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The evolution of chemistry from alchemy was an important passage from magic to 
science. But today a kind of magic is returning to chemistry - the magic of 
computers. Computer simulations and graphic displays provide a window into the 
microscopic world of molecules and molecular systems. Simulating the activities of 
this world can now answer some of the "how" and "what if" questions chemical 
and genetic engineers have been asking. The combination of mathematical 
molecular models and high-speed computers promises to greatly benefit diverse 
industries, ranging from plastics to pharmaceuticals and biotechnology. 

CRA Y computers can make molecular modeling accurate enough to be useful and 
rapid enough to be p ractical. This issue of CRA Y CH ANNELS features two articles 
on molecular modeling using CRAY computers. With these we hope to give so 
indication of the value CRAYs bring to the arena of computational chemistry. In 
another feature article, we highlight the Cray Pascal Compiler. Our regular 
departments look a t a tribute to Seymour Cray and the netting of a remotely piloted 
veh icle. 

Although magic has been largely discredited by science, seen in the light of today's 
technology, it may have been ahead of its time. 

On the cover a pattern generator for making reticles is shown. 
Reticles are patterns, similar to photographic negatives, that are 
used as master images for printing electronic circuitry. This 
pattern generator is currently being used to create reticles fo, 
gall ium arsenide circui ts at Cray's Advanced Research Project 
Faci lity in Chippewa Falls, Wisconsin. 
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Computational methods survey 

The computational chemist today has a spectrum of 
tools to apply to chemical problems. At one extreme 
are the ab initio (from first principles; literally, from 
the beginning) quantum mechanical methods. 
These employ iterative algorithms to calculate the 
d istribution of electrons about a molecule's nuclei, 
and make use of no empirical parameters. They re
quire tremendous amounts of memory and compu
tation even for molecules wi th only a handfu l of 
atoms. A number of variations exist within this 
genre, each introducing successively more approxi
mations in order to trea t larger systems. The quan
tum chemical programs are essential for treating sys
tems in which chemical reactions are occurring, that 
is, where the electronic structure of a molecule is 
being rearranged. 

In situations w here bonds are not being made or 
broken, however, much simpler empirical energy 
calculations have been used very successfully. These 
empirical energy approaches, known as molecular 
mechanics and molecular dynam ics, represent the 
other end of the spectrum from ab initio methods. 
While ab initio quantum mechanics calcu lations are 
limited to a maximum of about 20 atoms because of 
memory and computational limits, molecular 
mechanics and dynamics can treat systems of thou
sands of a toms. These methods are used to calculate 
the most stable structures of molecules, the energies 
of interaction between molecules and, in the case of 
molecular d ynamics, the deta iled motions of the 
atoms in a molecular system at a specified tempera
ture. Because these methods can be used to describe 
very large molecules, they are of great use in the 
study of macromolecules found in biology. 

In addition to quantum mechanics and empirical 
energy programs, the computational chemist em
ploys a host of tools in the exploration of the mi
croscopic world. Computer graphics plays an impor
tant. role in allowing one to visualize complex 
molecular structures and interactions. Interactive 
molecular graphics programs such as MIDAS, 
FRODO and MOGLI allow the user to manipulate 
three-dimensional chemical structures in real time 
on high-speed graphics devices. These programs 
allow chemists to visualize the results of their calcu
lations, as well as to graphically build new model 

systems for input to various computational pro
grams. The Connolly surface algorithm is often 
used, generating a series of dots on the solvent
accessible surface of a molecule. These dot surfaces 
may be manipulated in real time in concert with the 
more common stick figure structural representa
tions. The surfaces show the shape and topology of 
the molecule, and may be color coded to show the 
electrosta tic potential at the surface of the molecule. 
This is usefu l in evaluating the electrostatic comple
mentarity of drug-macromolecule interactions. 

Molecular mechanics and molecular 
dynamics 

Background 
In order to quantita tively model the structural as
pects of m olecular systems in a reasonable amount 
of time, it is necessary to use empirical energy tech
niques such as molecular mechanics or molecular 
dynamics. In this section, we will examine the 
theory that underlies both of these methods. 

In this type of calcula tion, molecules are simply con 
sidered as collection s of atoms held together by 
chemical bonds, behaving as particles held together 
by springs. In the types of molecules that biochem
ists are typically interested in, chemical bonds are 
known to have very characteristic "natural" lengths 
and angles that depend on the iden tity of the two 
atoms making up the bond and upon their immedi
ate environment. The energies and forces involved 
in distorting a molecule slightly from its natural 
bondlengths and angles can be represented very ef
fectively by a simple harmonic potential such as: 

Estretch = KAs (rab- reql 2 

where the energy due to bond stretching, Estretch, is 
equal to a parameter KAB whose value depends on 
the two atom types A and B making the bond, multi
plied by the square of th e difference between the 
actual bond length and the "natural" or "equilibri
um" length of a bond between atom types A and B. 
A similar equation describes the energy involved in 
distorting three atoms from their "natural" bond 
angle. Terms that describe the potentia l energy con
tributions of dihedral angles, electrostatic interac
tions, van der Waals forces, and hydroden-bonding 
are also included in the total potential function 
(Figure 1) . 

E totat = L KAs(TAB - TeqF + L K 8 (8 - 8eq)2 + L ~n [1 + cos (nrp - y)] + 
bonds angles dihedrals 
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Figure 1. Potential ene rgy equation, or "force field," used to calculate the potential energy of a particular conformation of 
atoms in a molecular system. It is typically evaluated 100,000 times in a molecular dynamics simulation. 
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Atoms making up the system are assigned "types" 
based on their environment. For example, a carbon 
atom bonded to oxygen behaves d ifferently than a 
carbon atom bonded to hydrogen, so the two kinds 
of carbon are given different types. Each of the 
potential terms contain one or more parameters that 
are assigned on the basis of the types of the a toms 
that are interacting. The values of the parameters 
are selected empirically to duplicate the energy and 
structural features of known molecules before they 
are applied to new systems. 

Computational expediency is very 
important in treating macromolecu
lar systems, as a single term in the 
potential may be evaluated hund
reds of millions of times in the 
course of one dynamics simulation. 

One will note that all of the terms in the potentia l 
function are mathematically simple. More impor
tantly, they are analytically differentiable, so that 
forces (the derivative of energy with respect to coor
dinates) may be evaluated quickly. Computational 
expediency is very importan t in treating macromo
lecular systems, as a single term in th e poten tial may 
be evaluated hundreds of millions of times in the 
course of one dynamics simulation. 

When a potential function is fitted with appropriate 
empirical parameters, it is known as a "force fie ld". 
Because of the subtle interplay of the various terms 
in their total effect on the final structure of a 
molecule, the correct parameterization of a force 
field is a mammoth undertaking. Researchers tend 
to parameterize a force field to deal well with a cer
tain class of compounds. The potential function il
lustrated in Figure 1 is from the macromolecular 
simulation package AMBER developed at UCSF by 
the Peter Kollman group. It is intended for treating 
proteins, nucleic acids, and their solvent and counte
rion interactions, and is also capable of simulating 
drug-macromolecule interactions and water-water 
interactions. Other force fields have been developed 
to treat unusual or highly strained small molecules 
and typically have more complicated potential 
functions. 

Methodology 
Molecular mechanics and molecular dynamics are 
related in their use of the empirical force field. 
Molecular mechanics is used to calculate quickly the 
positions of the atoms in a molecule such tha t its 
potential energy is minimized. The conformation of 
atoms with the minimum energy is the molecule's 
most stable structure and represen ts the molecule as 
it would most likely exist in nature. The low energy 
conforma tion is calculated by using the force field as 
a response function, and applying standard numeri
cal optimization methods to minimize the potentia l 

energy w ith respect to the atomic coordinates. Es
sen tially, the atoms are moved by small increments 
in whatever direction will reduce the energy of the 
structure, unti l further movement produces no fur
ther energy decrease. The physica l analogy to 
molecular mechanics energy min imization is the im
mediate quenching of the starting structure to zero 
degrees Kelvin. 

However, th is method of finding a molecule's 
lowest energy conformation has the disadvantage of 
dropping the molecule into the first low energy con
forma tion encountered. One is not guaranteed of 
finding the u ltimate minimum energy conformation. 
A more effective search of conformational space 
may be performed through the use of molecular 
dynamics. With this technique, the force on each 
atom of the system is evaluated using the force field. 
Through the solution of Newton's equations of 
motion, each atom is allowed to move in the direc
tion of the force it experiences for an extremely 
small time st~, on the order of one to two femto
seconds (l0-1 sec). The force on each atom is then 
re-evaluated and the process is repeated. The very 
small time step is needed to ensure an accurate 
numerical integration of the equations of motion. 
Thus 500 to 1000 force evaluations a re required for 
the simulation of on e picosecond of real-time 
motion . Th is h ighly reiteritive process is well suited 
for processing on a supercomputer like the CRAY. 

