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FOREWORD

The ACS Symrpostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
N CHEMISTRY SERIEs except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Symposium SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

The term “computer networking” conjures up an image of computer

nodes linked by telecommunications in such a way that all those
computer resources would be accessible to anyone connected to the net
and that a single problem could be handled by two or more computers
in the net without human intervention.

Actually the computer networks commonly found today are of two
general but simple types: (1) star computer networks, whereby a single,
central computer has communication lines radiating to terminal devices;
and (2) communication networks, whereby a user at a terminal can con-
nect with anyone from a variety of computer-based services remotely
located, by dialing the appropriate telephone number.

Technically, all the components of computer networking could be
present in a single chemical apparatus or laboratory or spread over a
campus, a region, a country, or the world.

There are several motivations for computer networking, including:

1. Sharing of data and of bibliographic information resources.

2. Sharing of specialized and expensive computing resources, dedi-
cated to a particular mode of problem solving, by users who are geo-
graphically dispersed.

3. Provision for loose-coupled computing support for the experi-
mentalist who has a tight-coupled controlled system and occasionally
needs additional computer resources.

4. Standardization of protocols and algorithms. The variations that
now exist, which render software from different sources incompatible,
are often idiosyncratic rather than substantive.

5. Sharing of algorithms via a few sites. This means that the best
thinking of researchers working in a specific area can be accumulated,
used, and continually revised within a common mode of representation.

6. A distributed network of minicomputers at one site may be
cheaper, easier to program, and more reliable than one large computer.

A report has been published on three EDUCOM-conducted broad
and intensive seminars on networking entitled “Networks for Research
and Education” (Greenberger, M., J. Aronofsky, J. L. McKenny and
W. F. Massey, MIT, Cambridge, Mass., 1974) which may be summarized
as follows:

vii



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.pr001

. %1) Computer networking must be acknowledged (no person is an
island );

2. major inhibitors of the realization of networking potential are
political, organizational, and economic—not technological; and

3. networking by itself is not a solution to current deficiencies—
user practices, institutional procedures and government policies need to
adapt.

Networking to enhance scientific education and research will develop
in direct proportion to the initiative shown by the scientists themselves.
Discipline-oriented computing is most likely to promote diffusion and
acceptance of computer-based enhancements to the particular discipline.
This follows because the hierarchical leadership structure, a common
language, the established discipline-based communication media such as
journals and conferences—all of which facilitate evolution of a discipline
—also provide the natural environment and mechanism for infusing and
accepting the comprehensive and pervasive computer impact.

Regional, national, or worldwide networking depends on the quality
and accessibility of an adequate telecommunications system. Networking
within a laboratory, campus, or city can be implemented directly through
telephone lines, coaxial cables, microwave links (line-of-sight, range 50
km) or even infrared beams (line-of-sight, range 10 km, dry and clear
atmosphere).

For areas with an inadequate terrestrial communications system, the
domestic communications satellite will be important. Because the syn-
chronous orbit satellites will “hover” 22,300 miles above the equator,
the total path length of a signal from a terrestrial terminal to a terrestrial
computer and back again will be about 90,000 miles. That will require
% second because of the finite speed of light and will have to be taken
into account. Such audio and video communications satellites are already
being used experimentally for health care and education in Alaska,
covering an area as large as Texas, and for the expansion of medical
education into states without a medical school such as Alaska, Montana,
and Idaho.

The so-called “march of the minis” is an understatement of the
impact of the mini computer—that “shrunk in the wash” general purpose
computer system now accessible to every university department, every
college, and every high school. The mini computer supports not only
local interactive computing and batch processing but functions as a
remote-job-entry station as well, facilitating access to remote special
purpose computing facilities via telephone lines—i.e., through network-
ing. Indeed, the hand-held micro computer, as well as “distributed intelli-
gence” microprocessors installed in servo and sensor devices (including
all scientific research equipment), puts the choice as well as the com-
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puter into the hands of each teacher and researcher; it effectively removes
the administrator from computer service selection just as he is removd
from the selection of textbooks for a particular course or of a piece of
equipment for a research laboratory. So-called “intelligent” terminals
give every chemist the opportunity to do local computing and have
technologically transparent access to remote computer services via
telecommunications.

At the other extreme, no university or chemical industry has on its
site today the most powerful computer commercially available. Only the
taxpayer-supported National Science Laboratories are that privileged.
Computer networking means that those expensive resources could be
realistically accessible, not only to the in-house scientists physically
located at those national laboratories but also to their peers at universities
and in industry throughout the nation. The current growing movement
toward a National Resource for Computation in Chemistry, if successful,
will lead to a truly effective NRCC in direct propotrion to the extent that
computer networking is involved.

The papers comprising this Computer Networking and Chemistry
Symposium were selected because they span various important ways in
which computer networking is affecting chemistry research and educa-
tion. Although most of the authors are chemists, a few are computer
scientists whose work is relevant to chemistry. In some cases the papers
are written jointly by chemists and computer scientists, showing what can
be done at a well-developed chemistry and computer science interface.

Illinois Institute of Technology PerER Lykos
Chicago, IlIL
May 1975
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CRYSNET: A Network for Crystallographic
Computing *

T. F. KOETZLE, L. C. ANDREWS, F. C. BERNSTEIN and H. J. BERNSTEIN
Chemistry Department, Brookhaven National Laboratory, Upton, N. Y. 11973

The CRYSNET system is comprised of a group of five intelli-
gent terminals, which primarily are utilized to carry out computa-
tions in the field of crystallography, and which communicate with
the Control Data Corporation (CDC) model CYBER 70/76 (7600)
computing system at Brookhaven National Laboratory (BNL). These
terminals are installed in laboratories geographically distributed
from New York to Texas, where they currently are used in a wide
variety of structural investigations. Three out of the five
terminals have interactive three-dimensional graphical displays.
Structural results can easily be visualized through the medium of
computer graphics, and the research programs of groups with access
to the CRYSNET graphics terminals have been enhanced greatly.

System Organization

The basic CRYSNET system organization has been discussed
previously (1,2). Here we briefly will review the hardware and
software configurations, with emphasis on some recent develop-
ments.,

Hardware for the CRYSNET graphics terminals was selected to
satisfy two important requirements: 1. The terminal should pos-
sess a versatile communications interface and be capable of con-
nection via ordinary telephone lines to a variety of host
computers, and 2. The terminal should support a flexible stand-
alone interactive graphics package suitable for molecular model-
ing. The chosen terminal configuration, a Digital Equipment
Corporation (DEC) model PDP 11/40 minicomputer, with 28K words
core memory, hardware floating-point processor, a 1.2 M word disk,
card reader, magnetic tape and printer/plotter, interfaced with a
Vector General three-dimensional display, has the additional

*Work performed under the auspices of the Energy Research and
Development Administration, and supported by the National Science
Foundation under Grants AG-370 and GJ-33248X, and in part by the
National Institutes of Health under grants CA10925 and RR05539.
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advantage that the terminal itself provides sufficient computing
power to perform small crystallographic computations.

The graphics terminals currently operate under DOS/BATCH ver-
sion 9.20c, with applications programs almost entirely written in
FORTRAN. Use of a higher-level language enables code to be trans-
ferred with relative ease to different hardware configuratioms,
and allows practicing crystallographers to program the system.

The BNL computing center operates the INTERCOM system (SCOPE
3.4) on a CDC 6600 front-end, and SCOPE 2.1 on the 7600. The
CRYSNET terminals communicate with INTERCOM via ordinary telephone
lines at 2,000 baud (synchronous), under the CDC mode 4c or ANSI
200 User Terminal protocol. INTERCOM provides flexible file-
manipulation facilities, allows interactive processing on the
6600's, and submission of jobs to the batch queues of the 6600's
and 7600.

Under CRYSNET, large computations may be performed at the BNL
CYBER 70/76, by use of programs from an extensive crystallographic
library, with I/0O especially tailored for a remote user environ-
ment. Beside BNL, the CRYSNET terminals have been used to com—
municate with CDC systems at Courant Institute, New York Univer-
sity, at Lawrence Berkeley Laboratory, and the National Center for
Atmospheric Research (Boulder), as well as with the IBM 360/91 at
UCLA. An asynchronous port on two of the terminals has been used
to communicate with a DEC PDP 10 system at the National Institutes
of Health.

Molecular Graphics

A versatile molecular modeling software package is under
development for the PDP 11/Vector Genmeral terminals (3,4). Cur-
rently operational are five major graphics programs:

1. PRICIN, which allows real-time rotation of stick figures of
molecules with up to 740 atoms. This program includes optional
side-by-side or top-bottom mirror-image stereo, and provides hard-
copy output at a user-designated scale (cm/Bngstrom) on the termi-
nal Versatec printer/plotter. Bond distances, angles and torsion
angles of interest may be output to the console keyboard or the
printer/plotter. A modified version of PRJCIN, running in inter-
active mode on the CDC 6600 under INTERCOM, has been used to draw
molecules on a Tektronix model 4010 storage-tube graphics ter-
minal. Crystallographic symmetry-generation, currently accom-
plished via an independent program GEN which produces a PRJCIN
input file with symmetry-related atoms, is in the process of being
added as an option in PRJCIN.

2. ELLIPS (5), a program which produces representations of mole-
cules with atoms drawn as ellipsoids to show amplitudes of aniso-
tropic thermal motion. These views are similar to those produced
by the ORTEP program (6) commonly used on a large computer with a
mechanical plotter.
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3. STIPL, which displays space-filling models with variable

van der Waals radii. Atoms are represented as stippled spheres;
the hidden portions of atoms are optionally not drawn. Although
the direction of view can be selected by the user, real-time rota-
tion is not possible with this program, because of the relatively
large amount of core needed to store the large number of points
used to draw most molecules.

4, BUILDR, a model-building program which generates stick figures
of molecules from a specified connectivity plus bond distances,
angles, and torsion angles. This program is important, because it
provides an alternate method for specifying molecular structures,
besides the input of a known set of atomic coordinates.

5. MANIPL (7), a program to accomplish the interactive fit of
molecular models to contoured electron-density maps. The user can
change the contour-level of the map, and control the position,
orientation and conformation of the molecule with control-dials.
The functions assumed by these dials may be dynamically redefined
in order to provide flexibility of operation. Experiments are
underway to fit a protein model to a density map with MANIPL (see
below), and improvement of this software continues.

Applications

The crystallographic groups who are members of CRYSNET repre-
sent a wide range of interests in structural chemistry and bio-
chemistry (Table I). This broad user community requires a compre-
hensive crystallographic software package to run on the CYBER
70/76 at BNL. Computations recently performed on the CYBER 70/76
have included, for example, phase calculations from multiple iso-
morphous replacement X-ray data for the protein D-xylose
isomerase, full-matrix least-squares refinements of the structures
of several carbohydrates (8,9) and an anti-cancer drug (10), and
fast-Fourier transform calculations of electron-density syntheses
for various hemoglobins. In addition, several structures have
been solved with computations performed entirely on the PDP 11/40
terminal. This mode of operation is quite quick and convenient;
for example, a complete structure determination for guanidinium
trans-disulfatotetraaquocobaltate(II), which included data reduc-
tion, and location of all atoms from several successive structure
factor-Fourier calculations, was accomplished in this way within
the space of one day.

The CRYSNET Vector General displays have been used to portray
results at various stages in the process of structure determina-
tion and refinement. The ability to obtain graphical output
quickly and easily, with optional hard copy, has been especially
useful in surveys of trial structure solutions, and in the com
position of final results for publication (Figs 1-3). In addi-
tion, the display has been used to examine structures from the
crystallographic literature, by retrieval of information from the
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Table I. Research Interests of CRYSNET Member Groups

Brookhaven National Laboratory

Institute for Cancer Research

amino acids and peptides
carbohydrates

clathrate hydrates
electron-density studies
folate inhibitors

metal hydrides
nucleosides

Johns Hopkins University

hemoglobins
immunoglobulins

Texas A & M University

bile pigments
coordination compounds
porphyrins
staphylococcal nuclease

anti-cancer agents

model compounds for protein-
nucleic acid interactions

D-xylose isomerase

Medical Foundation of Buffalo

antibiotics
prostaglandins
steroids

Figure 1. View of the structure of trimethoprim (9); retraced from
Versatec plotter output of program PRJCTN
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Acta Crystallographica

Figure 2. Drawing of vL-phenylalanine cation in L-phenylalanine hydrochloride
(14); output of program ELLIPS

Figure 3. Space-filling model of p-glucaro-3-lactone (8); output
of program STIPL
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Cambridge Crystal Data File (ll) and from the Protein Data Bank
(12).

~ The development of program MANIPL, to accomplish inter-
actively the fit of molecular models to contoured density maps,
has been referred to above. To date, segments of a model of
staphylococcal nuclease have been fitted with moderate efficiency
to a 1.5 Angstrom resolution electron-density map of the protein
(Fig 4). With an entirely different software package, the display
has been used to aid the refinement of the structure of lamprey
hemoglobin. In this work, models of portions of the polypeptide
chain which were idealized by the method of local change (13),
have been viewed superimposed upon contoured sections of electron
density (Fig 5).

CRYSNET has currently been in operation for approximately two
years. During this period, it has become clear that an intelli-
gent graphics terminal can satisfy the computational needs of a
typical crystallographic group, and that access to graphics
greatly enhances research on crystal and molecular structure, for
small and large molecules alike.
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(Abstract)

The CRYSNET system is comprised of a group of five intelli-
gent terminals, which are used primarily for computations in the
field of crystallography, and which communicate with the CDC
CYBER 70/76 system at Brookhaven. Three out of the five terminals
consist of DEC PDP 11/40 minicomputers with 28K words of core
memory and interfaced with Vector General three-dimensional dis-
plays. An extensive library of interactive molecular-modeling
software is being developed for these terminals. Programs are
currently available which allow real-time rotation in stereo of
stick figures of molecules with up to 740 atoms, display of space-
filling models with variable van der Waals radii, generation of
stick models from a specified connectivity plus bond distances,
angles, and torsion angles, and interactive fit of molecular
models to electron-density maps. The terminals provide access to
the data files for organic compounds compiled by the Cambridge,
England Crystallographic Data Centre, and to the Protein Data
Bank, a comprehensive file of crystallographic data for macro-
molecules, compiled at Brookhaven, which currently includes data
for 20 proteins.
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Figure 4. Stereoview of thymidine-3’, 5-diphosphate in single-level
3-D electron-density contours of the ternary complex of thymidine-3',5'-
diphosphate, Ca?*, staphylococcal nuclease at 1.5-2.0 A resolution (map
courtesy of F. A. Cotton and E. E. Hazen). Output of program MANIPL.

Figure 5. Stereoview of a fragment difference-density

map for lamprey hemoglobin. An adjustment in the

position of the proline ring is clearly indicated (map
courtesy of ]. C. Hanson).
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Remote Terminal Computer Graphics

DAVID L. BEVERIDGE and ELIAS GUTH

Chemistry Department, Hunter College of the City University of New York,
695 Park Avenue, N. Y., N. Y. 10021

The dominant theme in the development of computer technology
in the 1970's is teleprocessing. The interface between user and
computer has evolved from punched cards and printed output passed
across an input/output desk to job creation and retrieval by in-
teractive terminals for individual users and remote batch entry
for groups of users. Communication between user and computer is
carried out over ordinary telephone lines. Large central proces-
sors serving local and regional computer needs on a remote basis
are now common, and several national networks, both federaly
funded (ARPANET) and commercially funded (CDC-CYBERNET) are oper-
ational. More, including a national center for theoretical chem-
istry calculatiens, are contemplated.

