Professor Science 
& Chairman 

J. Eermans Ph.D. Professor Biochemistry l:~C-CH 

D. Richardson Ph.D. Professor Biochemistry Duke U. 

J. Richardson M.S. Assistant Anatomy Duke U. 
Professor 

W. V. Wright Pb.D. Senior UK Scientific IBM England 
Systems Centre 
Architect 
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5. Dissemination of lnfonnation 

The availability of CRI?-75 is widely known among crystallographers. We pub
licise tbe facility by announcements and notices at scientific meetlngs. by 
demonstrations to all interested parties, and by word of mouth. 

5.1. Announcements of Availability 
During lhe 1981- 1982 grant period the nvailabilily of CRIP-75 was announced 

at the meeting of the American CrystaUographic Association in College Station, 
Texas, in March 1981; at the Computers o.nd Chemistry meeting in Tallebassee, 
Florida, in March 1981: at the meeting of Lhe In te rnational Union of Crystallogra
phy ln Ottawa, Canada, in August, 1981; and will be announced aL the Washington, 
D. C. meeting of the American Cry~tallographic Association in :darcb, 1982. In 
addition CRl?-75 1vas included in the list of molecular graphics facilities published 
by the Brookhaven Data Bank, and of course is in the list of Biotechnology 
Research Resources published by DRR. These announcements should 1·each all 
of the scientists who might be interested m our facility. Our experience indi
cates that most of our clients hear about our facility from other crystallogra
phers, then look up our telephone number in the DRR Biotechnology Research 
Resources list. 

5.2. Demonstrations 
Some 78 hours of 1981 r esource lime were used in demonstrations. During 

1981 we demonstrated GRIP to the following biochemists and computer soienlists. 

Dr. T. Keh1 
Dr. J. 'fudge 
Dr. D. Borgwardt 
Dr. R. Dobler 
Dr. Y. Schmidt 
Dr. ~{. Theofanos 
Dr. R. Kieburtz 
Dr. T. Whitted 
Dr. J. Champness 
Dr. Y. Me Kendry 
Dr. B. Baxter 
Mr. J. Harlow Ill 
Dr. E. Luks 
Mr. E. Johnson 
Dr. K. Knowlton 
Mr. D. Turner 
Dr. R. Churchouse 
Mr. H. Norton 
Dr. T. Leighton 
Dr. G. Petsko 
Dr. T. Kunii 
Dr. H. Blum 
Dr. R. Salemme 
Mr. J. Tolbert 
Dr. W. Franta 
Dr. J. FerriU 
Dr. K. Culik 

University of Washington 
Digital Equipment Corp 
Univ. of Washington 
Siemans AG Munich 
Siema.ns AG Munich 

Stony Brook- SUNY 
Bell Labs 
Wellcome Foundation 
Univ. or Illinois 
University of Utah 
Harris Semiconductor s 
Bucknell University 
Paramount Pictures 
Dell Labs 
Univcr3ity of Kent 
Britisb Computer Board 

M.I.T. 
Univ. or Tokyo 
N.I.H. 
University of Arizona 
Southern Bell 
University of Minnesota 
University or Minnesota 
Wayne Stale University 
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Dr. C. Molnar 
Dr. K. Scbwams 
Dr. G. Lindstrom 

Washington Cniv. 
Carnezie \lellon Univ. 
Uoiv. of Utah 

25 February 1982 