A simula tion of this type is ph ysically analogous to 
equi librating a molecule at a fixed temperature, 
which can be adjusted up or d own in the simula tion . 
Thus by "heating up" (with molecular dynamics) 
then "cooling down" (with molecular mechanics) a 
molecular system, it is possible to "anneal" the 
system, driving it out of local energy minima in 
which it may be trapped. Molecular dynamics 
a llows one to get a feel for the magnitudes of the a l
lowed motions of the system. This is usefu l, for 
example, to see if a protein is flexible enough to 
allow a drug molecule access to an occluded binding 
site. Globular proteins were at one time considered 
to be fairly r igid molecules, due to their high density 
and also probably due to th e influence of x-ray crys
ta llography on b iochemical thinking. Molecular 
dynamics is one tool that shows these molecules ac
tually have remarkable flexibili ty. 

. .. . 500 to 1000 force evaluations 
are required for the simulation of 
one picosecond of real- time motion. 
This highly reiteritive process is well 
suited for processing on a super
computer like the CRA Y. 

One of the goals of computationa l chemistry is to 
provide information about molecules tha t cannot be 
obtained experimentally. An area where this has 
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been achieved is in the simulation of molecules in 
thei r na tura l environment. Most experimenta l struc
ture determination methods examine molecules in 
the solid phase or in the gas phase. However, bio
molecules exist in a n aqueous environment. In addi
tion, they are very sensitive to the presence of dis
solved ions. 

Using high-speed computers, it is now possible to 
perform molecular mechanics or molecular d ynam
ics on large systems of one or more molecules inter

acting in a bath of wa ter molecules with counterions 
and other dissolved solutes. The total number of 
atoms in such a system is very great, and the need 
for computational power is dramatic. Such a simula
tion is described below. 

AMBER on the CRA Y 

Recently, the molecular dynamics and molecular 
mecha nics modules of the AMBER (Assis ted Model 
Building w ith Energy Refinement) software package 
were put up on the CRA Y. The AMBER package 

consists of a sequence of programs that allow the 
user to construct computer models of chemical sys
tems ranging in complexity from small gas phase 
molecules to la rge proteins and nucleic acids. In ad
di tion, the models may be " immersed" in baths of 
simulated water taken from Monte Carlo ca lcula
tions on pure water. These systems then serve as 
input for the molecular mechanics and molecular 
d ynam ics modules. O ther modules analyze the re
sults of th e simula tions a nd prepare graphica l 

output. 

The s tudy of the s tructural properties of DNA has 
been a long-standing interest in our group. Working 
on a VAX 11/780 a t UCSF, the most rea lis tic dynam
ics simula tion of DNA we were able to perform re
quired us to leave the wa ter molecules out of our 
model, and use severa l artificial constructs to mimic 
their presence. Working on the CRA Y X-MP/48 at 
Cray Resea rch's Mendota Heights, Minnesota facili
ty, 114 picoseconds of real time motion were 
computed for a base paired DNA pentamer. The 
model cons is ted of a short piece of double helical 
DN A, with sodium counterions and a nine angstrom 
shell of explicit wa ter molecules. Preliminary calcu
la tions showed that this job would have realistically 
taken from one to two years on the shared UCSF 
VAX. 

Code conversion 

Installing the CPU-intensive modules of AMBER on 
th e CRA Y proved to be quite stra ightforward, as 
they were written in s tandard FORTRAN. Empirica l 
energy calcula tions of this type have until now been 
called "non-vectorizable problems," and indeed 
they present an optimization challenge for vector 

machines. This cha llenge has been effectively met 
with the CRA Y X-MP/48. By far the ra te determining 
step in empirical energy calculations is the evalua
tion of the nonbonded interactions. This involves 

calculating the effect of each a tom on every other 
atom in the system. Within the subroutine tha t per
forms this task are over thirty gather and scatter op
erations. A ga ther occurs w henever the following 
FO RTRAN construct occurs: 

A(l) = B(J(I)) . 

In other words, a pointer a rray JO poi nts to random 
elements of B() tha t must be placed in A(). A sca tter 
is simply the reverse assignment. These opera tions 
a re implemented in hard ware on the X-MP/48 (on 
previous CRA Y computers they were performed in 
software) . The complete optimization of the non
bonded evalua tion routine took only about a day. 
This mainly involved breaking a la rge sca lar loop 
into a series of smaller vector loops. The optimal 
vector version of the subroutin e was written entirely 
in FORTRAN. No libra ry calls to gather/sca tter rou
tines were needed, as these tasks were handled by 
the new vectorizing compiler, CFT 1.14. Upon 
seeing the FORTRAN construct illustra ted above, 
the new com piler automatically generates the ap
propriate ga ther instruction . The vectorized subrou
tine is not only fast, but clean and transportable. 

When first put up on the CRA Y, the original entirely 
sca lar code ra n for ty times as fas t as on the VAX. 
After the simple optimization, it ran 150 times VAX 
speed . The ease with which this performance was 
achieved illustrates wha t a well-balanced machine 
the CRA Y X-MP/48 is for real-world codes. 

Results 

Our DNA dynamics simula tion required 20 hours 
on the CRA Y. Analysis of the voluminous da ta 
(abou t 175 megabytes) showed that the shape of the 
double helix was preserved through the course of 
the simulation. Various structural features were in 
good agreement with experiment and much interest-

DNA-water-counterion system used in molecular 
dynamics simulation on the CR A Y X-MP/48. 
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Same model, with water removed for clarity. 

ing base and deoxyribose motion was observed. Ex
tensive hydrogen bonding was observed between 
the water and DNA, as well as realis tic solvation of 
the sodium ions. Two of the ion s were displaced 
from the DNA backbone by water molecules and 
drifted through the solution. Compared to the simu
lation without water, the DNA helix was destabi
lized slightly by solvation, as expected. 

Applications 

An important a rea of application for these methods 
exists in the pharmaceutical industry. As the science 
of biology has shifted to a more molecular basis, it 
has been recognized tha t the action of drugs is most 
often due to interaction of the drug molecule with a 
specific site on a biomacromolecule, termed the 
drug receptor. As the structures of more of the 
body's macromolecules become known, the prospect 
of designing new drugs for specific functions 
emerges. 

By creating a molecule with the right shape and con
formational flexibility to fit in a cleft on the surface 
of an enzyme, w ith the correct electrostatic comple
mentarity to make it stick, it is possible to switch off 
the activity of that enzyme. An example of such an 
enzyme inhibitor is the drug methotrexate, used in 
cancer chemotherapy. This drug binds tightly to the 
enzyme dihydrofolate reductase, blocking its 
normal function in the synthesis of DNA. Rapidly 
dividing cancer cells are particularly susceptible to 
this blockade. Molecular mechanics can be used in 
fa vorable cases to es timate the binding energy of 
drugs in receptor sites, and can even be performed 
in real time as the medicinal chemist manipulates 
the two molecules on a high -speed vector graph ics 
terminal. 

Recent ad vances in the field of biotechnology have 
made it possible to alter the genetic makeup of 
common bacteria, directing them to manufacture 

protei ns of any desired amino acid sequence. Thus 
proteins may be "engineered" to perform new func
tions. Molecular mechanics is now being used to 
evaluate the effects of amino acid changes on the 
binding properties and stability of proteins, in order 
to select the most p romising modifications of a pro
tein's amino acid sequence or to rule out bad 
choices. 

Enzymes define one group of proteins that re
searchers are a ttempting to modify. They hope to en
hance their specificity and cata lytic rate, and to 
make them function at higher tempera tures for use 
in industrial processes. Ultimately it should be possi
ble to build enzyme systems to perform complicated 
chemica l syntheses tha t may not be possible using 
the methods of classical chemistry. 

Computational methods are a lso making inroads in 
areas of materia l design. Molecular mechanics and 
computer graphics have recently been proposed for 
use in the desig n of a membrane that would separate 
ethyl alcohol from water. In addition, simulations 
based upon polymer statistical mechanics show 
promise in the prediction of mechanical properties 
of new plastics. The design of structural materials at 
the molecular level would allow materials scientists 
to tune new materials to their applica tions in ways 
never before possible. 

Conclusion 

In our lifetimes, we are witnessi ng a revolution in 
science; a " third way" of doing science: the numeri
cal sim ulation of complex systems by computer. 
N umerical simulations in organic chemistry and 
molecu la r biology ca n effectively point the way for 
experim ental scientists. For the more complex simu
lations, supercomputers are n eeded . They are the 
laboratories of the future, currently taking their 
p lace alongside the experimen tal laboratories we 
now possess. It is critically important that super
computers be made available to the scientific ta lent 
of today, for new breakthroughs in science will be 
had by putting the best tools we can build into the 
hands of today's researchers. o 

About the author 

George Seibel received his bachelor of science degree in chemis
try at the University of California, Santa Cruz in 1979, where 
he worked in the molecular collisions laboratory. After teaching 
chemistry for several years at the community college level, here
ceived his masters degree in chemistry at California State Uni
versity, Fullerton, where he developed a multi-user molecular 
modeling system. He is currently working toward a doctorate 
degree in pharmaceutical chemistry at the University of Cali
fornia, San Francisco, where he is researching computer simula
tion of macromolecular systems. Part of the research described 
in this article was conducted during an internship at Cray Re
search in the summer of 1984. 