The scientific community has greatly benefited from these
developments. Improved access to digital computer equipment makes
possible a vast saving of valuable user time and can significant-
ly increase individual productivity. In chemistry in particular,
scientists carrying out theoretical studies of chemical systems
based on quantum mechanics, statistical thermodynamics and molec-
ular dynamics or experiments involving large scale data reduction
such as x-ray crystallography and magnetic resonance spectroscopy
have been direct beneficiaries of developments in computer tech-
nology. Quite often, however, the computer output generated by
chemical computations is extensive and unwieldy. For interpreta-
tion of results one often turns to computer graphics, i.e. incre-
mental plots drawn by a pen under computer control or storage dis-
plays wherein a plot is generated under computer control on a
storage display cathode ray tube. Several examples of computer
graphics used in interpreting various calculations on chemical
systems are shown in Figs. 1-5.

The capabilities for accommodating card input and printed
output as well as an interactive link with the central processor
for console purposes are provided as standard equipment on mini-
computer-based intelligent (programmable) remote job entry termi-
nals. At present however, the facility for routinely dealing with
computer graphics on a remote basis in a convenient and economic

9
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Figure 1. A computer-drawn x-y
Jew Plot from research conducted by
M. Tomasz and co-workers
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Figure 2. A computer generated stereoscopic
view of the chemical neurotransmitter acetylcho-
line in roughly the geometry preferred in aqueous
solution. This drawing was generated using the
program ORTEP by C. K. Johnson and was used
in studies described by D. L. Beveridge, M. M.
Kelly and R. ]. Radna, J. Amer. Chem. Soc. (1974)
96, 3769.

Figure 3. A computer generated confor-
mational energy contour map calculated
for acetylcholine in water using theoretical
methods. The coordinates +(01-C5-C4-N)
and (C6-01-C5-C4) are dihedral angles
referred to Figure 2. The structure in
Figure 2 correspond to v(01-C5-C4-S) =
60° and +(C6-01-C5-C4) = 180°.
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manner is not widely available. We describe herein a method for
remote terminal computer graphics based on a system designed com-
patible with all standard intelligent job entry terminals, and
completely independent of special consideration from the central
site. The system uses standard commercially available hardware
and can be implemented with a knowledge of minicomputer program-
ming commensurate with that required for laboratory tasks such as
data acquisition and instrument control.

The remote terminal computer graphics system is described as
implemented on facilities of the Hunter Chemistry Computer Labo-
ratory, where graphics capabilities have been developed for net-
work enhanced research and instructional activities based on re-
mote access to the CDC-6600 computer at the Courant Institute of
Mathematical Sciences (CIMS) at New York University and to the
IBM 370/168 facility of the City University of New York (CUNY)
Computer Center. Some background on general aspects of intelli-
gent remote job entry is provided in the next section, followed
in Section II by details of the remote terminal computer graphics
system.

I. Intelligent Remote Job Entry

Remote terminal computer graphics involves additions and
modifications to the remote job entry terminal hardware and soft-
ware. In this section we describe briefly the hardware and soft-
ware components of a typical remote job entry terminal. Addi-
tional details of teleprocessing for chemists have been described
recently elsewhere.l

Hardware. The minimal equipment configuration for intelli-
gent remote job entry is a programmable minicomputer interfaced
to a card reader, line printer, teletypewriter (console), and
data set for telecommunication. A facility of this type can be
implemented for as little as $25,000. A schematic diagram of the
Hunter Chemistry Computer Laboratory hardware is shown in Fig.6.
Note that in addition to the minimal hardware, this system in-
cludes a mass storage disc, adding an additional $10,000 to the
capital investment. This is an optional item. The hardware re-
quired for remote terminal computer graphics will be described in
the following section.

Software. The computer program resident in the minicomputer
memory during teleprocessing serves three distinct functions:
a) the management of input/output activities, b) the translation
and compression/decompression of outgoing and incoming communica-
tions on the data line, and c) data line protocol. These func-
tions are scheduled for parallel processing on a priority inter-
rupt basis. A schematic diagram of typical terminal software de-
signed for teleprocessing in an IBM 370/168 environmentZ is shown
in Figure 7.
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Figure 4. Computer generated stereoscopic
views of the minimum energy structure for (top)
a tetrahedrally hydrated K* ion and (bottom)
tetrahedrally hydrated F- ion. Produced using
the ORTEP program in conjunction with studies
described by D. L. Beveridge and G. W. Schnu-
elle, J. Phys. Chem. (1974) 78, 2064 and un-
published data.

Figure 5. Computer generated perspective

views of density difference maps for (top) the

o2 ground state and (bottom) the o’ excited
states of H,

H CINS
z m COC 8600
gﬁ:@ : Z TELETTPE oM :zm
=) |
o] | b, | e

Figure 6. Schematic of hardware ele-
ments of the Hunter Chemistry Com-
puter Laboratory ca. May 1975
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To follow the flow of events involved in remeote batch proc-
essing, consider a typical batch job submitted on cards at the
terminal and producing printed output. Card input is placed in
the card reader and the reader is activated by a console command.
Cards are read under program control of the reader driver and
copied into the appropriate device buffer. The card image at
this point is in a binary representation of hollerith code. When
the cards are in and/or the device buffer is full, a flag is set.
This schedules the "READER GET" routine which picks up the card
image from the device buffer, converts it to EBCDIC, compresses
out blanks and repeated characters, and places the translated,
compressed code into a communication buffer. When this is com-
plete, the data line transmitter (DLC XMTR), is scheduled. The
transmitter section of the teleprocessing software picks up the
contents of the communications buffer, adds the appropriate bina-
ry synchronous line protocol characters, and outputs the communi-
cation character by character to the data line controller and
thereby onto the telephone line.

A communication received from the central site is processed
under program control of the data line receiver (DLC RCVR) in the
teleprocessing software. The receiver picks up incoming communi-
cation character by character, interprets and strips away line
protocol characters, assembles the reception in a communication
buffer, and schedules the "PUT" routine corresponding to the out-
put device for which the reception is intended. The PUT routine
manages decompression, translation from EBCDIC to code appropri-
ate for the output device, places the translated, decompressed
code in the device buffer, and schedules the appropriate output
device driver. The communications cycle is completed when a
physical representation of the reception is displayed on the ap-
propriate output device.

For teleprocessing in the environment of another type of
host machine such as the CDC 6600 involves an analogous flow of
events, but will differ in details such as line code and data
line protocol.3 Thus communication of a single intelligent re-
mote job entry terminal with a multiplicity of different host ma-
chines is possible provided the terminal software appropriate for
each different environment is available. The facility shown in
Fig.6 maintains remote batch entry capabilities with both the
CIMS CDC-6600 and the CUNY-370/168 in this manner.

I1. Remote Terminal Computer Graphics

The objective of this project was to provide remote terminal
graphics capabilities at a level commensurate with standard re-
mote terminal input/output activities as conveniently and econom-
ically as possible. Convenience dictates that a) the system
should be implemented with no special effort required on the part
of the system group at the host facility and the system should
operate with a minimum of operator intervention at the terminal
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end and no operator intervention at the host facility required.
Economics dictates that the hardware used should be shelf items
and not require elaborate individual modification.

Hardware. The device selected for our system is the
Tektronix 4010 storage tube display terminal, equipped with a
hardcopy device for production of thermofax-type copies. This is
interfaced as an additional peripheral to the terminal minicom-
puter. The cost of the graphic units is currently around $5000
for the terminal and $3500 for the hard copy device, adding an
additional $9000 to the capital outlay including interfacing.
Thus versatile remote job and graphics capabilities can be ob-
tained with a total capital outlay of the order of $40,000. A
photograph of the remote terminal graphics facility in operation
is shown in Fig.8.

Software. The software involved in remote terminal computer
graphics can be conveniently discussed in terms of a) plot gener-
ation and b) plot retrieval and display. The flow of events in
a remote graphics job is shown schematically in Fig.9. This is
typical of our production version implemented in the CUNY IBM
370/168 environment.

To follow the flow of events in remote terminal computer
graphics, consider a typical batch job involving the generation
of graphic output using calls to Calcomp type incremental plot
routines.4 The job as submitted from the terminal consists of an
application program in compiler language such as FORTRAN and in-
put data. The job is telecommunicated to the central site as de-
scribed in section II. At the central site the program is com-
piled. External references to Calcomp plot routines are satis-
fied using the Calcomp Previewing Routines supported by Tektronix.
The Calcomp Previewing Routines reference in turn the Tektronix
Terminal Control software resident at central site.

Execution of the graphics application program at the central
site causes an input data to be read and generates a standard
printed output file. Calls to the Calcomp subroutines generate
calls to the Terminal Control Program. The Terminal Control Pro-
gram and attendent display drivers would in a local graphics sys-
tem manage the creation of a display on the graphics screen,
automatically taking care of sizing and other housekeeping chores.
Here we intervene and require the Terminal Control Program to
produce an output file (plot file) consisting of the arguments to
be supplied to the graphic display drivers for generating the
display. Both the printed output and plot file are then queued
for communication back to the terminal. Any code conversion
scheduled for the plot file by the central site is suppressed. A
high order bit is added to each word of the plot file to distin-
guish the contents from accidental coincidence with data link
control characters.

In the returning output to the terminal, we are required to
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distinguish the plot file from standard printed or console out-
put. The general specification of individual terminal capabili-
ties at the central site may contain provision for any number of
peripherals, and customarily IBM 360/20 intelligent terminals
and their emulators are support a reader, printer, console and
punch. Thus output intended for a certain output device will be
preceded by a characteristic data link control character, which
is processed upon reception in DLC RCVR. We do not support a
card punch locally, so plot files are generated and returned as
punch files from the central site. A plot file received at the
terminal from the central site passes through DLC RCVR to the
plot/punch "PUT" routine where decompression occurs and the file
is placed in the graphics terminal device buffer. No code trans-
lation is carried out, since the plot file as generated by the
Terminal Control Package is already in a form suitable for fur-
ther use. The graphics display drivers resident in the terminal
minicomputer are then scheduled, and the physical display is gen-
erated on the storage tube display screen.

The system as described was made operational in the CUNY
IBM 370/168 environment in February of 1975. An analogous version
has been operational in the CIMS CDC-6600 environment since Sep-
tember 1972. Figs. 1-7 and Fig. 9 of this article were generated
on the Hunter Chemistry Computer Facility.
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Multiprocessor Molecular Mechanics
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""Chemical phenomena must be treated as if they
were problems in mechanics.!" Lothar Meyer,
co-discoverer, with Mendeleev, of the periodic
table, 1868. (1)
Life is based on marvelous biomolecular machinery, and
a central theme in molecular biology has been the role of this
machinery's precise molecular architecture. Such molecular
architecture, however, is only a static snapshot of a moving,
ever changing microscopic world. We are building a macro-
scopic machine, NEWTON, an internal network of several com-
_uter rocessors, to hel the human chemist or molecular
biologist investigate and understand the molecular dynamics, the
detailed time evolution, as well as the structure of biomolecular
systems, for example of enzymes, of membranes, of biomolec-
ular self-assembly. Chemists have long known that such
biomolecular behavior is in theory derivable from mechanics,
but computational barriers to such a molecular mechanical
approach to atomic motions have seemed insurmountable. We
have now designed an instrument which will closely interface a
human chemist through three-dimensional visual and touch
interaction to an extraordinarily powerful networked computer
system capable of integrating the classical mechanical coupled
differential equations describing the motions of several hundred
atoms under their mutual interatomic force fields in such rapid
fashion that the chemist can watch the interacting bio- and solvent
molecules evolve and reach into a volume of space to actually
manipulate simulated atoms, feeling the changing forces upon
them, in order to set up and guide the molecular system into the
desired chemical pathway. Potential applications span all
molecules; their structures, properties and reactions, but
particular biomolecular applications include protein confor-
mation, the dynamics of enzyme-substrate interaction, allo-
steric effects, membrane transport, drug-receptor dynamics
and drug design (enzyme blocking agents, antibiotics, specific

17
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complexing agents), antigen-antibody interaction and biomolec-
ular self-assembly.

I. Introduction and Background

Since Newton in the 17th century, it has been clear that
the structure (statics) as well as the motions (dynamics) of a
set of particles are based on the forces between them. Thus,
ever since the atomic theory crystallized in the 19th century,
chemists have dreamed that the properties of molecules would
someday be derivable from the forces between atoms. We now
know that the problem divides into two parts: that a quantum
mechanical treatment is required for the electrons in order to
derive the potential (or force) field within which the nuclei
move; but that for purposes of understanding molecular structure
or the mechanism of chemical reaction, once the forces are
known the motions of the nuclei may usually be treated by
classical mechanics with reasonable accuracy. It is the classi-
cal part of the problem, the nuclear motions, which we will
discuss here.

While chemists have successfully learned how to under-
stand chemical reactions by calculating atomic motions in a
force field for simple reactions involving a handful of atoms,
such calculations for reactions of organic molecules of ordinary
complexity, let alone the larger molecules of biochemistry,
have been too lengthy to handle with present day computer tech-
nology. A typical organic reaction including solvent effects
might involve 100 atoms, each specified in x, y and z, and thus
the solution (in Newtonian or Lagrangian form) of 300 coupled
second order differential equations, each with up to 300 variables.
Biological polymers, e.g. proteins and nucleic acids, may
require thousands of atoms to represent their properties and
reactions.

While the amount of computer time necessary to integrate
such a set of coupled differential equations is itself a consid-
erable obstacle, the greatest calculational problem which has
prevented a '"mechanical molecule'' approach to organic and
biochemical reactions is a more subtle one: the enormous phase
space of initial atomic positions and momenta which must be
searched to find the region leading to chemically interesting
results. Most molecular conformations, relative orientations
and relative approach velocities do not lead to the desired
chemical reaction. If one were to take a brute force approach
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and systematically search through just five different initial
position vectors and five different initial velocity vectors for a
typical 100 atom organic reaction, looking for those which lead
to the reaction in question, the set of 300 coupled differential
equations would have to be integrated ~ 25100 times! Sucha
brute force approach is not merely difficult with present
computers; it is impossible and will remain so.

On the other hand, the well trained human chemist has,
or thinks he has, a reasonably good conception of what the atoms
must be doing if chemical reaction is to occur. If he could
somehow watch the atoms in three dimensions and reach in and
adjust or steer the molecules into chemically reasonable
proximity, orientation, conformation and velocity, readjusting
the calculation in process, he could collapse an impossibly
large search space into a manageable size. We have developed
a technique of man-machine touch communication to do just this,
allowing us to reach into three dimensional space and adjust
simulated atoms while feeling the forces involved and simul-
taneously watching computer generated 3D images of the inter-
acting molecules. A chemist steering the calculation and
watching the results will quickly learn, we believe, to converge
on the smaller region of chemically meaningful initial conditions.
Thus a tight man-machine symbiosis can develop, the human
being providing his strong points of recognition of meaningful
chemical patterns, of purpose, of direction, of intuition, and
the computer providing storage of parameters and rapid and
exact calculation of their implications in terms of molecular
dynamics, in other words, computing the motions of the atoms
in a molecular system under a given set of interatomic forces
and steered initial conditions.

If a human is to guide such changing and reacting mechani-
cal molecules, the calculation must be fast enough to match the
time scale of human interaction. Even for a molecular system
of 100 atoms, only a large, dedicated processor could keep up
with a human partner for such a task. To handle several
hundred atoms would require a conventional processor of the
combined calculational speed of several dozen IBM 360/65's.
For larger biological polymers, since the number of instructions
scales as N2, where N is the number of atoms, no present
processor appears adequate.