The computer-generated image on pages 2 and 3 shows the van 
der Waals surface of an adenosine triphosphate molecule. All 
photos courtesy computer graphics laboratory, UCSF. 
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RNA modeling lor 
biotechnology 

In 1953 James Watson and Francis Crick made his
tory and opened the door to biotechnology by dis
covering the double helix structure of the DNA 
molecule. The intervening years have witnessed a 
lands lide of breakthroughs in our understanding of, 
and ability to manipulate, genetic material. By the 
early 1970s it was apparent that one cou ld purify 
DNA from an organism, use enzymes to cut it at pre
determined sites, and then reconstruct the DNA cor
rectly in a test tube. By 197 4, the first evidence of ar
tificial gene transfer in bacteria was obtained, setting 
the stage for the development of commercial bio
technology. In 1976, the first genetic engineering 
company was established. Since then, biotechnology 
has matured to the point where the latest in comput
er technology is necessary for practical problem 
solving. One important area that requires high-

speed computers is the modeling of secondary struc
tures of messenger RNA (mRNA) molecules. The 
shape of mRNA molecules may limit the rate at 
which proteins are assembled in a cell. Computer 
modeling can be used to help find the optimum 
structure of mRNA to increase the efficiency with 
which valuable biological products are produced. 

Genetic structure 

Biotechnology revolves around DNA, the chemical 
"database" from wh ich all organisms are construct
ed. The DNA molecule (Figure 1) is a polymer com
posed of two strands chemically linked to form a 
double helix. When stretched out and laid fla t, the 
DNA structure resembles a ladder, where the rungs 
are the elements of the genetic code and the outside 
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supports are the structural parts that hold the 
ladder together. 

Each strand of DNA consists of a linear sequence of 
elements called nucleotides. A nucleotide is com
posed of a phosphate molecule, a pentose sugar and 
an organic base, either adenine, thymine, guanine 
or cytosine. The nucleotides on one DNA strand 
pair with those on the other strand to form the 
rungs of the DNA ladder. A fundamental rule of 
this pairing is that nucleotides containing adenine 
(A) always pair with those containing thymine (T), 
similarly, those with cytosine (C) and guanine (G) 
always pair. Weak hydrogen bonds hold the nucleo
tide pairs together: two hydrogen bonds for an A-T 
pair and three for a C-G pair. These hydrogen bonds 
are easily broken, allowing the DNA to split open 

lengthwise for its own replication and for the 
synthesis of mRNA. 

Protein synthesis in the cell 

The process of building a protein from its gene in
volves a number of steps (Figure 2). First, the DNA 
splits lengthwise a t the location of that gene, allow
ing the cell to manufacture a complementary strand 
of mRNA con taining the molecular code for that 
particular protein. Messenger RNA is a molecule 
that allows the cell to transcribe the information in 
the DNA database without destroying or damaging 
any of tha t information. Hence, this process is called 
transcription. Messenger RNA is much like DNA, 
though it differs chemically in that it is composed of 
a slightly different sugar molecule called ribose. In 
addition, it contains uracil instead of thymine, a 
chemically similar base. 

Once the region of the genetic code that the cell re
quires has been copied via mRNA, the mRNA leaves 
DNA and participates in a process called translation. 
This process involves the deciphering or interpreta
tion of the genetic code. The mRNA, like a piece of 
recording tape, must be passed over a "tape head" in 
a linear direction in order for the genetic code to be 
read. The reading element or " tape head" is called a 
ribosome and is the cell's protein assembly site. The 
mRNA molecule binds to the ribosome and rachets 
through it, moving three nucleotides at a time. 
These three-nucleotide sequences are called codons. 
Each codon specifies a single amino acid. Amino 
acids are joined together in the ribosome in a linear 
sequence to form proteins. 

The key molecule involved in deciphering the genet
ic code is a "dictionary" molecule called transfer 
RNA (tRNA). Transfer RNA acts much like a dic
tionary in that each type of tRNA corresponds to a 
single codon. Each tRNA has three nucleotides 
complimentary to every codon and carries a specific 
amino acid to the ribosome. As each codon is read, 
the corresponding amino acid is brought into the 
ribosome by tRNA and chemically linked to these
quence of amino acids to form the protein. 

Production rate factors 

Cost-effectively maximizing production of proteins 
is a primary concern of biotechnology companies in
terested in producing protein-based commercial 
products such as hormones or viral vaccines. But 
since nature need not concern itself with commercial 
markets, its production lines are not geared to 
producing commercial quantities. One limiting 
factor in the cellular process of protein synthesis 
may be the ease with which a ribosome can read the 
nucleotide sequence of an mRNA strand. The same 
hydrogen bonds that hold nucleotide pairs together 
in DNA cause mRNA to bond to itself, resulting in a 
molecule with an irregular shape (Figure 3) char
acterized by loops (areas without paired nucleo
tides) and stems (areas where the nucleotides have 
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bonded to each other). This is called the molecule's 

tertiary structure. Stems and loops appear to be im

portant for regulating gene expression, but they can 

also serve as "road b locks" to efficient protein pro

duction. If ribosomes ratcheting down the mRNA 

one codon at a time run into an energetically stable 

stem-loop structure, the ribosomes may stop and 

protein production will cease at that point. 

A challenge to genetic engineers is determining 

modified mRNA sequences that will display mini

mal folding in their tertiary structures while pre

serving the information encoded in the original 

mRNA nucleotide sequence. Tertiary mRNA struc

tures with minimal fo lding can significantly speed 

up protein synthesis by saving ribosomes the time it 

takes to " unzip" each hydrogen bond of a fo lded 

mRNA molecule. Determin ing alternate mRNA se

quences that code for a given gene is theoretically 

feasible due to the redundancy inherent in the genet

ic code. 

Since there are four " letters" - the bases A, T, G 

and C - in the genetic alphabet and since all of the 

"words" in the genetic code - the codons - are 

composed of three letters, there is a total of 4 x 4 x 4, 

or 64, words that comprise the genetic code. Howev

er, th is scheme is redundant because there are only 

20 amino acids that need to be coded for . Since each 

amino acid is coded for by more than one codon, it is 

possible to interchange certain codons and still 

specify the same amino acid. This interests bio

technology companies because it presents the possi

bility of substituting certain codons for one another, 

via gene splicing, to reduce the folding of mRNA 

molecules while preserving their orignial "mean

ings." In other words, genetic engineers can create 

modified mRNA sequences that will produce the 

same protein as the original sequence but will in

crease the efficiency of production due to a decrease 

in the number and stability of s tems and loops that a 

ribosome w ill encounter. 

Enter the computer 

Molecular modeling via computer can help research

ers determine modified mRNA structures that will 

minimize folding whi le retaining the molecule's in

formation content. The problem is to determine the 

molecule's tertiary structure from its primary struc

ture. The molecule's primary structure is simply the 

one-dimensiona l sequence of nucleotides of which 

it is composed. The three-dimensional folding and 

twisting of these long molecules is described by the 

laws of chemistry and thermodynamics. The under

lying principle in mRNA modeling is that physical 

systems tend to assume configurations of minimum 

energy. The computer is used to calculate the ther

modynamic stability of all possible combinations of 

stems and loops until a single secondary structure is 

predicted wh ich has minimal energy, i.e., the most 

stable structure. It is assumed that the configuration 

of lowest energy is the configuration that describes 

how the molecule will actually fold. 

In the case of mRNA the number of possible tertiary 

configurations is so large and the energy calculation 

for each configuration so long that biologists have 

had to settle for predicting only the secondary struc

ture. This is the shape of the folded chain when con

strained to lie in a two-dimensional plane. Secon

dary structures can provide researchers with 

enough information to make useful decisions about 

modifying mRNA structures to speed up commer

cia l production of biological products. 

Several methods have been developed to assist the 

molecular biologist in modeling RNA secondary 

structure. One such method is the dot matrix analy

sis, which is suitable for a variety of computers 

including microprocessors. The analysis is fairly 

rapid but the results are often difficult to interpret 

and the model gives no information about the 

energy stability of the predicted molecule. A second 

method is the stem and loop analysis. This was one 

of the first methods that incorporated the energy as

sociated with stem and loop structures into the pre

diction. A third method is the stem completion 

method which is a relatively new rapid analysis that 

attempts to simulate the various pathways which an 

RNA molecule could fold. The stem completion 

method generates a diverse family of possible struc

tures, but it does not a lways find the most energeti

cally stable structures. 

A fourth method used to predict secondary structure 

was developed by Paul Stiegler and Michael Zucker 

of the Nationa l Research Council of Canada. Their 

program, FOLD, uses a technique called "dynamic 

programming" based on combinatorial mathemat

ics. The program computes the configurations of 

lowest energy for a ll nucleotide sequences of length 

n and then uses that information to compute the 

configuration of lowest energy for all sequences of 

leng th n+ 1. It proceeds from the smallest possible 

subchains through a recursive buildup to the one 

configuration of lowest energy for the entire chain 

of n ucleotides. 