However, as will be discussed below, the needed compu-
tational speeds can be obtained with presently achievable logic,
memory and bus speeds by distributing the computational load
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among several fast specialized processors, running in parallel
and pipelined modes. Processor costs in instructions/dollar -
second have now dropped to the range where biomolecular
dynamics can be investigated for molecular systems with a large
enough number of atoms to be interesting and important. We
have designed such a system, have run a much scaled down test,
and are now constructing a first prototype of a full system.

A. Chemistry. The study of the properties of molecules
as derived from interatomic forces has developed mainly in two
diverse areas: the molecular dynamics of very small molecules
in chemical physics and the molecular statics, i.e. the con-
figuration, of larger molecules, particularly the structure of
organic molecules and the conformation of proteins.

In chemical physics, one of the major themes of the past
decade has been the understanding of chemical processes,
including chemical reactions, in terms of the scattering of
atoms and small molecules (2, 3). One of the main reasons for
the blossoming of this approach to chemistry has been the
development of experimental techniques, often involving molecu-
lar beams and more recently lasers, capable of studying indi-
vidual molecular events with sufficient detail and precision that
conclusive tests of theoretical scattering predictions are
possible.

It is clear that the fundamental theoretical basis of inter-
atomic and intermolecular forces must be analyzed from a
quantum mechanical viewpoint (4), as the electrons have small
enough mass and momentum that their wave nature cannot be
ignored on the molecular scale. It has, however, also become
clear in the past decade that if one has in hand an interatomic
force function, usually expressed in terms of a multidimensional
potential energy surface upon which the more massive nuclei
move, a surface which has either been calculated quantum
mechanically or arrived at by analysis of experimental measure-
ments, then the calculation of static molecular structure or
dynamic molecular evolution and chemical reaction can usually
be handled with reasonable accuracy by the approximation of
classical mechanics. This type of molecular dynamics approach
(5) has been limited to small molecules of only a few atoms
because of computational difficulty.

While in chemical physics, molecular dynamics has been
derived from interatomic potential (or force) functions, in
organic and polymer chemistry molecular structure has been
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studied on this basis. On the organic molecular scale,
researchers have included Hill, Westheimer, Dashevsky,
Kitaigorodsky, Allinger, Lifson, Hendrickson, Wibert, Boyd,
Schleyer, Mislow and many others (6, 7, 8). This technique
has also been extended part of the way into dynamics, to analy-
sis of pathways between structures by calculation of energies
at various intermediate configurations in order to study, for
example, isomerization (9, 10). In polymer chemistry, par-
ticularly protein conformation, a large body of research has
been carried out by many groups including those of Ramachandran,
Scheraga, Lifson, Flory, Liquori, and Hopfinger (11, 12).
Protein conformation is usually treated as an energy minimi-
zation problem with constraints. Most bonded interactions
between atoms are fixed as constraints in bond length and bond
angle, and allowable degrees of freedom are usually rotations
about certain bonds. Nonbonded interactions are specified in
terms of assumed potential functions. A search is then carried
out to try to find the global potential energy minimum, subject
to the constraints. This minimum is then assumed to corres-
pond to the most probable conformation for the protein,
although more recently the locally available phase space has
been estimated as well in order to better taken into account the
entropy contribution to the free energy which should more
correctly be minimized.

We plan a somewhat different approach, related in
coordinates to work by Levitt (13) and by Hermans and McQueen
(14), which is easier to generalize to nonpolymers and much
simpler to program and to split into tasks for multiple pro-
cessors. Bonded and nonbonded interatomic interactions will
all be treated by the same formalism, not as constraints, but
explicitly as force functions, which may however be functions
of the vector positions of several neighboring atoms and need
not be restricted to two body interactions. As frequently as we
can, instead of expressing forces explicitly in terms of angles,
they will be expressed in terms of vector operations such as
distance and the inner product, which can be calculated much
faster than the corresponding trigonometric functions. We will
use force functions instead of the equivalent potential functions
and will not minimize force or potential energy, but rather
assign the correct masses to the atoms and let each one move
under the sum of the forces upon it.

It is interesting to further compare energy minimization
for molecular statics with molecular dynamics. For large
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molecules, each type of calculation must spend much of its
time in evaluating the potential or force. Thus the additional
computer time is not as large as one might think to go from a
calculation which searches for a static structure in which the
atoms are moved in order to find an energy minimum to a
calculation involving a molecular dynamic approach in which
actual atomic trajectories are calculated from the accelerations
of atoms of defined mass under the forces imparted by other
atoms.

Given a machine which will calculate molecular dynamics,
one can also calculate structure, by removing energy until
atomic motion stops, through the addition of a viscous force
proportional to the negative of each atom's velocity vector.
This relaxation technique is equivalent conceptually to dunking
an initially vibrating molecule into a fluid. As an energy
minimum is approached and atomic motion slows down, the
viscosity can be decreased to speed approach to equilibrium.

There are two central difficulties well known in energy
minimization protein conformation studies which must be dealt
with also in using our approach. The first is being trapped in
a local (but not global) energy minimum. This is probably
less likely than with simple energy minimization schemes, as
our atoms will have momentum and are likely to bounce on
through many local minima on their way to a deeper minimum.
We suspect in addition that the human operator watching the
3D visual display (8, 9) will be able to recognize local trapping
as clusters of atoms '"catch'" on each other, and reach in with
the touch interface to nudge them apart. A further serious
difficulty is our lack of precise knowledge of the appropriate
force functions to use (7, 15, 16). We expect a long and
difficult course of research before this imprecision is resolved
for organic and biochemical molecules in general and we
discuss some directions of approach in a later section. Our
machine should be one means of speeding this research.

Classical calculations of the dynamics of large numbers
of particles have also been made in at least three other areas:
astrophysics (17), plasma physics (18) and the statistical
mechanics of assemblies of atoms and molecules. The stellar
and plasma mechanics fields share many similarities as well
as mutual aspects which differentiate them from the molecular
mechanics we are discussing, some of which are summarized
in the following table.
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Feature
i) Scale of
Effects

ii) Scale of
Interaction

iii) Interaction
Complexity

iv) Particle
Complexity

v) Short-
Range
Collisions

vi) Calcula-
tional
Techniques

Molecular Mechanics

Plasma & Stellar

23

Molecular

Often macroscale,
gross effects, ..
many particles
needed, less detail.

Long range; r~
potentials.

2-body usually
sufficient; some-
times magnetic as
well as electrostatic
for plasmas.

Any test particle at
given location would
feel same force with
exception of magni-
tude and sign
(plasma).

For many purposes
collisions can be
ignored.

Fourier Transform
methods between
configuration and
field useful.

Microscale, local
effects usually dominate,
.. less particles needed,
more precision.

Usually short range;
r~ "~ potentials or
shielded Coulomb.

2-body sufficient for
many interactions, but
multibody essential in
many cases.

Different test particles
(elements) would feel
quite different force
fields.

Collisions essential.

Fourier Transform
methods at least
initially appear less
useful.

More closely related to our approach are statistical
mechanical calculations on large assemblies of atoms or
molecules using classical mechanics to follow the trajectories.
While most work has used very simplified potentials, such as
hard spheres, more recently research has begun with potentials
which are quite in the spirit of those needed to consider more
complex molecular processes, for example the central force
model for water by Lemberg and Stillinger (19) which allows
for the possibility of dissociation.

B. Computer.

Our design for a hierarchical, distrib-

uted, semi-parallel, pipelined computer network follows
naturally along the historical path of computer evolution. As
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Lorin (20) points out,

"It is this process of perceiving the existence
of smaller and smaller functions and then imple-
menting them in functionally specialized units that
is the process of 'maturation' in computer develop-
ment. The reduction of a view of a system from
an undifferentiated mass into a collection of discrete
functions is the process by which the computers
have matured. Much of this has been made possible
by technology but much of it is independent. It is
interesting to note there is always a three-stage
cycle in design advance: (1) Recognize the function.
(2) Identify the structure that could perform it.

(3) Build more resources into this structure, i.e.
elaborate it, until it evolves into a highly intelli-
gent asynchronous subsystem capable of relieving
the 'main path' of considerable burden."

This is the direction we have followed.

As several authors have indicated (21), hierarchical
structures, higher levels being composed of similar subunits
themselves composed of smaller subunits, etc., are a natural
result of the evolution of computer hardware and software, as
well as of the evolution of life and of social and economic
organizations (including universities). Man himself is a
distributed parallel processor of information (22), '"a collection
of asynchronous subprocessors with highly distributed intelli-
gence throughout the subsystem'' (20).

Many parallel processors have been proposed and a con-
siderable variety built (23) for use in pattern recognition,
associative processing, optical processing, maximum likeli-
hood calculation, signal processing and the solution of coupled
differential equations (24). Our machine, which will be
employed for the solution of the coupled differential equations
corresponding to Newton's Second Law (and thus the name
NEWTON) for a set of interacting atoms, has several ante-
cedents. They include the Lockheed Differential Equation
Processor (24), Illiac IV and its Solomon predecessors (23, 24),
although Illiac IV seems better suited due to its local data path
structure to the solution of differential equations involving
fixed neighbors (or intercommunicating cells) rather than to
our problem in which the specific neighbors with which each
atom must communicate can be continually shifting. A closer
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resemblance is to the Parallel Element Processing Ensemble
(PEPE) being constructed for the Army Advanced Ballistic
Missile Defense Agency in a project which has involved Bell
Labs, Systems Development Corp., Honeywell and Burroughs
(23). It is a highly parallel machine consisting of a general
purpose host computer (CDC 7600) and many Processing
Elements, each of which can track an incoming missile. It
resembles NEW TON in that it requires very fast floating point
speeds (~ 1 million instructions per second, MIPS) in each
Processing Element and that an important aspect is spatial
discrimination, the distinguishing of which objects are nearby.
It differs in that the objects are presumed non-interacting.
Thus, the structure is single instruction stream, multiple
data stream (true parallel) without need for direct element to
element communication, while our atoms are interacting and
each atom i has its own specific force function, Fy (r, «.. EN)°
We must therefore use a multiple (but similar) instruction
stream, multiple data stream (semiparallel) distributed
structure and provide for intercommunication among the pro-
cessing elements. In addition, PEPE uses associative memory
techniques to distinguish which other objects are the near
neighbors of each object, while, for reasons of cost/perfor-
mance, we plan to use an active discriminator.

Other parallel or distributed systems of interest are the
Carnegie-Mellon Multi-Mini Processor (C. mmp), Korn's
proposal for a multiple minicomputer differential equation
solver, and Neilsen's implementation of such a system. C.mmp
is a symmetric set of up to 16 minicomputers (DEC PDP-11's)
with an equivalent number of memory units, all interconnected
through a cross-bar switch so that any processor can access
any memory and up to 16 separate and simultaneous processor
memory connections are possible. It is designed to be much
more of a general purpose computer than NEWTON, and thus
requires hardware and software flexibility beyond our needs.
On the other hand, it is not designed for large floating point
number crunching, which is our need. Korn (25) in 1972 pro-
posed a system of several PDP 11/45's with floating point
processors and shared memories for the on-line solution of
coupled differential equations describing dynamical systems.
It was designed as a replacement for hybrid digital-analog
differential analyzers, and would have been a worthy precursor
to the computing engine part of NEWTON if he had been able to
build it. While we can run much faster, as will be seen,
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because of our specialized barrel-roll discriminator and floating
point array processors, Korn foresaw many of the aspects of
parallel computation applied to coupled differential equation
solving which we plan to implement. A system related tc Korn's
will be implemented at Loma Linda University by Neilsen in the
near future and applied to coupled differential equation systems
(26).

C. Visual Interface. Already in the 1950's, in real-
time military command and control systems, CRT display con-
soles and a light gun were developed (27). In the 1960's more
sophisticated visual display and interaction systems were
designed, for example Sutherland's ''Sketchpad'' (28). Several
groups have developed software and hardware for three dimen-
sional computer visual display, including digital and hybrid
graphics systems, a head mounted stereoscopic display which
moves with the viewer (29) and several visible surface algo-
rithms and hardware processors (30, 31).

These 3D visual output systems stimulated the development
of input systems for communicating 3D position to computers,
including the Lincoln Wand system using an ultrasonic signal
and 4 point microphones (32), the 3D sonic pen and strip micro-
phone system used by Wipke at Princeton to interact with
molecular imagery (33), systems employing rotational and
translational stages with radial or linear potentiometers (34),
and a ' Vickers Wand'' system using three retractable cords
(35), similar in concept to the four cord system we use for the
""Touchy Feely', our first touch interface.

Burton and Sutherland developed a system (' Twinkle Box'')
which allows the real-time measurement of multiple 3D positions
(36). Small lights attached to an object (which can for example
be a dancing man) flash in sequence, and multiple one
dimensional scanners pick up the positions. We plan a related
system to pick up both position and orientation with our next
touch interface, ' Touchy Twisty'', designed to allow the user
to assemble objects (molecules) while feeling their angular and
positional interactions.

D. Touch Interface. In 1965 Sutherland suggested that a
computer display system should serve as many senses as
possible if it is to provide a ""window into the mathematical
wonderland constructed in computer memory', and predicted
the usefulness of augmenting sight and sound with force display
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(37). He suggested implementation of computer controlled
kinesthetic presentation through joysticks and mechanical arms.

Two groups, Batter and Brooks at the University of North
Carolina and Noll at Bell Labs, first implemented touch com-
munication with computers. Batter and Brooks (38) built and
programmed GROPE-1, an on-line interactive computer display
system involving two dimensional input to the computer and
both visual and force feedback to the user. GROPE-1 was a
pilot system having only two degrees of freedom, x and y, and
was designed to test the concept of kinesthetic output by
exerting programmable forces on the fingers as one moved a
knob in a plane, thus enabling the user to examine elementary
force fields by experiencing position dependent forces propor-
tional to forces that would be exerted on a particle in a field.
The user could both change the position of a particle in con-
ceptual space and feel the force needed to move the particle in
the field. In addition to GROPE-1, Batter and Brooks discuss
the implementation of kinesthetic display through a mechanical
arm, which they have continued to develop.

Noll (34) during the same period built and tested a 3D
touch communication system, reporting on it in his thesis in
1971. Orthogonally moving stages are used, culminating in a
knob grasped by the hand. Position is picked off by three linear
potentiometers and force exerted by three torque motors linking
the stages. Software was written in order to simulate objects
and surfaces (sphere, cube, sphere within a cube).

Noll discusses many aspects of touch communication, from
practical to philosophical, and suggests a variety of applications
including studies in perceptual psychology of clash between
vision and touch, investigations by motor-skill psychologists,
latching onto objects by touch as a means of improving visual
displays, testing of manual dexterity, education, design of
objects such as telephones with proper '"feel'" to the hands, aid
to the blind, and man-to-man touch communication (for example,
a cloth purchaser in New York remotely feeling a manufacturer's
cloth in Tokyo).

II. System Design

Our task is to find the set of force functions Fi(r; ... xIpp)s
i =1 to N which describe the interatomic forces F; as functions
of atomic positions rj of N atoms in a biomolecular system and
then integrate Newton's Second Law,
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to give the trajectories of the atoms with additional initial
steering forces added by the user through the touch interface.
Carrying out the task can be divided into two parts: finding the
force functions and integrating the equations, chemistry and
computation.

A, Chemistry. The most difficult question, one with
many clues and a dearth of accurate answers, is, '"what are
reasonable interatomic force functions which describe inter-
atomic interactions?' Their nature is well described by Lifson
and Warshell (39).