Recently, Dr. David W. Mount, working at the 

Department of Biochemistry and Biophysics at the 

University of California a t San Francisco, used 

FOLD run ning on a CRA Y -1/S, to predict the mini

mal energy structures of a 359-base RNA strand 

found in the potato spindle tuber viroid, and 1376-

and 1807 -base transcripts from the human intestinal 

bacteria E. coli. The computation times on the 

CRA Y -1/S for these problems were 16 seconds, 15 

minutes and 34 minutes, respectively. 

"The running times were proportional to n2.7, 

where n is the number of bases in the sequence," ex

plained Mike Ess, an analyst who has optimized the 

code for the CRA Y. "However, those times would be 

faster by a factor of at least two if we ran them today 

on the CRA Y X-MP, considering improvements in 

machine and compiler performance and code op

timization. But memory is really the bottleneck for 

this type of problem, and since the CRA Y has the 



largest memory, it's needed to model the largest 
molecules." 

A commercial firm, Molecular Genetics, Inc., of Min
netonka, Minnesota, has used a CRA Y X-MP/48 for 
mRNA secondary structure analysis. "The CRA Y 
was used to predict the probable secondary structure 
of several gene designs for the bovine growth hor
mone (BGH ) messenger RNA molecule," explained 
Denn is Anderson, director of information systems 
at Molecular Genetics. "Based on the predicted 
models, our molecular biologists ch ose an optimal 
sequence construction for BGH that they believed to 
have limited secondary structure in the front end of 
the mRNA molecule yet would produce a bovine 
growth hormone identical to the native molecule 
(Figure 4). 

Figure 4. Calculated secondary structure of bovine 
growth hormone mRNA. 

The expression of the hormone increased substan
tially using a gene sequence that limited secondary 
structure and utilized preferred codons. With the 
original sequence, production was so slight, we 
could detect it only by tracing it with radioactive iso
topes. With the modified sequence, the production 
rate increased by factors of 1000 to 10,000. Using the 
CRA Y to predict the secondary structure of BGH 
was a real advantage in that the design possibilities 
were limited to a manageable number that had a sig
nificantly higher probability of expressing high 
amounts of the hormone." 

Molecular Genetics also used the CRA Y to apply 
analysis of RNA secondary structure to the study of 
the Rift Valley Fever Virus (RVFV). RVFV is a 
zoonotic virus that causes death in humans and ani
mals and is a sign ificant health problem to popula
tions living in the Middle East. Unlike mammals or 
bacterial cells, the genetic material of this virus is 
composed of a single strand of RNA. The virus' 
genetic material, or viral genome, is known to form 
a circular structure that is closed by a double
stranded "panhandle" region at the end (Figure 5). 
It is believed that this panhandle structure is the 
result of two regions of the RNA molecule binding 
to itself to form a duplex region resembling that 
found in DNA. Although biochemical evidence in
dicated the existence of the double-stranded region 
in RVFV, no sequence data was available until re-

Figure 5. Calculated secondary structure of Rift Valley 
Fever Virus RNA. 

cently. Scientists at Molecular Genetics determined 
the 3884 nucleotide sequence of RVFV and subjected 
it to secondary structure analysis on the CRA Y. 

"The computer model revealed a double stranded 
region composed of 51 nucleotides in which the 
beginning of the molecule is paired with a compli
mentary region at the very end of the viral genome," 
explained Anderson. "To our knowledge, this is the 
largest RNA sequence ever analyzed via the Stiegler 
and Zucker algorithm. It required between five and 
six hours of CRA Y CPU time to calculate the most 
energetically s table structure and it is the first report 
of a proposed model for the genome of a bunyavirus 
like RVFV. Although the validity of the prediction 
remains to be determined by further biochemical 
and genetic tests, this model of RVFV has been 
useful in the design and execution of additional ex
periments to understand the molecular biology of 
this virus." 

Conclusion 
Commercial biotechnology promises to improve 
production methods for valuable medical and agri
cultural products, thereby greatly increasing their 
availability. Biotechnology a lso promises even tually 
to design novel products through techniques such 
as protein engineering. But to reap the full benefits 
of this new technology, high-speed scientific 
computers like the CRA Yare needed. Supercomput
ers make practical the modeling of the large macro
molecules, like mRNA, that biotechnology manipu
lates. As additional predictive models are developed 
and refined, they will provide the ben ch scientist 
working in commercial biotechnology with th e 
same type of CAD/CAM capabilities employed in 
aerospace, electronics and other engineering indus
tries. Computer modeling of biomacromolecules in 
a practical time frame is an important expedient to 
realizing biotechnology's vast potential benefits. o 
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Versatility enhanc~ 
with Cray Pascal 

To increase the options of CRA Y computer users in 
their choice of programming languages, Cray Re
search released a Pascal compiler in the Fall of 1983. 
An updated version with added extensions was re
leased in September 1984. 

Pascal was first drafted in 1968 by Niklaus Wirth, a 
professor at the Federal Institute of Technology in 
Zurich, Switzerland. Wirth intended the language 
to be used as a tool for teaching programming skills. 
Its rigid grammar and strict syntax forced students 
to write programs that were well-structured and 
well-organ ized. 

But Pascal has since gained a wider audience. Its ver
satility and straightforward logic have brought it 
into contention with C language for popularity 
among the next generation of computer users. It is a 
language particularly suited for use in writing sys
tems development programs such as utilities, tools 
and compilers. Debugging of programs written in 
Pascal is relatively simple since the language's con
trol structures are r ich enough to avoid extensive 
use of GOTO statements. In addition, a considerable 
amount of error checking is performed during 
compilation, a llowing programmers to spot errors 
quickly. These features have all contributed to 
spreading Pascal's appeal. 

The Cray variety 

Work on the Cray Pascal Compiler was initiated at 
the University of Manchester in the United King
dom and completed at Cray's Mendota Heights, 
Minnesota facility under the direction of Cray's Soft
ware Development group. Cray Pascal is a fully sup
ported Cray product and w ill be used as the imple
mentation language for the new Cray FORTRAN 
Compiler and some other software products. 

"Pascal was chosen for the new FORTRAN compiler 
and the new version of the Cray assembler because 
of its many clean programming features," explained 
Karen Spackman, Manager for New Compiler De-

velopment. "It has a good structuring capabili 
nice way of identifying records and a strong .,,;,..,.~
capability, which are all useful in error checking. 

Cray Pascal complies with the Level 1 requirements 
of s tandard ISO 7185, defined by the International 
Standards Organization (ISO), with some extensions 
and restrictions. "Some of the extensions were 
added to make it easier to use Pascal as an imple
mentation langu age and to help in h andling large 
p rograms," commented Spackman. "We also include 
some common Pascal extensions." The compiler 
w ill issue messages identifying these extensions to 
help transport a program to a machine running a 
different implementation of the language. 

The Cray Pascal Compiler is invoked by the 
PASCAL control statement. The user selects compil
er parameters either explicitly by listing them on the 
control statement or implicitly by accepting the 
default values. The result of the compilation is relo
catable code used as input to the relocatable and seg
ment loaders. 

Input and output statements move data between 
local files or external devices, such as disks, and data 
structures within a Pascal program. Pascal does not 
directly support tape I/0; h owever, FORTRAN
callable library routines to perform tape I/0 can be 
invoked. 

The Cray Pascal Compiler accepts two types of 
compilation units: program and module. A modu le 
is a stand-alone routine, such as a library routine, 
that can be accessed and executed by other modules 
and programs. A module allows the separate compi
lation of encapsulated code and data. 

Generated code performance h as been improved for 
the second release of the compiler, and research has 
a lready begun on future enhancements. "Right now 
we're working on further increasing the speed of 
the generated code as well as adding vectorization," 
said Spackman. 
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Figure 1. Geometric fractals generated with Cray Pascal. 

Cray Pascal-generated fractals 

Along with aiding in software development, the 
Cray Pascal compiler has lent itself to some interest
ing applications. An example is a collection of 
geometric fractals (Figure 1) generated using a 
Pascal code running on a CRAY X-MP. The algo
rithm was written by Greg Turk, while researching 

computer graphics at West Coast University in Cali
fornia, and the program was adapted to the Cray by 
David Coons of the Jet Propulsion Laboratory at the 
California Institute of Technology. Fractals are 
generated by successively inputting the product of a 
mathematical function into that same function and 
graphing the results. Points put through this itera
tive process either move away from their origin con
tinually and are said to diverge, or remain within a 
given region near their origin, in which case they 
are said to be bounded. The complex patterns 
shown here resulted from iterating the function 
F(z)= lambda .. z .. (1-z), where lambda is a complex 
number. Differen t colors were used to label diverg
ing and bounded points. 

The original fractal program was written to run on a 
VAX 11/750 coded in VAX-11 Pascal. "My original 
plan was to convert the code to FORTRAN to run 
on the CRAY because I knew FORTRAN was imple
mented well and I didn' t expect Pascal to be," ex
plained Coons . "But when I found out how well
supported Pascal was on the CRA Y, I decided to stay 
with it. The final fractal algorithm tallied to about 
3600 lines of Pascal source, took under eight X-MP 
CPU seconds to compile, and ran between 60 and 
100 times faster in scalar mode than the original pro
gram running on the VAX 11/750." 