"It is commonly assumed that the use of empirical
and semi-empirical energy functions in conformational
analysis is 'classical,' in contradistinction to quantum
mechanical calculations. We suggest that the basic
difference is that the latter is a deductive method,
seeking to predict observable phenomena from a funda-
mental law (the Schrodinger equation), while the former
is an inductive method, seeking a common analytical
representation to a large set of observable phenomena.
In fact, there is nothing 'classical' in these functions,
as they are not deduced from classical physics. They
may just as well be considered as an empirical repre-
sentation of the Born-Oppenheimer approximation,
according to which the ground state of molecules is a
continuous function of the atomic coordinates."

The basic assumption which we make, one which indeed
is the basis of our general understanding of larger molecules,
is that molecules to a reasonable degree of accuracy can be
described hierarchically, as assembled from subunits which at
least approximately preserve their properties (including force
function description) from molecule to molecule. These sub-
units are usually functional groups or monomers. (This division
of molecules into functional groups and monomers is so ingrained
in us as chemists that it forms the basis of our molecular
nomenclature.) The corollary to this assumption is that the
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forces which affect an atom are local, in that there is some
sphere which one can draw around an atom, such that the
positions of atoms outside the sphere have a negligible direct
effect on the central atom. (This is not to say they don't
indirectly affect it by affecting atoms inside the sphere which
in turn affect the central atom.) This localization of inter-
atomic effect is at least implicit in our usual analyses of
molecular structure and only for the case of extended conju-
gated systems or unshielded charges is the sphere likely to be
very large. The implication is that one can find the force on a
particular atom if one knows the positions and natures of the
other atoms within its sphere, independent of the positions of
all the other atoms outside the sphere.

Thus one can hope to develop libraries of subunit force
functions which can provide at least starting points for force
function descriptions of larger molecules.

There are two major paths one can take to try to find
these force functions: calculate them or deduce them from
experimental measurements.

1. Forces - Theoretical. Since the quantum revolution
in the late 1920's and early 1930's, we have known how in
theory to calculate the needed interatomic potential (or force)
functions (4). Despite the immense growth in computer power
in the past two decades, we still cannot practically handle the
full ab initio force function calculations for larger molecules
even on the largest computers. We can, however, handle sub-
units like the functional groups and simpler monomers to
reasonable accuracy, and this approach has been and certainly
will continue to be a significant source of force data.

In addition, it has more recently become clear that the
forces between non-chemically interacting atoms and groups of
atoms can quite reasonably be derived from localized calcu-
lations which require only the wavefunctions of the separate
atoms or groups as input (40, 41). This is an important step
forward, because it reduces a problem which scaled as N“, in
which N is the number of interacting atoms or groups, to one
scaling as N.

In addition to the ab initio approaches, there are various
semi-empirical theoretical approaches which can be useful.
First, there are semi-empirical methods for solving the quan-
tum mechanical equations themselves. Second, the long range
region of interatomic forces is fairly well understood, for
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example Coulomb r-2 for charge interaction and Van der Waals
r-7 for London dispersion forces, and we can calculate such
long range forces at least approximately from charge distri-
butions and polarizabilities.

2. Forces - Experimental. Most of our force infor-
mation, however, will have to come it this stage from postu-
lating reasonable adjustable force functions and then tuning
them to match experimental observations of parameters which
depend upon these forces. Such methodology has been the
basis of much of the conformational calculation work in organic

Many types of physical and chemical measurements can
be used to provide force function information and to tune force
functions. For example, molecular beam scattering can pro-
vide information on both long and short range forces (2, 3) and
from transport property measurements one can derive long
range forces. Thermochemistry can provide bond strengths
and thus well depth information. Many spectroscopic measure-
ments are physically linked to force functions. X-ray diffrac-
tion provides structural information and thus the equilibrium
geometry where forces balance. Rotational (microwave)
spectroscopy can provide accurate equilibrium geometry, bond
lengths and angles, and barriers to internal rotation. Vibra-
tional (infra-red and Raman) spectroscopy provides the shapes
of force curves near the equilibrium geometry. Electronic
spectroscopy (visible and ultra-violet) can provide potential or
force function information over a broader internuclear distance
range. In fact, any form of spectroscopy, ORD, CD, NMR,
etc., in which measurements depend on structure, can be used
to tune force functions (44).

Thus, one can hypothesize reasonable force functions for
molecules, compare these predictions against physical and
chemical measurements and refine the force functions for best
match (39). By comparing the results across sets of molecules
with the same functional groups or monomers one can build up
subunit force function libraries.

We can with NEWTON calculate any interatomic force
algorithm, whether given in functional or tabular form, and do
it extraordinarily rapidly. For computational efficiency,
however, we intend to carefully think about the most efficient
way to handle forces for molecular mechanical calculations.

It is by no means clear that the usual functional forms for
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potentials as used in spectroscopy are the most convenient for
molecular mechanical calculations.

At least for a start, from the point of view of any given
atom, we can divide the other atoms into four categories:

A i) those too far away to directly affect it
(most other atoms in larger molecules),

ii) those whose effect can be treated by a two
body interaction which depends only on the
class to which each of the two atoms belongs
(for example nonbonded interaction between
an H atom on aliphatic C and a ketone O atom),

jii) those which are specifically bonded to the
atom in question by bonds which don't change
their force function character during the
chemical process, and

iv)  those atoms whose interaction with the atom
in question changes in force function nature
as a function of the positions of other atoms,
in other words full multibody interactions,
for example bond weakening and formation due
to the approach of other atoms at active sites
v in chemical reactions.

increasing frequency of occurrence
increasing length of calculation

Some of the above classification scheme can be reflected
in the computer hardware and software in such a way as to
vastly increase its calculational speed

B. Computational System. We are now in an era in
which if one can understand the structure of a computational
problem, one can often design a specialized computational
system which distributes the various parts of the calculation
among very efficient subunits, such that the computation can
be handled much faster and much less expensively than with a
general purpose computer.

For example, our molecular dynamics computation has
three levels which scale quite differently with N, the number of
atoms. The first is the exploration and choice of initial con-
ditions (coordinates and velocities or momenta) of the atoms,
which scales as VN, in which V is the volume of phase space
to be explored for each atom. This search space of initial




Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch003

32 COMPUTER NETWORKING AND CHEMISTRY

atomic conditions increases as the Nth power, and a brute force
approach quickly becomes unmanageable for any computer. The
choice of initial conditions is thus much better handled by
closely involving a human chemist and relying on his calibrated
intuition, his spatial, geometrical sense of what is chemically
appropriate. This is the reason for the close attention to visual
and touch interfaces: to involve the human chemist in a con-
venient, comfortable symbiotic relationship with a computer
system in such a way as to greatly magnify his ability to solve
problems in molecular mechanics.

Second is the discovery of which among the other N-1
atoms are near enough to the atom under consideration to
directly contribute to the force on it. This part of the problem
scales as N“, and for larger molecules quickly dominates the
computational load. As shown below, we have designed a
special barrel-roll discriminator which can solve this part of
the computation so rapidly that it no longer represents a major
difficulty, at least for the range of N up to a thousand which we
are now considering.

Third, given the set of neighboring atoms which are
important in determining the force on the ith atom, we must
evaluate the force function Iy (-{1 ... ryN) for the ith atom and
integrate the position x;of the atom one step forward in time.
This calculation for all N atoms scales as N, and is most con-
veniently carried out on a general purpose computer since for
different atoms the F;j can have a variety of algorithmic forms.
This part of the calculation we turn over to an expandable set
of parallel and pipelined floating point array processors with
control, coordination and communication handled by a super-
visory computer, as is shown in Fig. 1.

All the parts of this man-machine symbiosis must work
smoothly together, to effect the steered solution to the coupled
differential equations. It is an initial value problem with man
supplying the initial values in real human time and relying on
rapid response from the machine to give him feedback so he can
trim his input. The machine must rely on man to handle the
initial value selection (the Nth power problem) which is beyond
machine capability, and the man must rely on the machine to
show him the calculated results of his choice rapidly enough so
he can use the results to steer the molecules into the desired
initial pathway. When the human chemist pushes on certain
atoms, the rest of the molecule must follow, and thus the
differential equations must be solved rapidly on a human time
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scale. Our preliminary tests indicate that to match man's
visual and touch perceptions, the time to solve one step in the
integration should be a maximum of approximately 0.1 second,
and this sets minimum performance standards for our machine.

1. Molecular Manipulation - Touch Interface. Touchy
Feely I, which inputs 3D position to a computer and outputs 3D
force, has been built. Touchy Feely II, which inputs 3D force
and outputs 3D position, is being designed, along with Touchy
Twisty I which will input three dimensions of position and three
of orientation and output three dimensions of force and three of
torque. These touch interfaces should be sufficient for most
molecular applications.

2. Molecular Portrayal - Visual Interface. The visual
interface, the Evans & Sutherland Picture System, is in operation
and the software for this application is running. The Picture
System allows us to build 3D molecular images, to control atom
and bond positions from external computers like NEWTON, to
translate and rotate the molecules, to zoom into selected
portions, clipping and windowing to see only the chosen region,
and to view the molecules if desired in perspective, stereo and
color.

3. Distributed Multiprocessor Network. As shown in
Fig. 1, the hardware to integrate the coupled differential
equations divides into three parts: the supervisory processor,
the barrel-roll discriminator and a set of floating point
processors.

a) Supervisory Processor. The supervisory processor
will be responsible for systems software, for loading and
interrogating the barrel-roll discriminator, for compiling and
loading microcode for the floating point array processors, for
loading their data, for supervising communication among the
barrel-roll discriminator, the floating point processors, the
visual and touch interfaces and the hierarchical system and its
network, and for carrying out or supervising on-line subsidiary
calculations based on the trajectories. It needs to be a rela-
tively fast processor, to have sufficient fast and accessible
memory to be able to transfer microcode and data rapidly enough
to keep the discriminator and array processors busy, and to
have enough fixed head disk or equivalent memory to rapidly
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store trajectory information for later off-line analysis if desired,
and a way, perhaps a floppy disk, to conveniently load and store
individual programs and data.

b) Discriminator. As shown in Fig. 2, when the num-
ber of atoms, N, becomes sizeable, most of the arithmetic
operations are taken up by the process of locating the subset of
atoms close enough to the atom under consideration to directly
contribute to the force it feels. In a dynamic system the iden-
tities of the near neighbors can be continually changing. We
need only a few out of the several hundred or a thousand atoms
for further consideration. The selection task, which increases
as ~ NZ, soon dominates processing time.

This problem could be handled in several ways: i) by
building an appropriate associative memory, ii) by building a
special processor, and iii) by being more sophisticated and
complex in the programming to take into account ' frame co-
herence', as in the visible surface problem in graphics (30),
trying to find ways to use the fact that the integration frames
are not independent so that we don't have to do the whole
discrimination job over again at each step.

The second alternative, building a special processor to
do the discrimination, appears the most cost effective. If we
arrange the coordinate data (probably converted to fixed point
numbers which we need to do anyway for the Picture System)
in the form of a table,

we can then load it into shift registers or incrementally
addressed memory and sequentially process it to discover
which atoms are within a cube of size x; 4, v + A, z; + A
centered on atom i at (x4s Vi 24 ). As a first alternative, we
can roll the table into a barrel with xp following X1, YN following
2] and zy following z) and rotate the barrel by shifting the shift
registers around a horizontal axis so that the (xJ, s Z: ) pass
by a set of parallel comparators which check s1mu1f, neously to
see if x ¥j and z. fall within the six limits. Several sets of
parallell comparators loaded with coordinates of the cubes
surrounding different i atoms can all simultaneously be fed the
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Figure 1. Block diagram of NEWTON. There are six basic subsystems. The
Visual and Touch Interfaces provide on-line communication with the user,
while the already existing Hierarchical Computer Network, shown in more
detail in Figure 5, provides less direct user communication through standard
peripherals and also provides network access to other computers on and off
campus. The Barrel-Roll Discriminator provides very fast selection of those
atoms near enough to each atom to warrant further computation. The Floating
Point Array Processors provide very fast (167 nsec pipelined add and multiply)
floating point calculation. The Supervisory Processor handles systems software,
compiling of floating point array processor microcode, and supervision of other
subsystems including their loading and intercommunication as well as error
checking. Several of the subsystems already exist: the Hierarchical Computer
Network and peripherals, the Evans & Sutherland Picture System, and an
initial crude version of the Touch Interface.
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Figure 2. Approximate number of arithmetic oper-
ations per integration step as a function of N, the
number of atoms. The formula used is: T = N-
[R(N — m) + mP + I] in which T = total num-
ber of arithmetic operations, R = number of opera-
tions for each neighbor rejected by the discrimina-
tor, P — average number of operations for each
near neighbor through calculation of x, y and z
components of force on ith atom, I = number of
operations for integration (predictor-corrector), and
m = aver. number of near neighbors selected after
cubic and spherical discrimination. The figure is
drawn using R — 10, P =70, I = 45 and m — 6,
and corresponds to force evaluation using an aver-
age of 6 near neighbors, each of which takes three
functional evaluations by table look-up on higher
order bits and linear interpolation on lower order
bits. Predictor—corrector integration (Adams—Bash-
forth) of moderate order is assumed. As can be
r 1 seen, for N in the range of hundreds or thousands

3 3 L, of atoms, most operations can be handled by the
02 510 2 5102 5 10 discriminator, freeing the more flexible array proc-

NUMBER OF ATOMS,N essors for force evaluation and integration.
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table of j atom coordinates as the barrel rolls. A second alter-
native is to roll the table so that X1 follows z;, ..., and x
follows zp; and rotate the barrel around a vertical axis by N sets
of serial adders, each also being fed (xj, yj, zi). In either
alternative, all we need out of the discriminator for each atom

i is a list of index numbers telling us where in memory to find
its near neighbors' coordinates. Either the parallel or the
serial version can be constructed from relatively inexpensive
components and a relatively modest system can keep ahead of
the array processors, even for N's of over a thousand, relieving
them, as can be seen in Fig. 2, of the great majority of the
arithmetic operations. For a thousand atoms, at 10 integration
steps per second, the discriminator must handle ~ 108 arith-
metic operations per second. While this sounds very large at
first hearing, the arithmetic task can be shared among many
comparators which can run in parallel. In reality the discrimi-
nator can be built relatively inexpensively.

c) Array Processors. The evaluation of the force
function Fj(r] ... xpN) given the index numbers identifying the
near neighbors for the ith atom and the integration of the
acceleration

dzri 1
=m,  F,(r, .. )
2 Jiw A
dt i i1 N

to give the trajectory for each atom will be carried out by the
floating point array processors. In addition, to remove angular
bias, a second discrimination will be done, to choose those
neighbors falling within the sphere inscribed within the barrel-
roll discriminator's cube, i.e. those neighbors for which

l'ij2 < AZ .

We expect to use commercial floating point array pro-
cessors, such as those being designed and built by CSPI, by
Datawest and by Floating Point Systems. For example, Floating
Point Systems' array processor is really an extraordinarily
fast, rather general purpose processor, with 38 bit floating
point add time of 167 nsec (333 nsec non-pipelined) and multiply
time of 167 nsec (500 nsec non-pipelined), and several fast
memories. Its 64 bit microcode allows several operations to
proceed simultaneously (for example add, multiply, branch).
We've coded up some short segments to estimate running times,
and its speed is in the class of the largest general purpose
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processors, yet the array processor fits comfortably on a
desk top.

An earlier version is already running plasma particle
calculations (45) and use of a network of such array processors
is being considered by Lawrence Livermore Laboratory for large
scale calculations of the class now being run on CDC 7600 and
STAR computers (46).

d) Interprocessor Communication. In the evolution
toward more and more parallel units, the time spent in inter-
processor communication must be controlled, or it can swamp
the system. For this reason, one needs a communication
network allowing both specific and broadcast modes, so that a
processor can access and be accessed by any other specific
processor on the one hand and also broadcast information
needed by all processors simultaneously, for example the set
of coordinates of the atoms at each predictor or corrector sub-
step. We plan to build this dual communication mode capability
into the CAMAC system we now use for interprocessor communi-
cation, and to increase the speed to match the faster memory
speeds.