The goal of getting the program on the CRA Y was to 
demonstrate the Ramtek 9465 graphics display 
device tightly coupled to the CRA Y X-MP for the 
1984 ACM/SIGGRAPH conference. The final Pascal 
program was used to generate high resolution (1024 
x 1280 pixel) images, save them to disk files, and 
later load them back into the graphics display at 
high speed. The program could be used in either 
batch mode or interactive mode, depending on the 
available display devices. 

The future 

The Cray Pascal Compiler promises to broaden the 
range of other software products available to CRA Y 
users. Currently, Network Systems Corporation 
(NSC) is planning to convert its NETEX'" data com
munications software system to Cray Pascal. NETEX 
is an access method that allows high-speed host
to-host communications between like and unlike 
mainframes. It is offered as an adjunct to NSC's HY
PERchannel, an adapter for connecting mainframes, 
minicomputers and peripherals. "We chose Pascal 
for NETEX because Pascal is about the only language 
that has sufficient ability to create data structures 
and to define a communications protocol," ex
plained NSC marketing representative Terry Mikkel
son. "And it gave us access to the widest range of 
computers and computer operating systems." 

From its versatility and straightforward log ic to its 
extensive error checking, Pascal is a language whose 
time has come. And now, the availability of Pascal 
on the CRA Y provides new opportunities for all 
CRA Y computer users. o 
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Cray Research extensions to the ISO Level1 Pascal standard include the following: 
• OTHERWISE label specifies the action to take when no other label in a CASE statement is selected. 
• MODULE compile units allow the user to define Pascal procedures, functions, and data without a PRO

GRAM module. 
• IMPORTED and EXPORTED procedures permit the use of previously compiled modules and FORTRAN 

or CAL subroutines. 
• IMPORTED and EXPORTED declarations allow sharing of variables between compile units.* 
• COMMON declarations allow FORTRAN common blocks to share data across compile units.* 
• STATIC declarations allow a local variable to keep its value between calls to a routine.* 
• VALUE definitions initialize variables at compile time.* 
• VIEWING statement allows a variable to be used as a different type.* 
• EXTERNAL and FORTRAN procedure and function directives. 
• Expansion of the predefined procedure and function list to include the following: 

- BAND, BOA, BOXR and BNOT are bit-string - ARCSIN and ARCCOS calculate the inverse of 
Boolean functions that accept integer the sine and cosine. 
arguments and return integers. -SINH, COSH and TANH are the hyperbolic 

- LSHIFT and RSHIFT shift an integer argument functions. 
left or right by a specified number of places. - HALT terminates the execution of a program 

- SIZEOF gives the size of a dynamic variable.* when encountered. 
- LOC returns the address of a variable.* - CONNECT associates a COS local dataset 
- LOG calculates the common logarithm. with a PASCAL file. 
-TAN calculates a tangent. 
• Octal numbers can be used in integer form. 
• ALFA is a predefined type specified as an eight-member packed array of characters. 
• 124 is a predefined 24-bit integer data type. 
• Special characters($% @ ) are used in identifiers. 

Cray Pascal Includes the following restrictions to the ISO Level1 Pascal standard. 
• The commercial "at" sign (@)cannot be used as a substitute character for the circumflex<-"), as speci

fied by the standard. The @ is implemented as a valid character in an identifier. 
• The maximum line length for a text file is 140 characters. The ISO standard does not impose restric

tions on the line length of a text fi le. 
• Some errors specified by the ISO standard are not detected. Cray Pascal documentation details these 

errors. 

*added in latest release 
....__ ____ _ 

What is Pascal? 

A descendant of Algol 60, Pascal is a high-level, 
general purpose language that emphasizes the 
virtues of structure, simplicity and portability. 
Using it, a programmer can implement algo
rithms and data structures in a high-level, 
machine-independent manner without sacrificing 
efficiency. 

Pascal is a block-structured language with pro
grams consisting of two parts: a heading which 
names the program and specifies which local 
datasets will be used, and the body of the pro
gram, called a block. 

Blocks consist of six sections. The first four state 
the labels, constants, data types and variables. 

Labels identify statements for future reference. 
Constants equate numbers with names, e.g. pi = 
3.14. Data types are many and structured ones 
can be defined to include sets, records, arrays and 
files. Variables must be followed by a type desig
nation. 

The fifth section of a block names a procedure or 
function. Procedures can be placed within each 
other, and each procedure must be preceeded by 
the keyword "begin" and followed by "end." The 
sixth section of a block contains the executable 
code for the given procedure or function . Arith
metic, relational and logical operators are 
defined, and numerous control statements are 
allowed. 
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New COS and CFT 
versions released 

The 1.14 versions of the Cray 
Operating System (COS) and the 
Cray FORTRAN Compiler (CFT) 
and associated libraries and utilities 
were released in January 1985. This 
release provides support for new 
Cray hardware and offers improved 
performance, enhanced functions 
and several n ew software products. 

The 1.14 COS and CFT software 
allows user access to the following 
n ew h ardw a re products a nd 
features: 

• Larger memories - up to 8 mil
lion · words for mainframes and 
128 million words for the Solid
state Storage Device (SSD). Ex
tended Memory Addressing 
(EMA) is supported in all lan 
guage processors (CAL, CFT, 
and Pascal). All standard Cray 
software can be buil t to execute 
on CRA Y X-MP systems with 
programs up to 8 million words 
of memory. 

• Four processors on the CRA Y 
X-MP/48 - a single job can be 
multitasked on four processors. 

• Two 1000-megabyte-per-second 
channels to the SSD (CRA Y 
X-MP/48 w ith 128-million-word 
SSD) 

• Gather/scatter and compressed 
index instructions - CFT 
compiles the new gather/scatter 

and compressed index instruc
tions where available and when 
appropria te. 

• The Hardware Support Monitor 
(HSM) 

• 00-49 Disk Drives 

In addition to the new hardware 
support, the 1.14 software release 
includes enhancements that can sig
nificantly improve system perfor
mance. The new CFT can decrease 
execution time with improved in
structions for exponentiation, two
version loops, loop unrolling and 
conditional loop code. With the 
new version of COS, system call 
overhead and I/0 overhead can be 
reduced. 

This release also includes the fol
lowing enhancements: 

• CFT will now optionally flag 
statements which do not conform 
to the ANSI FORTRAN 77 stan
dard. 

• CFT an d the libraries support an 
extended character length varia
ble of up to 16,383 characters. 

• CFT and the loaders (LOR and 
SEGLDR) recognize a new type 
of common block (task common) 
that is allocated separately for 
each task in a multitasking job. 

• CFT supports recursion in stack 
mode; that is, SUBROUTINES or 
FUNCTIONS will be able to call 
themselves. 

• COS with an I/0 Subsystem now 

supports several on-line magnet-
ic tape enhancements. These in
clude partial implementation of 
IBM multifile capability, user 
processing of end-of-volume, 
read/write ring specification, 
multiple tape mark processing, 
parallel tape mounting and 
read/write of very large tap~" 
blocks. ·~ 

• User programs can specify the 
next control statement to be 
executed. 

• User jobs can send and receive 
messages to and from other jobs. 

• User jobs can suspend themselves 
until an event (for example, a 
message from another user job) 
occurs. 

Several new software products are 
included in this release. They 
include: 

• A sort/merge package available 
through calls to the library 

• The Kernighan and Plauger Soft
ware Tools 

• A Table Diagram Generator to 
generate the COS Table Descrip
tions Internal Re fe ren ce 
Manual. This allows sites with 
loca l table modifications to have 
the manual include th eir 
changes. 

• AUDPL to catalog UPDATE pro-
gram libraries _ ~ 

• SKIPU to position unblockec- I) 
datasets 

• FTREF to cross-reference FOR-



IRAN common block usage and 
to produce an application's sta tic 
calling tree. 

New MVS and NOS/BE 
versions released 
The 1.13 versions of the IBM MVS 
and the NOS/BE Software Service 
packages were released by Cray Re
search in January 1985 and Decem
ber 1984, respectively. 

Major features of the new IBM MVS 
Software Service release include: 

• Support in an MVS/JES2 SP1.3.4 
enviro nment. A new JES 2 
modificat i o n CRFD06 is 
provided. 

• The station generates System 
Ma nagem ent Facility (SMF) 
records at various points during 
its processing. An installa tion 
can select the records to be wri t
ten to the SMF dataset. 

,~ ~• Support is provided for Genera
'~:- tion Data Groups (GDGs) on 

transfers to and from COS. 
• The MVS format restrictions on 

dataset transfers to and from 
COS transparent datasets are 
removed. 

• Segment sizes up to 28K bytes 
are now su pported. The segment 
size can be selected by parameter 
in the Link Options Table. This 
feature can improve both transfer 
rates and CPU utilization. 

• Datasets migrated by the IBM Hi
erarchica l Storage Manager 
(HSM) are explicitly recalled by 
the station before dynamic allo
cation. This should reduce the 
conte ntion du r ing dynamic 
allocation. 