The above hardware represents an extraordinarily fast
computational system for molecular dynamics calculations.
NEWTON, as is shown in the following table, can perform these
calculations at rates far faster than even a CDC 7600, due to
NEWTON's specialized hardware.

ROUGH COMPARISONS OF MILLIONS OF FLOATING POINT
INSTRUCTIONS PER SECOND (MIPS)

NEWTON 100 MIPS
CDC 7600 10

IBM 360/195

CDC 6400

IBM 360/65

DEC PDP 10 (KI-10)

IBM 370/158

Interdata 8/32

Data General Eclipse
Digital Scientific Meta 4
DEC PDP 11/70

DEC LSI 11 microcomputer

o

.
O H~KAKBNOOO

coooeooee
nNO O o
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Note: NEWTON can be expanded to several hundred, or
even a thousand MIPS by adding more discriminators
and floating point array processors, and could then
handle a few thousand atoms. NEW TON will probab-
ly accomplish those operations to be done in the
discriminator by converting coordinates from
floating to fixed point.

This is indicative of a new period in computer science, in which
specialized computations can be carried out on relatively easy
to construct specialized computers at speeds much greater than
with general purpose machines.

e) Algorithm. In concept, our task is straightforward.
After being presented with the neighbors which matter, the
array processor must calculate the force Ei(ll e EN) on the
ith atom as a function of its vector position and those of the
neighbors. Force function evaluation will normally be by table
look-up and interpolation for speed. Then, using Newton's
second law,

dzr.

~1 -1
2 =mi El
dt

the acceleration must be used to move forward the trajectory

of the ith atom one time step. This must be accomplished for
all N atoms within a fixed real time AT, so that to the human
operator the atoms appear to move evenly with time. Predictor-
corrector integration methods appear to be the logical choice
(47, 48). If only the trajectory in coordinate space is desired,
direct second derivative methods which skip the evaluation of the
first derivative (velocity) may be used for increased speed. If
velocity dependent forces are used for structure calculations by
relaxation, or phase space information is desired, then the
integration can be performed as two first order equations
(Hamiltonian). Discrimination probably need only be performed
on the prediction and not the correction substep. The equations
are not particularly stiff, as the intrinsic time constants for

the bondlength changing modes fall within a reasonably small
range. Still, we intend to investigate ways to speed up calcu-
lation, either by stiff equation methods or by treating the fast

H atom vibrations separately.
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While we don't know and probably never will know the
basic force functions with great accuracy, we must still proceed
in our numerical computation with sufficient precision so as not
to lose meaning. Truncation error in the algorithm can be made
negligibly small by proper choice of integration order and step
size. Error propagation estimates (47) based on presently
available floating point array processor word lengths (for
example 38 bits, 28 bit mantissa, 10 bit exponent, for floating
point systems) indicate that they are long enough for initial work,
but that a longer word length will probably ultimately be
desirable. One solution would be to calculate the force with
single precision and accumulate the integral with double pre-
cision (25). Numerous checks can be made on calculational
accuracy, including i) change in integration step size, ii) time
reversal, iii) conservation laws such as energy, linear momen-
tum and angular momentum and iv) pre- and post-operation by a
Galilean transformation, i.e. to and from a frame with a fixed
velocity with respect to the original frame (49).

One of the important areas to study will be what practical
tradeoffs to make between number of atoms, complexity of
force functions, speed and accuracy.

III. Preliminary Test

A crude test of the NEWTON concept has been assembled
using available equipment, and is illustrated in Figs. 3-6. Our
first touch interface, shown in Fig. 6, isusedto move a selected
atom in a molecule, and to simultaneously feel the forces which
that atom experiences from the other atoms and its own inertia.
The motions of the atoms in the time evolving molecule are
viewed in 3D on an Evans & Sutherland Picture System, in
stereo and color if desired. The differential equations are
integrated by a fast micro-programmable mini-computer, a
Meta-4, with micro-coded floating point instructions. For 5
atoms interacting by Lennard-Jones 12 - 6 potentials and a non-
optimized FORTRAN program using low order Adams-Bashforth
predictor-corrector integration, the Meta-4 achieves integration
times of 0. 05 sec per step or oscillation periods of the fastest
atoms in about a second with reasonable accuracy. This inte-
gration time is about in the ballpark of the maximum of 0.1 sec
per step necessary for reasonable interface to our human visual
and touch perceptions of motion. Tests of the viscous damping
approach to molecular structure determination show that such a
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Figure 3. Block diagram of system used to test crudely the concept
of NEWTON. The touchstone of the touch interface drives the
central carbon atom of a methane molecule, allowing it to be moved
and the forces on it from the other atoms to be felt by the user. The
molecule is displayed on the Evans & Sutherland Picture System
and the differential equations are integrated in real (human) time
by the Meta-4 computer to give the trajectories displayed on the
Picture System. The Meta-4 is linked through three CAMAC crates
and an IBM 1800 to the CDP 135 visual processor emulating a
DEC PDP-11/40 which in turn runs symbiotically with the Picture
System Processor.

Figure 4. Preliminary test of version
of NEWTON using minicomputers, as
diagrammed in Figure 3
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simple molecule relaxes within a few seconds to its equilibrium
geometry. Relaxation is so fast that the structural implications
of varying the interatomic force functions can be seen almost as
fast as one turns the controlling dial. Since the computation
scales as ~ NZ, where N is the number of atoms, it can be seen
that to handle biomolecular systems with attendant solvent
molecules, with hundreds or thousands of atoms, we need a
much faster way of carrying out the computation than even a
fast minicomputer. NEWTON is designed to provide such
speeds.

IV. Applications

A. Modes of Application. There are three basic modes
of application which we envision for NEWTON: statics, dynam-
ics and statistics.

1. Statics - Molecular Structure. As described above,
and tested with small molecules, once an intermolecular force
field is specified, the atoms moved into roughly their correct
positions and a viscous damping applied, they move smoothly
and quickly to a minimum energy structure. If the user per-
ceives that this structure is a local and not a global minimum,
he can reach in with the touch interface and nudge the atoms
along, out of the local minimum.

2. Dynamics - Chemical Reactions and Evolution of
Molecular Systems. Once the user has specified the intermolec-
ular forces to be used and guided the molecules into the desired
initial conditions, he can watch the system evolve in time,
reaching in to trim it up en route if he wishes. He can slow it
down or freeze frame it at any moment to examine it more
thoroughly, and reverse it and step back in time to correct
mistakes or repeat a sequence. The initial conditions can be
stored and the run repeated or altered, starting with the basis
of any previous run. He can turn knobs and zoom in to watch
just the dynamics at the active site in more detail. Subsidiary
parameters or their functions can be calculated and displayed
along with the evolving system, for example the changing force
vectors or velocity vectors of atoms as arrows, bond lengths
or angles as numbers, energy flow within or between molecules,
and progress along user defined reaction coordinates.
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Figure 5. Existing Hierarchical Computer Network used in test. NEWTON will de-
pend upon the Hierarchical Network for large disk support and for most peripherals
such as card reader/punch, line printer, tape, and plotter, as well as for links to the
campus computer center and off-campus computers and users. The Hierarchical Net-
work links 10 different minicomputers from seven different manufacturers (California
Data Processors, DEC, Digital Scientific, IBM, Modcomp, Texas Instruments, and
Varian) into a hierarchical three-level system. Level one is composed of various
processors running laboratory experiments, and the Evans & Sutherland Picture Sys-
tem. Level two joins together three processors, one providing disk operating systems
for all the processors as well as data management out of large disk storage, a second
providing local processing on a time shared basis and a third handling the peripherals.
Level three is a link to the campus computer center and its Burroughs B6700 and, at
least for the moment, a link to the ARPANET. Communication from processor to
processor, processor to peripheral and processor to experiment is by a universal hard-
ware system based on the CAMAC convention. This project has involved the design
and fabrication of ~ 30 different CAMAC modules, of which ~ 100 units have been
built using ~ 10,000 integrated circuits.
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3. Statistics - Distributions of Molecular Parameters.
In reality, molecules defined by macroscopic conditions do not
have one structure but rather a distribution of structures. They
do not react by a single reaction path, but rather by a bundle of
trajectories. By carrying out sets of runs with NEWTON, we
can apply classical statistical mechanics to arrive at such distri-
bution functions. We can invert the usual view of the Ergodic
Theorem, and make the connection between measurements we
derive over the time evolution of molecules to the distributions
to be found in an ensemble of molecules (50, 5_1). To insure
against being trapped in local regions of phase space, we can
start different runs from different initial conditions, all
corresponding to the same macroscopic set of conditions.
Temperature can be set by immersing the molecules in a bath
of Ar atoms or H2O molecules with wrap around boundary con-
ditions and injecting energy, kicking them until the Ar atoms or
H20 molecules (and the molecules of interest in equilibrium
with them) reach the desired temperature. In this way entropy,
thermodynamic properties and time correlation functions can be
studied.

B. Specific Biomolecular Applications. All molecules,
their structures, dynamics, reactions, and statistical mechanics,
are potential applications for NEWTON and its successors. We
will emphasize here the study of the dynamic, as contrasted to
the static, function of biomolecules. The version of NEW TON
herein described should be able to handle several hundred atoms,
and it can be expanded to handle several thousand atoms by
adding more of the same distributed processor modules. Many
of the applications which are discussed below can be handled by
the original NEWTON, while others will have to wait for its
more powerful progeny (son of NEWTON = SON or daughter of
NEWTON = DONE?), depending upon the number of atoms
involved.

Before we discuss particular biomolecular applications,
we should clearly focus on the fact that almost all of these
molecular systems exist and evolve in aqueous solution and that
water molecules and often H+, OH~ and other ions are impor-
tantly involved in what happens. One can try to take into account
the solvent effects in various ways (11), but the most appealing
to us is to try to directly involve the water molecules and ions
by surrounding the biomolecules with a box filled with water
molecules and occasional ions; the box having periodic or wrap
around boundary conditions so that, for example, each edge of
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tween ordinary cartesian coordinates and the distorted tetrahedral
coordinate system of the touchstone.



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch003

3. WwiILsoN Molecular Mechanics 45

the box is also its opposite edge. Explicitly including the solvent
will require the ability to process many atoms, but NEWTON
can provide this ability.

Some of the many possible biomolecular applications are
given in the following list.

1. Protein Structure. A classical area of biomolecular
studies is the attempt to understand and predict the relationship

between primary protein structure on the one hand and secondary,
tertiary and even quaternary structure on the other hand. Using

the viscous relaxation damping technique, which is a rapidly
convergent process, NEWTON can be applied to the study of
these relationships. A practical application of NEWTON would
be to the refinement of protein structures derived from x-ray
diffraction (1_3, 52). In addition, conformational transitions and
protein folding can be observed and one can study cooperative
effects, metastable intermediates, transition velocities and the
path to final states (11). Conformational fluctuations can be
studied as well as their statistical mechanics (11). Nucleic acid
structure could be treated in analogous fashion.

2. Protein Function. As nearly all chemical reactions
in living systems are controlled by enzymes, the understanding
of the dynamic function of these marvelous machines is an
obvious goal for NEWTON users. Allosteric effects may well
involve atomic motions which require a dynamic analysis. It is
a truism that if one could understand and control enzyme function,
one could control life and its diseases. Antigen-antibody speci-
ficity could be researched. The self-assembly of proteins and
other molecules into more complex structures such as mem-
branes, ribosomes, organelles, and viruses must have a
dynamic character, which could be investigated.

3. Membrane Transport. The transport of ions and
molecules across membranes is an inherently dynamic process.
Ion transport appears to involve electrostatic interactions (53)
which are difficult to understand on the basis of plastic, wooden
or metal models held in the hand, but can be treated just as
easily as steric forces by NEWTON. The acyl chains in the
interior of a lipid bilayer membrane can probably largely be
modelled on the basis of the well-explored equilibrium force
fields for alkyl molecules (8). Perhaps membrane permeation
involves not just individual molecular effects, but collective
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multimolecular effects as well, in analogy to the collective
effects common in stellar and plasma dynamics (17, 18) which
would require the modelling of many interacting molecules
simultaneously. Models for molecules which act as carriers
across membranes (54, 55) can be studied, and series of arti-
ficial carriers (§é, 57) tried out before the laborious synthesis
of the most promising ones. The effects of applied electric
fields can be observed, for example in models for the field
controlled opening or closing of membrane channels.

4. Pharmacology-Toxicology. As mentioned above,
control of enzymatic action could be an almost universal tool in
disease control. Drug-receptor interaction could be studied in
terms of structure and dynamics. Drug design could be aided
by NEWTON in the creation of enzyme blocking agents, anti-
biotics, complexing agents (56, 57) for specific molecules, for
example particular metabolites.

Such a broad list of applications, spanning much of bio-
chemistry and molecular biology, is of course more than any
investigator can tackle alone. We envision extensive collabo-
ration with other chemists and biologists and in time the repli-
cation of more NEWTONS by others, particularly as the cost of
later versions can be expected to drop precipitously.

C. Other Uses. NEWTON is also applicable to other
coupled differential equation problems.

1. Chemical Kinetics. Enzyme kinetics and compart-
ment models could be treated, although stiff equation techniques
(47, 48) might be necessary.

2. Mechanical System Analysis. Prosthetic device
design and physiological modelling including blood circulation
and organ mechanics studies might be carried out.

3. Electrical System Analysis. NEWTON might pro-
vide a tool for neural network analysis.

4. Fourier Analysis. In addition to coupled differential
equation application, NEWTON's floating point array processors
will extraordinarly quickly perform Fast Fourier Transforms
and thus could be applied to x-ray diffraction analysis for bio-
molecular structure.
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V. Conclusion

A. Networking. We are at the beginning of a new era
in computer usage by scientists. Until recently a computer has
been something one purchased from a manufacturer, a machine
delivered off the shelf and designed to ''do all things for all men."
Now we are given the opportunity by the advance of computer
technology to build our own computer system to fit our own
specific needs, much better and less expensively than any
general purpose machine. Thus scientists can build special
computers for special tasks, just as they traditionally build
other special instrumentation to fit their needs. We can pur-
chase subunits on many levels, from integrated circuits to
processors, or design our own subunits again ranging from
integrated circuits to processors.

As the price of the subunits drop, attention inevitably
turns to inter-relationships; how best to assemble subunits into
higher levels of hierarchical systems, and in particular, to the
intercommunication among subunits. Thus networking of sub-
units into larger systems naturally comes to occupy our focus
as the subunits become more easily available.

This article presents one example of such a networked
system. NEWTON, a tight network of processors, some pur-
chased as units and some built from components, will handle a
specific molecular dynamics task. It is supported by a loose
hierarchical network of processors which provide data manage-
ment, peripherals and communication for NEWTON and for many
other tasks. In turn, the hierarchical network reaches out
across the country to access a network of computer installations
which can provide a broad menu of additional capabilities.