The NOS/BE Software Service sup
ports the following new features: 

• Binary blocked and binary de
blocked transfer modes; a binary 
blocked dataset contains COS 
control words and is specified by 

f~ using the DF=BB parameter; a 
binary deblocked dataset does 
not contain control words and is 
specified by using the DF=bb 

parameter. In the DISPOSE, AC
QUIRE and FETCH sta tements, 
the BD parameter is the same as 
the TR parameter. Character con
version does not occur. 

• MULTI sta tus to the CSTATUS 
sta tion command; a new job 
status which states that the COS 
job is a multitasking job. 

• Page numbers for station dis
plays; the page number appears 
in the upper right corner of each 
pageable display. 

• Enhanced error processing, 
including sta tion a u to-relog 
capabilities and more informa
tive error messages. 

• CST A TUS display of all queue 
entries and queue count. 

• N um erous performance im
provements including speed up 
of transparent transfers and 
coded tran sfers. 

• Alternate output file specification 
and optiona l repea t parameters 
allowed on CST A TUS a nd CJOB. 

Cray hosts Washington 
seminar 

Bruce Kasson, Cray Research's vice 
president for government market
ing, in cooperation with Cray's East
ern region office, hosted three ex
ecutive seminars on supercomputer 
technology in Washington, D.C. in 
mid-January. The half-day briefings 
were designed to update senior 
government and military officials 
on th e supercomputer industry 
today. Each presentation was tail
ored to educate those in the audi
ence who were not overly familiar 
w ith supercomputer technology, as 
well as to update those with some 
background knowledge. 

Marcelo Gumucio, Cray's executive 
vice preside nt for m arketing, 
opened the seminar with a brief 
overview of the company, n oting 
that the U.S. Federal government is 
Cray's largest customer. Bruce 
Kasson reviewed the development 
of supercomputer technology and 
Les Davis, executive vice president 
for engineering and development 
continued with a discussion of 

technology development a t Cray. 
Derek Robb, manager of market
ing development, and Carl Diem, 
manager of benchmarking, famil
iarized attendees with the wide 
variety of customer applications 
of CRA Y computers, illustrating 
their presentations with numerous 
CRA Y -generated graphics and a 
sh ort CRA Y -generated video. Bob 
Ewa ld, director of commercial 
marketing, concluded the semi
n ar with a discussion of 
price/performance issues, govern
ment procurement strategies and 
his experiences in directing the Los 
Alamos computer facility. 

Over 125 participants from more 
than 25 agencies attended the semi
nar, including representatives from 
the U.S. Army, Navy and Air Force, 
the White House Office of Science 
and Technology Policy, the Depart
ments of Commerce, Energy and 
State, the National Science Founda
tion and the National Aeronautics 
and Space Administration (NASA). 
Additiona lly, a number of execu
tives from various Department of 
Defense contracting companies at
tended. Because of the positive com
ments regarding the quali ty a nd 
value of the session, additional 
briefings w ill be planned for the 
Washington area. 

"We were able to expose some im
portant people to the potentials of 
supercomputing," said Dick Harris, 
marketing representative for Cray's 
Eastern region . "Often these people 
get requests or recommendations 
for supercomputers, but they don't 
really appreciate a supercomputer's 
capabilities. We got some very 
favora ble feedback from the atten
dees and some important exposure." 

Exhibit honors Seymour 
Cray 

Computers, computers everywhere. 
That was the feeling at The Comput
er Museum's grand re-opening in 
Bos to n las t Nove mber. The 
museum, housing the world's lar
gest collection of historic computing 
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equipment, moved to Boston a fter 
outgrowing its previous site in 
Marlboro, Massachusetts. The re
openi ng featured exhibi ts hig hlight
ing the modern era of compu ting, 
including a tribute to Seymour 
Cray. 

"We wanted to feature a personality 
importa nt to modern computing," 
explained Gwen Bell, the museum's 
director. "There aren't that many 
people you could call heroes in the 
field, but Cray was an obvious 
choice." 

The Cray exh ibit, A Man and his 
Machines: Seymour Gray's Contri
butions to Computing, traces Sey
mour Cray's career as a computer 
designer from 1950, and his work 
w ith Engineering Research Associ
ates on the ERA 1103, to his current 
work on supercomputers w ith Cray 
Research. "The ERA 1103 was 
really the first scientific machine," 
notes Cray in a videotaped 197 4 lec
ture that accompanies the exhibit. 

CRA Y-1 module under glass at The Computer Museum. 

Examples from several machines 
Cray had a hand in designing are 
displayed, including parts of the 
Naval Tactical Data System from 
1957, the Little Character (a pro
totype of Control Da ta 's first 
computer series), and a CRAY-1 
supercomputer. 

"Highlighting an individual this 
way helps to demystify things," Bell 
noted. "You can come in and see 
that someone really went to high 
school (the exhibit includes a photo
graph of Cray from his high school 
yearbook), that they're a flesh
and-blood person . And when you 
look at the machines you can see 
w ha t 'computer architect' means. 
The continuity in design can be 
seen in a way that looking at pic
tures just doesn't get across." 

The exhibit concludes with a post
ing of Cray quotes that captures his 
unique philosophy of computer 
design ("There has never been a 
good product designed by a commit
tee.") and his sometimes self-

e ffa cing s tyl e (" They certainly 
aren ' t s upercomputers. They are 
kind of simple, dumb things."). 

The Computer Museum's other cur
rent exhibits include the Air Force's 
25,000-vacuum-tube SAGE (Semi
Automatic Ground Environment) 
system, which ran continuously 
from 1958 to 1983, and interactive 
PC exhibits demonstrating graphics 
and voice synthesis. 

"Our purpose is rea lly to preserve 
computing technology and to show 
things tha t a re bigger than life in a 
friendly a nd interesting way," said 
Bell. "Other industries have their 
museums, and we think it's impor
tant that computing have its h istory 
preserved too." The Seymour Cray 
exhibit will be displayed for about a 
year, a fter which the museum will 
highlig ht "a software giant," Bell 
said. 

Rockwell orders CRA Y 

Rockwell International Corporation 
recently ordered a CRA Y X-MP/12 
computer system to be insta lled in 
the second quarter of 1985 a t Rock
well 's Information Systems Center 
in Sea l Beach, California. The 
system w ill be used by Rockwell 
engineers and scientists to perform 

complex aerodynamic and structur
al ana lyses. Rockwell said the major 
benefits to be realized from the 
CRA Y system are faster turnaround, 
improved design accuracy and re 
duced prototype and experimenta. 
testing. 

LLNL to get two CRAYs 

In December, Cray Research an
nounced a n order for its two newest 
and largest computer systems, the 
CRAY-2 and the CRAY X-MP/48, 
by Lawrence Livermore National 
Laboratory (LLNL). Th e labora
tory's National Magnetic Fusion 
Ene r gy Computer Center 
(NMFECC) will receive the CRA Y -2 
in the second quarter of 1985. It will 
replace a prototype CRA Y -2 with a 
single cen tral processing unit cur
r entl y installed at NMFECC. 
NMFECC provides la rge-scale 
computing services to researchers 
in magnetic fusion and energy re
search at 150 laboratories and uni
versities across the nation. 

The CRA Y X-MP/48 was recently 
installed a t the LLNL computer 
center, which is operated by the 
University of California for the U.S 
Department of Energy. More tha IJ. 
4000 users are linked to the national 
center by sa tellite and land lines. 



APPLICAT ONS 
N DEPTH 

Solid modeling 
primitives on the CRA Y 
A versatile general-purpose geomet
ric modeling program, GMOS 
(Geometric Modeling of Solids), is 
now available on CRA Y machines. 

Sample solid constructed with GMOS. 

GMOS is a general-purpose interac
tive processor for the construction 
and display of three-d imensional 
solid models. By the use of either a 
screen menu or simple keyboard 
commands, users can construct 
complex models by creating primi-

tive objects through the MAKE 
command and manipulate these ob
jects with the BOOLEAN opera
tions. Other commands allow such 
features as three-dimensional view 
transformations, hidden line remov
al and the calculation of mass prop
erty information. 

GMOS gives users the capability of 
creating primitive objects such as 
blocks, cylinders, cones, spheres, 
tubes, objects of extrusion and ob
jects of revolution (both with ar
bitrary cross-sections that may be 
described by keyboard input or cur
sor/tablet input). The most powerful 
single operator is the Boolean opera
tor. This is actually a set of four op
erations, a llowing two objects to be 
joined, the first object to cut the 
second, the second to cut the firs t 
and the two objects to intersect. 

Various view operations may be 
made to allow an object to be 
viewed from any position desired. It 
is also possible to see several views 
of one object at one time using the 
MUL TIVU command. ln addition, 
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APPLICATIONS IN DEPTH 

Sample solids constructed with GMOS. 

the surface area, volume, weight, 
mass moments of inertia and princi
ple moments of inertia can be ob
tained for any object generated by 
GMOS. 

For more information on GMOS on 
the CRA Y contac t: JML Research, 
Inc., 5713 Crabapple Lane, Madison, 
WI , 53711; te lephone (608) 
274-2524. 