B. Significance. The relation between structure and
function in biomolecules has provided one of the most stimulating
areas of science in the past two decades. We may now be at the
beginning of an equally exiciting new period, the elucidation of
structure-dynamics-function. We believe that instruments such
as NEWTON can be important tools for such elucidation, allowing
the computation and study of the dynamic (and structural) con-
sequences of interatomic force fields as reflected in the time
evolution of biomolecular systems. We foresee the time when
we can understand the moving machinery of life: the mechanical
molecular motions which are involved in transport across mem-
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branes, in muscle contraction, in protein folding, in enzyme
catalysis, in allosteric effects and in molecular self-assembly.
Given such understanding, one can then attempt to design
particular molecular machines for specific tasks in living
systems. If one understands viral self-assembly, perhaps one
can build a molecule which will disrupt this assembly. If one
understands the action of an enzyme used by bacteria and not
by man, perhaps one can build a substrate-substitute which will
jam the active site mechanism, blocking its use. If one can
understand the difference between the molecular genetic ma-
chinery in normal and malignant cells, perhaps one can design
a molecular machine to shut down malignant cells. All these
are very difficult tasks, perhaps a long way from reali-
zation. Yet their significance is great, both intellectually
to our understanding of life and practically to our control of
disease.
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Abstract

Chemists have long dreamed that chemical properties
could be derived in detail from classical equations of motion
based on interatomic forces, but computational difficulties have
blocked such calculations for larger molecules. The first
difficulty is the large space of initial atomic positions and
momenta which must be searched for those leading to chemically
interesting results. The second problem is the computational
time necessary to solve the coupled differential equations. We
plan to collapse this search space with closer man-machine
symbiosis based on visual and touch communication of spatial
and dynamic chemical information and achieve sufficient compu-
tational speed with a network of computers, each handling
specialized tasks. The internal computer network will handle
this particular calculation several times as fast as a CDC 7600,
and will interface with our existing local hierarchical network of
computers interconnected through CAMAC modules. Preliminary
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simulation involving 3D man-machine visual and touch
communication and computation on a minicomputer indicates
that a practical system can rapidly handle calculations of
structure, statistical mechanics and molecular dynamics of
reaction for molecules involving several hundred to a thousand
atoms.
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Computer-based teleconferencing is a mode of communication
which enables geographically separated users to jointly manage
long-term projects, to organize "instant meetings" without the
need for costly transportation, and to exchange documents and
review position papers between face-to-face sessions. It thus
fulfills a function quite different from that of the telephone,
TELEX, electronic mail, or facsimile transmission.

Since 1973, the Institute for the Future and a group within
the U.S. Geological Survey have been jointly experimenting with
this medium of communication. The experiments have used a family
of systems--known as FORUM and PLANET--which the Institute imple-
mented first on the ARPA network, later on a commercial network,
and most recently on the Survey's own PDP-10 computer in Denver,
Colorado. The experience of the Survey in using computer tele-
conferencing is typical of what can be anticipated when other
scientific communities, such as chemists or physicists, begin to
use such media, and thus provides some specific examples illus-
trating the design and use of these systems.

The Conferencing System

The basic idea of FORUM is to allow unhampered interaction
of participants under the guidance of an organizer who defines a
topic of discussion, assembles a panel of participants on that
topic, and presents the material relevant to the subject. Each
participant establishes communication with the computer network
via a portable terminal with a standard typewriter keyboard.
FORUM is able to convey questions and answers, assemble group
opinions, protect anonymous statements, and supply other informa-
tion to, and within, the group while the organizer monitors the
proceedings and intervenes as necessary.

In order to illustrate the nature of the interaction made
possible by FORUM, it is appropriate to imagine a hypothetical
discussion among a group of experts on the subject of the pro-
jected availability of mineral and energy resources in the period

53
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1980-1990. The participants are about 20 in number. Among them
are planners, economists, geologists, and petroleum experts. Two
are specialists in computerized data bases. In addition, there
might be representatives from power and utility companies and the
president of a mining corporation. The organizer of the confer-
ence has experience in dealing with groups and is familiar with
the various techniques which can be brought to bear on the elici-
tation of forecasts and intuitive judgments in areas of high
technology.

This hypothetical conference differs from the usual workshop
in that the participants are not meeting face-to-face. 1Instead,
they are geographically separated and use a variety of communica-
tion media. Some are sitting around a terminal in a Washington,
D.C., office building. A geologist is in the computer room of
the Branch of Computations of the U.S. Geological Survey in
Denver. One of the economists is in his office at Stanford Uni-
versity. Another one may be sitting in his study at home in New
Jersey or in London, for that matter. (These experts are in
telephone communication with a central operator who can instantly
advise them of the status of the conference, of the progress of
work done in subcommittees, or of the reasons for any particular
difficulty or delay.) The substantive part of the interaction
takes place through entries typed on standard terminals. All of
the terminals are connected to the network and are controlled by
a computer,

The central problem of implementing such a computer confer-
encing system clearly reduces to that of identifying, defining,
and implementing a range of structures under which the partici-
pants are able to share information and enter comments into a
common computer-storage file.

The implementation of a system like FORUM raises unusual
problems of design: a group of experts or decision-makers typ-
ically does not have much knowledge of, or interest in, computer
technology per se. There is no opportunity to train them in the
use of a text-oriented language before the conference. And it is
not feasible to ask them to interface with their peers through
information specialists because each participant has a unique
awareness of the problem at hand and needs to experience direct
contact with his data and with other participants in order to
perform at the "cutting edge" of his thinking.

When a group of conferees communicates via FORUM, each par-
ticipant uses a terminal of the type that can be rented for $150
a month or less. Once the terminal has been logged into the net-
work, the user is presented with a list of discussions which he
can attend (just as he would if he were to walk into the lobby of
a convention center to review the day's program). Having select-
ed an activity, the conferee is given a short background state-
ment describing the activity. He is then free to observe the
ongoing discussion, to review past comments entered into the con-
ference, or to start typing his own remarks. At any point during
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the discussion, a conferee can send a private message to another
participant or make an anonymous entry. All of these communica-
tion modes can be entered without the participant's having to
learn a single command, thus avoiding a major problem of most
interactive systems in existence; namely, that system commands
get in the way of the person who types and clutter the transcript
with extraneous lines that only have meaning for the machine.

An important facet of FORUM conferences lies in the ease
with which the participants have access to services outside of
the discussion itself: they can, for instance, submit a prepared
statement to the rest of the group or insert parts of the discus-
sion into a personal file. They can also draw responses from a
data-base system and enter them into the general discussion.
Clearly, the level of interaction thus reached is one not found
in face-to-face meetings where experts are cut off from their
files and personal notes.

The initial tasks in the FORUM project included an analysis
of the available resources and a review of the existing terminal
technology in terms of character set, plotting symbols, size of
frame, speed of presentation, and interface standards. A deci-
sion involving the programming language to be used had to be made
early; after exploration of the languages available on the PDP-10
under the TENEX operating system, we reluctantly concluded that
assembly language was the only suitable medium to gain access to
shared files and to control terminal behavior, both functions
being critical to our goal. Additional requirements were speed
and low central-processor utilization.

Actual development of the conferencing program proceeded
through a series of stages identified as "releases." Release 5
(FORUM-5) was thé first version that could conveniently support
heavy usage by real-world participants. The code had been modi-
fied to make the entire program sharable. Performance measure-
ments showed its central-processor utilization ratio to be excel-
lent (one minute of CPU time for two hours of synchronous discus-
sion per participant). Most command-language features became
available to the user within the discussion itself, and use of
control characters was practically eliminated. The ability to
retrieve and display past entries by date, name, content, and
range was made available. Network-wide discussions were con-
ducted routinely and included such topics as the design of
advanced teleconferencing systems, the transportation/communica-
tion tradeoffs, and initial exchanges of research information
with the Communications Study Group in London.

FORUM-6, which was introduced on an experimental basis in
August 1974 and was tested until December 1974, features a single,
integrated command language, a generalization of the concept of a
conference to make joint authorship and other management tasks
possible, and a scheme for handling private messages in a person-
al user file rather than as part of the main discussion.

In October 1974, the Institute converted the FORUM program
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to a commercial network. This release is tailored especially to
the business environment and is known as PLANET-1.

Approach to Evaluation

The Institute's approach to evaluation has been founded on
the concept of computer conferencing as a means of communication,
The criteria for evaluation of a medium of communication typi-
cally involve comparison with other media. And since the medium
most familiar to the majority of us is face-to-face communication,
there is a tendency for it to become the standard of judgment.

One needs to exhibit great care in such comparisons because tele-
communications media are not necessarily surrogates for face-to-
face patterns. It seems more likely that each medium has its own
inherent characteristics which should not be expected to mimic
face-to-face patterns. At the same time, computer-based systems
are too often evaluated and analyzed solely in their own terms.

In the case of FORUM, we have sought to relate observations of the
medium to an external standard--one which can apply to many
media--as much as feasible.

In turning to the literature of group communication, however,
we do not readily discover general principles or procedures which
are easily adopted as "standard." Certainly the literature of
group process is broad and provocative, and the potential for
relating group process research to communication research is real,
though complicated by many factors.

In designing our research, we have sought to answer two sets
of questions:

1. what are the operational characteristics of FORUM as a
communications medium? What are the characteristic
social patterns of FORUM communication, and how might
these be altered?

2. What are the likely social effects of communicating via
FORUM on the individual and on the group? How can these
social effects be measured? How can FORUM be compared
to other media?

To answer the first set of questions, we have devised a
method for plotting characteristic social patterns and for analyz-
ing the resulting graphs. A sample of this graph appears in
Figure 1.

In the second set of questions, the problem of comparison
with other media has led to a search for a general taxonomy--that
is, a comprehensive classification system for elements of group
communication--which could be employed across media in various
group communications situations.

The existing taxonomies of group process are primarily ori-
ented toward communication between two persons (dyadic
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communication). Even though a number of experiments have been
categorized as "group" communication, most of these have dealt
with the interconnection of two face-to-face groups (i.e., an
individual in face-to-face contact with his own group and in con-
tact via electronic media with a single distant group). Extrapo-
lation from dyadic patterns to group patterns, however, is ques-
tionable. The principles simply cannot be assumed to be trans-
ferable.

In our initial attempt to construct a taxonomy, we have not
treated the dynamic aspects of the communication, but have con-
centrated instead on the elements in a communication situation
before the interpersonal process begins. Our first, partial tax-
onomy has thus been arranged to suggest a varied weighting among
five key factors--medium, task, rules, person, and group--none of
which will be completely discrete. For instance, if members of a
given group have a very high need to communicate, they are more
likely to make appropriate efforts to gain access to any medium,
even if it is difficult to use or unfamiliar to them. Conversely,
familiarity with a particular medium is likely to be a very im-
portant factor in the choice of that medium for practical commun-
ication.

The preliminary results of this social evaluation of compu-
ter conferencing are presented in Group Communication through
Computers, Volume 2: A Study of Social Effects. More definitive
results are forthcoming.

Review of Some Early Experiments with the U.S.G.S.

The Survey's interest in creating and using data bases
prompted us to begin our experiments by linking mineral resource
experts in Washington, Denver, and Menlo Park in teleconferences
discussing the present and future availability of fossil fuel and
other commodities. Two data-base systems were available online
to the participants; one of them was a data base of petroleum
reserves which was on the INFONET network, and the other was a
catalogue of Alaskan mineral resources stored in the Stanford
computer. (Transfer of information in and out of the conference
was achieved simply by having two sites operate two terminals,
one for the conference and one for the retrieval system.)

The teleconferencing system for these experiments was an
early version of the FORUM system on the ARPA network. Although
the details of the project have been reported elsewhere (1), it
is useful to review briefly its conclusions, which encouraged us
to enlarge the scope of our joint experimentation:

1. The major advantage of computer conferencing for these
applications is the ability to introduce human judgment
at a new level in an information system, linking togeth-
er not only users and sources of data but information
experts as well.
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2. In computer conferencing situations, group leaders can
obtain more deliberate answers to specific technical
questions, backed up by facts and with less delay. Both
questions and answers are captured on record and can
later be reviewed.

3. Computer conferencing appears to be especially useful in
coordinating technical projects, when participants are
widely disseminated (or traveling extensively) and have
a continuing need for reporting and sharing notes.

4. Users of the medium have reported an ability to deal
with a larger amount of information more efficiently
than through the use of conventional media, such as mail
and the telephone.

On the negative side, a major drawback of the early system
was the unreliability of the experimental computer network we
were using. Access was limited, and frequent hardware failures
made "real" work all but impossible. In response to this prob-
lem, we initiated two new approaches; namely, reimplementation of
an advanced version of FORUM on the Survey's own hardware and
research on the feasibility of international conferences using a
commercial network.

The FORUM System at the U.S.G.S.: Some Initial Applications

During February and March 1975, a dedicated version of FORUM
was mounted on the Survey's own PDP-10 computer in Denver. This
installation marked the first instance in which an advanced tele-
conferencing system had been completely turned over to an opera-
tional group.

Figure 2 shows a typical entry process for a FORUM activity.
Currently available conferences are presented as a multiple-
choice list for the participants. Once a conference has been
selected, the agenda is reviewed. In this example, the user
(Askevold) was up-to-date in both parts of the discussion. He
went to part 1 and requested a listing of the entries made so
far. Three entries were found (Figure 3). At this point, an-
other user (Betsy Yount) joined the discussion from her own ter-
minal, and private messages were exchanged (Figure 4). Such mes-
sages are not retrievable.

Moving to the second part of the conference, the user again
reviewed the transcript from Menlo Park and added an entry re-
questing that a file of mineral information be loaded into disk
storage in Denver (Figure 5). The data base systems under dis-
cussion in this conference deal with the chemical analyses of
rock samples. An interactive storage and retrieval system named
GRASP (developed by Botbol and Bowen of the U.S.G.S.) is used for
general geologic applications (Figure 6).
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RUN FORUM [721,722]

Welcome.
Please type your last name (and then strike the CR key).
- Askevold

Please type your password.

Good. Are you using a terminal that prints on paper?
- Yes
Thank you.
You may attend any one of the following activities:
1. Comments on FORUM
2. Background on RASS and Test on the Denver System
3. FORUM Users Session
4, Canada Test of FORUM

Please type the number of the activity you wish to join.

-2

Figure 2. The FORUM System at USGS: Joining a Conference

The title of the activity is:
Background on RASS and Test on the Denver System

The parts in the activity are:
1. General Information on RASS
2. Instructions on How to Access RASS Remotely (Using GRASP)

(To FORUM)
- GO (to part) 1

Part 1
General Information on RASS

You are up to date.

(To FORUM)
- REVIEW (entries) all

[1] Askevold (Org) 15-Apr-75 9:23 AM

The purpose of this activity is to get some information on RASS which |
don't have, but need prior to my departure to Europe tomorrow. | will be
sitting in on a meeting of an ad hoc Working Group on Rock Chemical Data
at the UNESCO headquarters in Paris on April 29 and 30 and would like to
contribute something on what RASS is all about, how it is used, and the
role GRASP might have (as Roger and Joe envision it).

[2] Askevold (Org) 15-Apr-75 9:30 AM

In part 2 | have listed my understanding of how | should arrange to pull
off an Alaska subset of the file as well as how to access what is cur-
rently available for testing; | would appreciate confirmation from some-
one on this along with anything else that might be helpful.

[3] Askevold (Org) 15-Apr-75 9:32 AM
Joe, Roger mentioned an article on RASS (that you authored); could you
shoot me the reference?

3 entries were found.

Figure 3. Reviewing the conference transcript
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(To FORUM)
- STATUS (of participants)
Name Last Time Entered Last Entry Seen
Askevold 15-Apr=75 3:49 PM
Bowen 15-Apr-75 6:25 AM )
Botbol Never entered
Yount 15-Apr-75 3:36 PM 6

(To FORUM)
You are now back in the discussion.

(To Yount)

- Betsy, maybe you can give me some of the heaviest users of RASS here in
- Menlo Park for future reference, and some of the problems they run into
- by having to operate in a batch mode, and how going online might solve
- some of these problems.

[7]1 Yount

Some of the heaviest users of RASS here in Menlo Park are: the people as-
sociated with the wilderness programs and the PAMRAP people. The people
associated with PAMRAP have no problems, or rather, few problems in using
RASS because each quadrangle has a Denver research chemist working with
the team leader and they are the RASS interface. Anyone else wanting to
use RASS data which they have contributed to--by that | mean the analyti-
cal results of their own samples--has difficulty getting the data in.

(To Yount)
-That's great, Betsy, thanks a lot.

Figure 4. Fragments of a synchronous discussion with private and
public messages

(To FORUM)
- GO (to part) 2

Part 2
Instructions on How to Access RASS Remotely (Using GRASP)

You are up to date.

(To FORUM)

- Review (entries) all

[1] Askevold (Org) 15-Apr=75 9:33 AM

My instruction to test GRASP on RASS is to: Run IRIS from the Denver ma-
chine; how long will this be available? | got into it once, and have to
go back to the search examples Roger sent me to complete a valid test.
[2] Askevold (Org) 15-Apr-75 9:36 AM

The data sets for ALASKA are: FIORD.DAT, NEBESN.DAT, and YUKON.DAT. They
are protected.

[3] Askevold (0Org) 15-Apr-75 9:40 AM

| am to go into SYS F and request MOUNT T658, correct? This should be
for a few minutes. Should have two discs mounted. |'m not really sure

| have all this right, so please confirm.

3 entries were found.
(To FORUM)

You are now back in the discussion.

[4] Askevold (Org)

- Roger, could you please do the above so that this file could be read

- onto the disc space that Mony has set aside for me, and get it off his
- hands? You may have to get in touch with him to get everything

- straight.

Figure 5. Sample transcript with request for a file of mineral infor-
mation
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Control

COMPUTER NETWORKING AND CHEMISTRY

activity you can type an entry at any time. To edit, you

A to delete the last character you typed
W to delete the last word

Q to delete the last line

X to delete the whole entry

R will retype the last line as corrected
S will retype the entire message as corrected

To end the entry, strike the carriage return (CR) key twice.

You can send

a private message to a participant by typing a left paren-

thesis " (", followed by his name, a carriage return, and then your
message. You can also gain access to special services by sending a pri-

vate message

to FORUM itself or typing a [CTRL] F.

(To FORUM)
-2
The FORUM services listed below are available to you:
GO (to part) FEEDBACK (entries)
QuIT JOIN (activity)
REVIEW (entries) STATUS (of participants)
REVIEW (entries) ADD (participant)
STATUS (of participants) REVISE (contents)
SAVE (entries) DELETE (entries)
SUBMIT (file) ERASE (activity)

ASK (the following question)

If you do not wish to use any of these services, strike the CR key to
return to the discussion.

Figure 6. General user instructions available outline
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The ability present in FORUM to elicit online votes and to
feedback probability distributions reflecting group judgment in
situations involving reserve estimates or exploration decisions
represents a new dimension in the use of information systems.
These and other user options are readily available to any partic-
ipant in a FORUM conference.

The system is self-documenting, so that a participant can
type a question mark, either during the discussion or in the
FORUM services mode, to receive a list of options available at
that point. Further documentation is provided when specific ser-
vices are requested. Figure 6 shows two general overviews of the
communication or retrieval options available to the FORUM user.

International Networking

During 1974, we began moving the computer conferencing con-
cept "out of the laboratory" by implementing a conferencing pro-
gram on a commercial timesharing network. The name of this new
program is PLANET, reflecting the major emphasis on joint plan-
ning among disseminated user groups. At this writing, the PLANET
system has been operational for seven months. It is used by edu-
cational institutions in France and in the United States in the
coordination of joint computing projects. We have also had ex-
perience with several actual "conferences" in which participants
made entries through remote terminals over a two- or three-week
period instead of traveling to a central location; for such con-
ferences, we have observed a cost reduction of 50 to 60 percent
over similar face-to-face conferences.

Since April 1975, we have been holding a continuous computer
conference, intended as a computing experiment among members of
the COGEODATA community in North America and Western Europe.
Figure 7 illustrates the nature of the dialogue in this confer-
ence., The reader will note from the time stamps that some en-
tries were made while a user was "alone" in the conference, but
others were "synchronous" (entries 20 to 28) with users in Paris
and in Menlo Park participating at the same time.

Conclusion

In this paper, we have described two communication systems in
current use by a scientific community sharing geochemical and geo-
logical information. The first system, named FORUM, is running on
the computer of the U.S.G.S. in Denver. The second system, named
PLANET, is available to commercial and educational organizations
on an international network. Such systems represent a significant
tool for the management of joint projects among disseminated
groups. They make possible a reduction in travel costs while pro-
moting timely and accurate exchange of data. They also represent
an alternative means of publication and a powerful medium for the
dissemination of scientific ideas.
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[13] vallee 22-Apr-75 1:39 PM

Your trip seems to be off to a very good start. You will probably find that
telephones are the worst problem in Europe, but we hope to hear from you
from time to time. Also, Bob Johansen would like to know if you expect to
be at the World Future Society in June?

[14] Yount 22-Apr-75 3:21 PM

Gerry, | had the PLANET manual but not the account and keyword information;
however, Thad phoned and all is now arranged. | will not be able to phone
Roger until tomorrow, as it is already 3:30 PM here. | hope that that will
be soon enough for your purposes.

Things are going smoothly here. One question has arisen regarding connection
with Stanford. Bruce's feeling is that someone here should write a memo to
confirm our interest in getting that service. | will check further with
Bruce and let you know more about it. If anything needs to be done before
you get back, | will write a memo for you.

[15] Askevold (Org) 23-Apr-75 9:44 AM
Thanks a lot, Jacques. Will keep this short. Am using a coupler now rather
than a MODEM. Appears to be going okay.

[16] Askevold (0rg) 23-Apr-75 9:45 AM

Please apologize to Bob for not responding to him more formally (which | will
do with a letter), but if there is a way he can see for me to attend with
FORUM, but not physically, | would definitely prefer it.

[17] Askevold (Org) 23-Apr-75 9:47 AM
Thanks, Betsy. We should formally request a line for higher speed work with
the CRT's. |If you can shoot one in, please do so.

[18] Askevold (Org) 23-Apr-75 9:48 AM
Pleased to report everything went very well--beyond expectations--in London,
and looks like a good study effort. Will try to come in from Paris...leave

tomorrow. Many thanks, everyone, and the people here and at ATLAS are very
anxious to get in touch with Roger Bowen. Will fill him in as soon as | get
back.

[19] Bowen 24-Apr-75 9:43 AM

Gerald--1 have the impression from reading your past entries in FORUM (Denver)
that you didn't get the info in time so | am going to repeat it here just in
case.

For RASS data, the system has been renamed IRIS. Once you are logged onto
the system, you access IRIS by: RUN IRIS, etc. (followed by CR)

There are 5 data sets up. They are as follows:

(1) RASS1 - An initial data set from Jessie Whitlow.
(2) ALSKA - A1l Alaska RASS data (7000 recs)

(3) YUKON - Data from the Yukon region (>3000 recs)
(4) NABSN - Data from the Nabesna region (<300 recs)
(5) FIORD - Data from the Fiord region (<3000 recs)

Figure 7. Sample transcript
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Data sets 1 and 4 are on-line in the public area; data sets 2, 3, and 5 will
require a private disk to be mounted. | suggest that (in IRIS) after giving
the file command to identify a particular data base, the names command be
issued to examine the structure of RASS data sets. Or if you let me know,
1'11 send a copy of the output you will get using this command.

[20] Vvallee 24-Apr-75 4:18 PM

Gerry, | am preparing the draft of the paper for the American Chemical

Society meeting on computer networking and chemistry. | am going over the
material we assembled. What about a title like: !'Network teleconferencing
and Mineral Resource Information: Current Experiments with the FORUM System?'

[21] Askevold (Org) 28-Apr-75 9:47 AM

| am at this moment in Fontainebleau at the Centre de Recherche Informatique
of the Ecole des Mines de Paris. Looking on with me are: M. Kremer, M.
Bloch, and M. Lenci. Typical problem now solved: terminals, but usually
hard wired. An IBM, but with a French keyboard. Solution: a teletype--
voilal

[22] Askevold (Org) 28-Apr-75 9:49 AM

Actually, the phone noise is not apparent at all. Greetings, Jacques and
Thad. See your ESP radar is still on track...a pleasant surprise. What's
happening?

[23] Wilson 28-Apr-75 9:50 AM
Hi Gerry! Summer finally has arrived in Menlo. |Is Paris full of the fra-
grance of spring?

[24] vVallee 28-Apr-75 9:50 AM

Gerald, | am working on the first draft of the Chemical Society paper. Per-
haps | could tell you something about the.outline, and you could give me
some first-order reactions before | proceed with it. Would you have time
for that? As an alternative | can put this into the conference and you can
react in the next few days. Which do you prefer?

[25] Askevold (Org) 28-Apr-75 9:52 AM

I should add that the main purpose of this discussion doesn't have to center
around RASS and GRASP....this was only for a special request peripheral to
this COGEODATA conference.

[26] Wilson 28-Apr-75 9:53 AM
Time for me to get back to computing statistics, Gerry. Good talking with
you. Will drop in later.

[27] Askevold (Org) 28-Apr-75 9:55 AM

Jacques, the title sounds fine. Actually | have to catch a bus back to
Paris in 15 minutes. | will have access to this same terminal tomorrow, if
you can enter what you have and | will review it tomorrow and give you some
immediate feedback. Okay? Good talking with you, and will check back
tomorrow.

[28] vallee 28-Apr-75 9:56 AM
Re 27: Will do. Bonsoir, et salut a 1'ecole des mines.

Figure7. (Continued)
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A Network of Real-Time Mini Computers

WILLIAM J. LENNON
Computer Sciences Department, Northwestern University, Evanston, Ill. 60201

INTRODUCTION

The principal justification for having a mini or micro computer is
the cost effective control and monitoring of real-time systems. A
second justification is the relative ease with which independent,
dedicated computers can be moulded to fit particular requirements.
A common problem which can arise, however, is that when care is
taken to improve user interaction or attention is paid to
facilitating new program development, expensive additional
resources are requirede

We solved this problem by building a flexible, resource
distribution network to avoid two problems inherent in the routine
procedure of expanding the peripheral complement of dedicated
computerse First, because the truly expensive resources --
printers, access to the University computer, etc. -- are required
only intermittently, these resources will be used inefficiently
and generally cannot benefit from economy of scale considerations.
Second, and most important, each installation must invest in
maintenance and development personnel eventually competing with
one another for precious personnel support funds. It has been our
experience that we can realize most of the economy of scale
inherent in being a computing center without including most of the
problems normally associated with use of such an installatione The
network has been used routinely since the summer of 1971

The Computer Science Laboratory at the Technological Institute of
Northwestern University is unusual, primarily because it was
designed and is maintained, for the convenience of its users. It
is a network of mini-computers, which has been designed to provide
to remote computers easy access to commonly used peripherals and
to the University’s CDC 6400 and to support research in
distributed resource computing (see figure 1)« The continuing
growth of the system, and occasional changes that occur, are

67
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effected with minimum user inconvenience, as changes to the system
do not require concomitant changes in every existing programe.
Laboratory usage involves both real-time computing and computer
system reseache With few exceptions, software and locally designed
hardware are the work of volunteer or student project labor and
their contribution to the success of the laboratory cannot be
overemphasized. They, in turn, receive experience at a
nuts-and-bolts level not attainable elsewhere. The stimulating
atmosphere of the laboratory fosters the development of these
enthusiasts who spend hours of their own time on projects for
faculty members or fellow students. Their volunteer labor, in
addition to certain design features of the system, make the
network operation exceedingly economicale

Technically, the laboratory houses a star-shaped network of
real-time mini-computers, which is interconnected to remote
computers, most of which are DEC PDP-8 computers, although there
is no restriction as to computer typee The interconnection
hardware transceives characters using asynchronous serial
communication at a substantial rate (about 14,000 characters per
second) with the receiving computer controlling the transmission
of each charactere. This receiver control eliminates the software
overhead normally associated with such high speed communication by
eliminating the need for complex message handling and character
string buffering. Also, utilities and generally needed programs
are written to run in the remote, rather than the central
computer. The "intelligence" of the network is thus distributed
throughout the system, considerably simplifying the maintenance
and minimizing the impact of evolving services and facilitiess

The advantages of interconnecting a computer to the network are
many fold. The computer gains the ability to perform both
qualitatively and quantitatively beyond its own capabilities by
using Network Central resources. The cost per computer is very low
-~ less than that for paper tape equipment, while only under heavy
load conditions does its performance degrade to paper tape speedse
Interconnection hardware and software overhead is minimal and the
interconnection is easily accomplished. Many of the remote
computers have only an instrument interface, a teletype console
and a pseudo paper tape connection to the networke In turn, each
interconnected computer strengthens Network Central by being
available as a distributed intelligence resource to support other
computers, when it is not otherwise being usede.

The centralized cluster of computers and peripherals is referred
to as "Network Central"™ to distinguish it and the programs
required in its operation from the "network" programs, which are
generally run in remote computers that are supported by Network
Centrale.
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PROCEDURES

The goals of the network were to facilitate the design and
implementation of new programs as well as generally provide the
necessary enhancement to dedicated, real-time computers to make
them more flexible, accessible and generally easier to use. These
goals were attained by meeting the following four design
objectives both for larger machines and minimum configuration
control computers which benefit most from access to shared
resources.

1. Create an economical system by pooling expensive
resources and by providing easy access to it with minimum hardware
cost and minimum software overhead.

2. Run all existing programs without modification.

3. Provide a monitor which, while transparent to most
programs, would provide full access to all network resources for
newly developed programs.

4. Evolve new facilities without interfering with existing
facilities.

These objectives have been met for both the minimum configuration

control computer, which benefits the most from access to shared
resources, and the larger configuration computers.

Network Hardware

The key hardware for the network is a universal serial interface
[1] which by suitable logic card or connector changes will
transceive ll-unit, 8-bit serial characters at rates between 110
and 153,000 baud into current loops, EIA RS232 interfaces, coaxial
cable or twisted pair transmission lines. The hardware uses a
reverse channel permission to send signal (see figure 2). Thus,
irrespective of baud rate, the receiving device or computer
dictates character rate. Time constraints are effectively removed
from high-speed communication with an attendant simplification of
the required software. The problem of character overruns has been
eliminated. The reverse channel is used by each receiver to grant
its corresponding transmitter permission to send one character. In
our configuration, four twisted pair interconnect computers using
differential line driver/receivers.

Commonly used peripherals are installed along with a six million
word, moving head disk on a central machine. Time critical or
temporary peripherals are installed on two additional central
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machines.

Direct access to peripherals is currently denied, although
inter-computer communication is allowed for access to specialized
equipment. The detailed configuration of Network Central is shown
in figure 3. The central computer complex is located in the
Technological Institute. It communicates with a dedicated PDP-8/E
in an adjacent building which is interfaced to the CDC 6400 and
the Imlac PDS-1 computers. The disk is used to store working
programs as well as temporary files. A directory records, by file
name, storage parameters, as well as creation and usage history.
Files are simple linked-list structures of 384, 8-bit or 512,
6-bit character blocks stored as 256, 12-bit words.