Large 3-D FFT now 
feasible 

The computatio n of large three
dimensional Fast Fourier Trans
forms (FFTs) has long been a prob
lem generally sidestepped because it 
was not feasible on conventiona l 
computing equipment. But in 1983, 
Cray analysts successfully comput
ed a three-dimensional FFT on a 
1024 x 1024 x 1024 sample data set 
in an elapsed time of 55 minutes on 
a CRA Y 1/S using approximately 90 
percent capacity on eight DD-29 
disk units. Last year, Cray analysts 
ran a multitasked version of the 
same code on a CRA Y X-MP/48 
with the Cray Solid -state Storage 
Device and eight 00-49 disk units. 
This last demonstration ran in an 
elapsed time of less than eight mi-

nutes, an increase in performance 
by a factor of 14 over the previous 
year's, considering it included a for
ward three-dimensional FFT fol
lowed by a n in ver se three
dimensional FFT, representing 
twice the computational work of 
the earlier demonstration. This in
crease in performance establishes 
the feasibility of performing large 
three-dimens ional FFTs on the 
CRA Y X-MP/48. 

FFTs are computational tools for 
breaking down complex functions 
into their component frequencies. 
Performing computations in the 
Fourier domain generally requires 
significantly less time than equiva
lent computa tions in the spatial or 
spatial-time domain. FFTs can be 
used in virtually every mathemati
cal computational area. One of the 
most common uses is in the exten
sive seismic data processing con
ducted by petroleum companies 
and geophysical contractors. 

The 1024-cubed FFT demonstrated 
in 1983 required three data passes. 
The first pass computed a two
d imensional FFT, the second pass 
transposed the second and th ird 
storage indices and the third pass 

computed the final one-dimensional 
FFT. Essentially the same method 
was used in the most recent demon
stra tion, but w ith several novel pro
gram ming strategies included to 
take advantage of th e CRA Y 
X-MP/48's multiple CPUs and the 
SSD's high-speed data transfer 
capability. In this demonstration, 
forward and inverse transforms re
quired three data passes, with trans
position passes eliminated by using 
theSSD. 

"We used a method we call 'micro
tasking', which is a way of multi
tasking to deploy four CPUs on one 
problem," explained Mike Booth, 
an analyst who worked on the new 
code. "We also used asynchronous 
queued 1/0 that significantly 
reduces system overhead to trans
fers into and from the SSD." (Micro
tasking differs from standard multi
tasking in smaller task overhead or 
start-up and task granularity or 
t ime dura tion . Asynchronou 
queued I/0 initiates multiple 1/ 
calls with a single operating system 
call.) 

Achievements like the latest three
dimensional FFT calculation invari
ably introduce new goals. "Dem
onstrating forward and inverse 
1024-cubed FFTs in less than eight 
minutes is a mandate to the scientif
ic computing community for the es
tablishment of four-dimensional 
FFT computation as a new goal," 
commented Mickey Edwards, a 
Cray analyst who worked on the 
code. "Computation on a 1024-
quadrupled da ta set is obviously 
not possible today, but, for example, 
a 1024 x 1024 x 64 x 64 data set only 
represents a fourfold storage in
crease over the curren t 1024-cubed 
problem." 

Establishing th e feasibility of large 
three-dimensional FFTs also estab
lish es the feasibility of many two
step three-dimensional algorithms 
which process all constant y plan 
followed by a ll constant x plane. ~ 

Examples include various migration 
a lgorithms with and without FFTs. 
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CRA Y helps explain 
Namoratunga II 
Remember the long hours in college 
spent cram ming for that archaeoas
tronomy final? Probably not. Ar
chaeoastronomy is a relatively new 
science, being the study of ancien t 
systems of astronomy. But it's not 
so new that it hasn 't a lready benefit
ed from a CRA Y computer. 

Using a CRAY X-MP a t the NASA 
Ames Research Center, Dr. Laur
ance Doyle of Information Manage
ment International, Inc., has cal
culated the probable function of 
Namoratunga II, an arrangement of 
stone pillars recently discovered at 
an archaeological site in northern 
Kenya. Like the Stonehenge and 
Avebury sites in Britain, Namora
tunga II is a highly organized a r
rangement of megaliths set up by 
ancient people for an apparent pur
pose. But that purpose is unknown 
and, as with the Stonehenge and 
Avebury sites, the topic of much 
debate. 

Based on his computed results, 
Doyle proposes that the site, dated 
at 300 B.C., was the basis for a lunar 
calendar that is today used by the 
Borana people of southern Eth iopia . 
The Borana Calendar relies solely 
on lunar phase observations in con
junction with seven specific s tars . 
Recent measurements of the site 
found 25 two-pillar alignments 
with the horizon rising positions of 
:he seven calendrical stars, taking 
into account the Earth's precession 
since 300 B.C. 

Doyle eva l u a ted th e possible 
calendrical function of the site via 
statistical analysis. "We wanted to 
calculate the probability of obtain
ing 25 or more a lignments with 
seven random positions on the sky 
using the horizon rising alignments 
found with the nineteen pillars at 
the site," explained Doyle. "We 
w rote a program to generate seven 
random num bers between -90 and 
+90 degrees (ho rizon r ising posi
tions from the equator) and com
pared this with the pillars' horizon 
alignment positions." 

The number of alignments found 
for each such experiment was 
tabula ted and the experiment was 
run 10,000 times. The results 
showed that the probability of get
ting 25 or more random alignments 
was 0.0041, or about three standard 

deviations from the mean. "The 
0.41 percent chance that the align
ments were accidental makes us 
think it is very likely that the pillars 
were used specifically to align with 
the 300 B.C. positions of the Borana 
Calendar stars," concluded Doyle, 
w ho said he plans to submit his 
findings to the journal Archaeoas
tronomy. 

"Using the CRA Y was a little like 
hunting flies with a bazooka," said 
Doyle. "Then again, the random 
number generator was useful and 
the avai lable routines on the CRA Y 
were the best for my application. Of 
course, I apprecia ted the CRAY's 
speed." Doyle noted that if Namora
tunga II is an ancient astronomical 
observatory, then it is the first ar
chaeoastronomical site to be discov
ered in sub-Saharan Africa. 

Stones at the Namoratunga II site. Photo courtesy E. William Frank. 
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RPV being deployed. 

CRAY helps net RPV 

Pilots flying reconnaissance mis
sions for the military have the unen 
viable job of crossing enemy lines to 
survey enemy activities. Once that 
task is complete, they must concern 
themselves with achieving a safe 
return, something which they, un
fortunately, do not always accom
plish. To minimize endangering 
human pilots, the U.S. Army and 
Lockheed are developing designs 
for a remotely piloted vehicle 
(RPV). The RPV is equipped w ith 
surveillance equipment and trans
mitters for sending real-time video 
images of enemy installations and 
activities back to a control station . 
Most significantly, the RPV will be 
unmanned: i ts direction and speed 
will be controlled by pre-pro
gra mmed instructions. Lockheed 
has developed a test flight recovery 
simulation code to· ru n on the 
CRA Y and is using it to help design 
the RPV. 

Specifically, Lockheed's code simu
la tes the impact of the RPV flown 
into a net. Nets are used to recover 
the unmanned vehicle since it is not 
equipped with brakes or landing 
gear. "We needed a simulation of 
the force that the net's straps apply 
to the wing," explained Jim Nichol
son, advanced systems engineering 
specialist at Lockheed's Austin, 
Texas division . "We wanted to 

know w hat loading force is being 
applied to each point on the w ing 
during each of the 700 milliseconds 
or so it takes to stop a plane. We 
thought we'd try to come up w ith a 
simulation rather than risk breaking 
a lot of wings." 

The RPV has a 13-foot wingspan 
and weigh s approximately 200 
pounds. It is intended for use in a 
tactica l en vironment where it will 
have to be launched and quickly 
recovered in a rela tively small area. 
The code Nicholson and his collab
orators developed to simulate the 
RPV recovery has three basic parts; 
it simulates the plane in flight, the 
stretching and shaping of the net 
around the RPV and the dyn amics 
of the net's braking system. 

"Simulating the first part, the 
RPV's flight dynamics, isn 't that 
complica ted," Nicholson said. 
"There are six degrees of freedom: 
the x, y and z coordinate axes and 
the rolling, pitching and yawing of 
the plan e. There are two coordinate 
systems, one fixed on the plane and 
one fi xed on the ground, so the code 
has to per form matrix coordina te 

RPV and recovery net. 

transformations back and forth be
tween them." 

The second part of the code is the 
most time consuming. The force bal
ance calcula tions needed to describe 
the deformation of the net can in
volve thousands of iterations. "Each 
time the equilibrium for a particular 
point on the n et is calculated, it can 
th row off other points that have al
ready been calcu lated," explained 
Nicholson. "So the computer has to 
keep sweeping over a row of points 
until it finds where they all balance 
out within our required range of 
precision. Then it feeds the forces 
back into the simulation of the 
flying RPV, lets it fly for another 
millisecond, sees what it does, then 
goes through the force balance cal
culations again . The CRA Y is an ex
cellent machine for this kind of 
repetitive calculating." 

The third part of the code simulates 
the net's braking system. The fou 
corners of the net are a ttached to 
steel cab les which are wound 
around a rotating d rum positioned 
behind the net. Brake shoes hold the 
drum stable and keep it from rotat-
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ing unnecessarily. "This was the 
hardest part to model," said Nichol
son." The equations governing aero
dynamics and the net dynamics are 
pretty well understood, bu t we 
really ended up modeling this to 
match our results. It was hard to 
model for a number of reasons. For 
example, the amount of cable that 
unwinds and the ra te a t w hich the 
drum turns depend to some extent 
or. the elasticity of the cable. We 
had to consider three elasticity coef
ficients, one for the cable and one 
each for the vertical and horizontal 
straps of the net." 

The flight recovery simulation code 
is currently running on a CRA Y -1 /S 
System a t Lockheed Integrated 
Computer Services in Sunnyvale, 
California. 

Development of the remotely pilot
ed vehicles is cu rrently in the testing 
stage. Additional testing needs to be 

lj ""'done to see if the RPV can handle 
..... varying recovery conditions. Be

cause of the CRA Y's speed it is 
practical to run simulations for 
many different conditions. "For 
example," Nicholson said, "we can 
run it to see what would happen if a 
number of straps bunch up on one 
point on the wing or if we change 
speed or change the material the net 
is made of. The RPV must be able to 
be recovered with a crosswind of so 
many miles per hour, and that 's 
another thing we can simulate." 

Testing of the RPV will continue for 
some time yet, but, without the help 
of the CRA Y, the recovery simula
tion might never have gotten off the 
ground. 

CRA Y BLITZ does it 
again 

What was on ce a contest last year 
became no contest. After victory at 
the 1983 World Computer Chess 
Championship, CRA Y BLITZ went 

1"on in 1984 to pick up the Associa
cion for Computing Machinery 
(ACM) computer chess cham
pionship. 

The ACM contest pitted the top 14 
chess programs in the country 
against each other. "After three 
rounds we had it clinched, even 
with one round left to go," said Bob 
Hyatt, CRA Y BLITZ's developer 
and Chief of Systems at the Uni
versity of Southern Mississippi. 
"Nothing in the world comes close 
to the speed we've got now, not 
even th e s pecial-purpose ma
chines." 

In 1982 CRA Y BLITZ tied BELLE, 
Bell Laboratories' special purpose 
chess-playing computer, for the 
ACM championship. Running on a 
CRAY X-MP the following year, 
CRA Y BLITZ unseated BELLE a t the 
World Computer Chess Cham
pionship. Last year, a multitasked 
CRA Y BLITZ running on an 
X-MP/48 also stole the ACM cham
pionship, held in San Francisco. 

The multitasked version of CRAY 
BLITZ can ca lcula te from eight to 
nine moves ahead during its turn, 
depending on the number of pieces 
on the board. That ability requires 
analyzing about 100,000 possible 
positions per second, or 6 to 7 mil
lion each minute. During an end 
game, CRA Y BLITZ can calculate 
up to 45 moves ahead . 

"There are really two schools of 
thought o n how to approach 
computer chess." explained Hyatt. 
"The 'brute force' approach we use 
takes advantage of the speed availa
b le on a computer like th e CRA Y. It 
just calculates every legal move and 
checks its outcome. The 'selective 
search ' approach, on the other 
hand, tries to emu la te human 
thought and so saves time by reject
ing obviously bad moves from the 
start. But now the CRA Y is so fast 
tha t our brute force method is get
ting the same resu lts as selective 
search." 

Hyatt explained the multitasking 
procedure used on CRA Y BLITZ : 
"To ma ke use of the four processors, 
we redesigned the tree search algo
rith m to make use of a parallel 

search of the game tree. The CFT 
multitaskin g primitives (TSK
ST ART, TSKWAIT, LOCKON, 
LOCK OFF, EVW AIT, EVPOST, and 
others) are easy to understand and 
to use. The reentrancy feature of 
CFT also works well and causes no 
problems. The actual multitasking 
algorithm causes many problems as 
the testing, debugging, and trying 
to reproduce a bug make life very 
interesting. Simpler algorithms for 
stra ight number crunching are 
much easier to implement and 
debug. 

"We chose to implement multitask
ing in the most effective way we 
cou ld envision, where each proces
sor starts searching a portion of the 
game tree and all processors com
municate with each other relative to 
best move(s) found, best/worst 
scores, etc. Our initial approach fol
lowed research don e a t McGill Uni
versity an d the University of Alber
ta. However, they are both using 
networks of multiprocessors, not 
a tightly-coupled symmetric archi
tecture like the X-MP. We are n ow 
diverging from their research path 
since we have a much better archi
tecture to work with in terms 
of ease of use, low communica
tion/synchronization overhead and 
ultra-high computation speed . 

"The most critical problem we have 
encoun tered and are still working 
on is load balancing among the pro
cessors. If one processor is given 
more work to do than the other 
three, there will be a time interval 
when it is the only one doing an y
thing and the other th ree are wait
ing on it to complete its task. This 
reduces overall throughput and can 
sometimes be quite sign ifican t. In 
San Francisco, we carefully kept 
statistics on the first game and 
found that from the potential factor 
of four available from four proces
sors, we were able to average 3.6 
processors busy for the entire game. 
Our a lgorithm is very good about 
avoiding d uplicate work between 
two or more processors, so we es
sentially saw the program run 3.6 
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times faster than with one proces
sor. Further testing has confirmed 
this. However, for the next game, 
due to our complex search algo
ri thm, we dropped to approximately 
3.1 processors average because the 
game was more tactical, which 
tends to defeat our load balancing 
and yield poorer results. 

"We are still studying the problem 
and have several new ideas that 
seem to promise even better utiliza
tion of the processors. Obviously, 
we are a lso anticipating a greater 
use of multiprocessing as new hard
ware becomes avai lable. This has 
forced us to design an algorithm 
than can balance the load among n 
processors, a non-trivial problem. 
The algorithm has been written and 
tested. On the X-MP/48 we have 
run up to twenty ' logical CPUs' 
wi th the present algorithm with no 
problems." 

Computer chess competitions aren't 
quite like contests between human 
players, Hyatt added. During a 
compu ter match, players move 
pieces on an actual game board ac
cording to instructions fed to them 
by t h e competing machines. 
"During a game, I'm essentially re
duced to an I/0 peripheral for the 
computer," H yatt said . "In other 
ways, though, it's a lot like a regular 
tournament except nobody's 
going 'Shhh '." 

CRA Y resuscitation 
successful 

It may be a shock, but electricity 
and water don't mix. That lesson 
was learned last Fa ll when a 
CRA Y-1 /S at Lawrence Livermore 
National Laboratories (LLNL) ran 
into a plumbing problem. A defec
tive water pipe leaked onto the ma
chine, the machine went down and 
a major revival operation was 
launched. 

The CRA Y was rescued by a com
bined effort of Cray customer engi-

and international technical support 
departments in Chippewa Falls, 
Wisconsin. All of the machine's 
modules had to be removed and 
about half of them were sen t to 
Chippewa Falls for inspection and 
cleaning. "From sa mpling modules 
a nd observing wa ter patterns on the 
machine, it was determined which 
modules were likely to have gotten 
the most exposure. These were 
brought back to Chippewa, about 
500 in all," expla ined Lou Saye, 
chief engineer of reliability and 
quality at Chippewa Falls. "The 
water had rust-like contaminants in 
it and h ad migrated under the print
ed circuit boards, between the 
boards and the cold p late." 

The modules that were brought 
back to Chippewa Falls were torn 
down, cleaned up, baked out, put 
back together, tested then shipped 
back to the Lab, a long with a cadre 
of Cray ma nufacturing personnel to 
help reassemble the lobotomized 
machine. "Chippewa Falls respond
ed with the reinforcement that was 
needed," said Art Unger, engineer 
in charge at the Lab. " It was a full 
complement of people and the situa
tion was treated a lmost like a new 

installa tion, including wiring and 
testing support." 

The doused computer was disassem
bled, cleaned, reassembled and back 
up and running within 50 days. "At 
the time, tha t machine accounted 
for about 15 percent of our total 
computing capacity," com mented 
Dr. Robert Borchers, associate direc
tor for computation at LLNL. "At 
first, we were sort of terrified, but 
the rescue operation turned out 
better than expected." As a precau
tion against repeat incidents like 
this one, permanen t protective um
brellas are being installed over all of 
the Livermore computers. 

Borchers wrote to express his 
delight at the successful recovery: 
"Serial 43 is back up and running, 
apparently as solidly as ever ... your 
organization's response to this inci
dent was ou tstanding and attests to 
the responsibility Cray feels to keep 
the machines running, as well as t 
the robust nature of the liS design 
and hardware. I hope you will see 
that all people involved are made 
aware of our appreciation of the 
quality and speed with which Cray 
responded." 

neers at the Lab and personnel from Rust and residue on a printed circuit board after exposure to water and 
Cray's ma nufacturing, systems test contaminants. 
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