Data transmission to remote users is single buffered on a block
basis. Character transmissions are executed in a foreground,
interrupt handler. Remote communication interrupts are serviced on
a round robin basis to provide full-duplex monitor command dialog
without degradation during heavy load periods. Buffer completions
result in a request to the background support program to initiate
disk i/o. Only inter-computer transfers which by-pass the disk
approach the hardware design limit of 14K characters a second
(i.e. 36 blocks of 384 characters). The maximum rate involving
disk transfers is about 7.5 blocks a second. This maximum is
realized when only one one-way channel is active (e.g. reading an
editor file when no other machines are making demands upon Network
Central). While this low density operation is generally the case,
transmission rate degrades to about 1 block a second either when a
single user runs an input/output bound program or two independent
users vie for disk access. Little degradation beyond this first
limit is reached by additional users because the disk requests are
effectively sorted by position and queued during heavy load
periods. The disk track access time is the principal factor in
this degradation.

The system design has been purposefully kept simple to permit
changes with minimum user inconvenience. Only monitor command
processing logic is overlaid on request to facilitdte new command
feature development. These overlays and the directory are located
in the center of the moving head disk. The maximum delay in
decoding a request and initiating service currently is two seconds
during peak loads. Without any design changes additional users are
easily served by additional buffer memory and mass storage. The
Network Central program resides in a 12,288 word PDP-8/E in which
5120 words are used as twenty-one disk/user buffers. Each
additional 4096 words will provide an additional sixteen buffers.
A user computer will require at most two buffers at Network
Central. During peak loads when six of the remote machines are
performing input/output, CPU utilization approaches 50%. The daily
average rarely approaches 10%.
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Network Programming Characteristics

The principal objective to effectively share resoureces was easily
met. Most paper tape oriented programs can be run without
modification. To take advantage of recent manufacturer emphasis on
disk operating systems, the command structure of the Network
Central monitor includes random access memory operations. A
routine complement of driver programs for the "systems device",
mass storage, and serial files will generally satisfy the needs of
a user seeking to run unmodified mass memory operating system
programs -- with or without local mass memory. Simple
communication between computers provides access to unique
resources and idle computers to allow the easy addition of new
support facilities. Finally, the usual complement of utilities and
system programs were written to run in remote computers. This
facilitates the development of utilities prior to assessing
whether a particular function should be included within the
complement of Network Central command actions. Transparency, as
well as concepts of relative efficiency or effectiveness, are best
discussed by examining the individual classes of computer support
provided. In this context, transparency is taken to mean the user
program is generally unaware of the support provided by the
operating system. In particular, only changes explicitly requested
are ever made to the remote computer memory holding the user
program. Realizing this objective is particularly important when
striving to run unmodified vendor programs designed for minimum
configuration control computers.

Because most programs written for minimum configuration
mini-computers (including similar micro-computers) include paper
tape as well as teletype i/o support, network communication paths
use control hardware which responds to high-speed paper tape
instructions. A unique characteristic of the operating system
traditionally used by this class of computer is its minimal
resident. While obviously true for a paper tape based control
computer, the philosophy is generally retained as mass memory
based systems are introduced for the same machine -- programs
which ran with only paper tape support are expected to run with
the new system. These application programs will often be available
only in absolute binary form and cannot be moved to make room for
any resident other than one fitting the minimal space originally
reserved for the paper tape loader. This philosophy places severe
restrictions on any network-connected system designed to support
computers running this class of programs.

"Paper Tape" Based Computers
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Transparency is achieved by having a resident monitor in the
remote computer occupy the area normally reserved for a paper tape
loader. The monitor resident effectively connects the remote
computer console directly to a Network Central machine where the
majority of the monitor logic resides. Network Central replies are
prefixed and/or followed by non-printing command codes which are
interpreted by the resident while typing the message to the user.
These non-printing characters may be used to automate system
access without resorting to an analysis of the character strings
designed for remote user communication. The resident includes a
modified loader which is controlled by Network Central. After a
program is loaded, a Monitor dialog establishes a source of
characters for the paper tape "reader", as well as a destination
for those "punched.”" After this dialog, an unmodified program
operates as if it had a 14,000 character per second paper tape
system.

Since the same channel is used for data and control information,
Network Central and locally developed remote programs monitor data
streams for an escape sequence (2 ASCII "CAN" codes) which never
arises in standard "paper-tape" transmissions. The remainder of
the remote programs are usually sensitive to a ''reader time-out"
to signal end of file. Files which might accidentally contain the
escape sequence are transmitted in a 6-bit mode. Most of the
Network Central commands are summarized at the end of the paper.
An examination of the commands will confirm the fact that this
class of computers requires the greatest level of support. The
majority of the commands are oriented toward a user communicating
with the Network Central monitor to obtain programs and manipulate
serial files.

"Paper Tape" program examples

In the first example, an unmodified program, the Focal language
interpreter, is loaded and the Network Central files named OUTPUT
and INPUT are assigned to serve the function of paper tape punch
and reader expected by the interpreter. The Network Central
Monitor prompts the user with a carriage return/ line feed and
sharp sign ("#").

Example 1.

#GET FOCAL Load FOCAL interpreter.

#ASSIGN OUTPUKINPUT/G '/G' is the command to
start after assignment.

CONGRATULATIONS! !! Initial dialog of Focal.
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YOU HAVE SUCCESSFULLY etc.
(Typical time to dialog is 15 seconds)

A small mini-monitor (the resident less loader logic) is imbedded
in commonly used programs (e.g. Editors, Assemblers, Compilers)
and the network drivers of larger, self-supporting operating
systems.

The following example shows the monitor and mini-monitor dialog
for a a modified "paper tape" assembler used to translate a source
program approximately 3000 characters long. The assembler obtains
the date and time from Network Central for the listing output.
Translation under idle network conditions takes about 40 seconds
with the listing pass taking an additional 65 seconds. As should
be expected for a program designed for paper tape, the file
containing the source is read three times. The second pass
produces a binary tape image in the Network Central file "BINARY."
The third pass produces a character string stored in the file
named "LISTING." When a listing file is diverted to the printer,
its name is placed in a queue which must be emptied by an operator
at Network Central. In addition, the listing can be viewed using
the standard editor program. The "%" symbol is used to distinguish
mini-monitor from full monitor dialogs.

Example 2.
#RUN PALN Load and start
assembler.
%#ASSIGN SOURCE Start pass 1.
%ASSIGN BINARY<SOURCE Pass 2.
%ASSIGN LISTING<SOURCE Pass 3.
#DIVERT LPKLISTING Queue the listing

for print out at #
Network Central.

The normal evolution of a Network Central facility begins with a
remote computer program that provides service while we obtain
usage data, suggestions and an assessment of its usefulness. Few
utilities have demonstrated sufficient stability to be included in
new versions of the central program. A similar evolution occurs
for programs which are modified to use network resources more
efficiently. The present assembler has stabilized as the example
shows because most users feel that little more would be gained for
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the effort involved to automate the dialog. Four years experience
indicates improvement is due but that it is not a trivial task as
the following example shows.

Example 3.

#RUN PALN

%ASSIGN SOURCEL

%#ASSIGN BINARY<SOURCEl Remote command.
OUTPUT FILE EXISTS Error report.
%#SCRAP YOUR DIRECTORY Remote command.
SAME TO YOU FELLA!! Error retort.
%ZPURGE BINARY

%#ASSIGN BINARY<SOURCE1

etc.

At present, any programmed computer may have the same level of
support as a PDP-8 class computer. Adequate disk space must be
available to store essential systems and applications programs. A
resident, as well as a mini-monitor, must be written for each
unique computer. One powerful feature of the network is the
growing number of centrally maintained systems and utility
programs. To gain access to these older programs, as well as
provide access to newer programs for users of the old computers,
provision must be made to control programs running on one computer
from another. The communications capability is present and as more
computers evolve to a size which can support mass memory operating
systems having truly device independent input/output, this problem
diminishes. Any user at any computer will have the ability to seek
out an idle machine to run a program requiring a particular
configuration.

We are adding micro computers to the network as if they were
inexpensive mini computers. They typically have a network resident
and read/write memory. However, as particular applications are
defined, there will be a growing number of dedicated processors
using read-only memory to support a fixed application -- say,
editing. After meeting their principal requirement, the network
resident will then be used to communicate with and control other
computers running application programs. Successful upgrade of most
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network machines to the general capabilities of those supporting
operating systems will mean a general trend away from machine
language to higher level language programming. Newly developed
utility programs will tend to become more machine independent.

Mass Memory Operating System Support

A network connection will simultaneously support either two serial
files or up to sixty-four random files. The random file commands
request the transfer of either subsequent blocks or specific
blocks relative to the beginning of a file. These commands may be
issued by program modules in the remote computer to support a mass
memory operating system.

When considering the support of a mass memory operating system in
the network, three distinct levels are possible. Simplest of all
is supplying a serial file driver to perform pseudo paper tape
support to computers already capable of running the operating
system. Second, mass memory drivers can be supplied which treat
individual files or groups of files as separate mass memory
devices. Finally, a special "systems device" driver can be defined
to use Network Central resources in lieu of any local mass memory.

The details concerning which combination is preferred clearly
depends upon the particular computer configuration and its base
operating system. In the case of the PDP-8, we were able to run
the 0S/8 operating system using one third of the recommended
minimum disk capacity by adding one or both of the first two
levels of support. The quality of the "pseudo paper tape" software
also makes it desirable to quickly boot in and out of the
operating system. By treating access to Network Central as access
to 64 separate devices we are able to overcome a severe operating
system restriction. Blocks in a file are stored contiguously in
0S/8 so that it is impractical for 0S/8 to allow more than one
open output file on a device.

The second major operating system interfaced has been Digital
Equipments's RSX-11/M for the PDP-11. We have not attempted to use
Network Central to simulate the mass memory "systems device" but
have concentrated on contiguous file transmissions to gain access
to the shared peripherals and the CDC 6400.

The approach to be taken, and the desirability of mass memory
simulation is a function of the particular operating system to be
supported. After a certain level of sophistication is passed, it
may no longer be cost effective to simulate a mass memory device
used for swapping and general overlay support. As operating
systems become more complex, file manipulation, directory
processing and access permission code maintenance may force the
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mount of local suport software to be excessive.

In all cases we have achieved substantial performance
improvements at minimal hardware and software overhead. If more
sophisticated systems than we have supported appear important
enough for the additional effort, our approach would be to add an
additional computer at the central site to provide the additional
algorithms required for the several machines to be interfaced. We
would adopt this more conservative approach over making
substantial changes to the central machine because of the ease
with which the interconnected network computers could provide the
required support in a distributed fashion.

Distributed Computing

There are three applications areas which utilize the distributed
capabilities of the network. First, a running CDC 6400 program can
actively communicate with a program running either in a network
computer or in a partition in our time-shared PDP-8. The
network-based program generally acts as an intelligent terminal
for the 6400 program. Experimental results are frequently
transmitted to the 6400 after which the analysis is directed from
the remote computer. Second, a new peripheral is often installed
on a remote computer rather than the Network Central complex until
its driver philosophy or final hardware interface is defined.
Communication with a Network Central file or another remote
computer is established to read from, or write to, the new
peripheral. Finally, new program functions will often be
programmed to run in a second remote computer which communicates
with the first. In many cases the code to support a new function
will either not fit or will degrade the original program
performance below acceptable levels. In a recent analysis of
program behavior, a small data taking routine was imbedded in a
small time-sharing system. The data was logged at Network Central
where a second computer read it, performing preliminary data
reduction. In this instance, minimal change to the monitored
program took place. The performance of the program was marginally
affected by the data taking and far more sophisticated logging was
possible because the initial data reduction routine was not forced
into the already tight program being analyzed.

FUTURE DEVELOPMENTS

The system has reached a point of development during which the
experience with current computers is being applied to interface
new models. As figure 1 indicates, we expect to interface Data
General Nova's, DEC PDP-11's, and a Raytheon 704. We anticipate
each unique computer or operating system will require about
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500,000 words of disk storage. At the other extreme we are adding
some micro-computers.

One of the network computers supports a locally developed
time-sharing system used for laboratories in computer organization
and software fundamentals. We anticipate new application programs
will be developed to support terminal, rather than computer,
access to network resources.

The communication between Network Central and the CDC 6400 uses a
transient program running in a computer in the central complex.
The dialog with the 6400 is more complicated than that used in the
remainder of the network. Parallel developments in the computing
center and in our laboratory will result in effecting simultaneous
communications between several network-based programs and
corresponding programs running on the CDC 6400. The resultant
communications discipline will be such that we expect to support
telephone-connected computers, as well as the 6400, if we add a
dedicated computer for these tasks.

CONCLUSIONS

The network has two key features: First, the universal serial
interface with receiver control of character transmissions which
minimizes interconnection hardware and software, and secondly, the
fact that "intelligence" is distributed uniformly throughout the
loosely connected remote machines. The result is an economical
system which provides a marked increase in flexibility and
accessibility without sacrificing essential real-time
capabilities. The next logical step is to increase the
connectiveness of idle machines to address the partitioning and
distribution of large data processing tasks.

Our network design can be contrasted with networks of larger, self
sufficient batch processing or time-sharing computer systems where
load leveling or access to unique resources has been the aim, as a
major function of our mini-computers continues to be real-time
operation. Present intercomputer speeds allow us to relax somewhat
the common sense restriction that data storage and program
execution facilities reside in the same location. However, for
real-time and on-line experiment controls, use of local storage is
encouraged for guaranteed response time and data integrity. Using
Network Central to store the only copy of a data file essential
for achieving Nobel Laureate, tenure, or Ph. D. status is
proscribed.

Within our mixed environment of real-time computing and computer
system research, it is difficult to envision an approach which
differs other than in detail from our present system. The two key
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features of our network can be easily achieved by other
laboratories for much more powerful computing systems. Because our
experience emphasizes the desirability of initial homogeneity for
maintaining adequate control of the evolution to a heterogeneous
network, the existing population of mini-computers and their
operating system should be considered when designing an initial
configurations
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APPENDIX
EXTRACT OF NETWORK USER’S GUIDE (Serial files)

All commands may be specified by the first two letters of the
commande The remaining letters until the first space character are
ignoreds Exceptional, one letter commands are noted. All command
sequences must end with a carriage returne

NOTATION:

Character sequences a user must type are enclosed in single
quoteses Sequences generated by Network Central are enclosed in
double quotes. Optional sequences are bracketed« Parameters or
strings will be indicated by lower case words. When required,
non-printing characters will be denoted by three digit octal
numbers in parentheses.

IDENTIFICATION COMMANDS:
"LOGOFF *

This command will close out all account data taking for this
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terminal and (usually) cause the computer to halt. When a new user
restarts the computer, instead of the standard "#" prompt
character from the Network Central monitor, the local teletype
will copy the following from Network Central:

"LOG ON!
1"

The user must then type in his password. Once logged on, the
accounting procedures then maintain a log of all data transfers
from that terminal and associate that users internal account
number with all files created while using the computer. A users
password is "secret" while the account number is public
informatione

SERIAL FILE MANAGEMENT AND GENERAL COMMANDS --
FILE NAMES:

A file name consists of up to ten characters followed by an
optional ‘.’ followed by two characters called an extension.

EXAMPLES: FROG TEMP.PA

The extension helps to identify what type of file is there. With
one exception, the extension is used for user information onlye
The ".IM" extension is appended to the program name a user types
when issuing a "RUN" or "GET" command. Some commonly used
extensions follow:

«SY NETWORK SYSTEM FILE

«IM NETWORK CORE IMAGE

SV 0S/8 CORE IMAGE

-89 8090 BIOCTAL PROGRAMS

«PA PAL SOURCE

+BN NON-RELOCATABLE (LIKE PAL) BINARY
«FT FORTRAN SOURCE

«~DA DATA

»LS LISTING, PROBABLY TEMPORARY

«CR CROSS REFERENCED LISTING, TEMPORARY
™ TEMPORARY

FC FOCAL

-BA BASIC

~WU PROGRAM WRITEUP

«TX TEXT

«YF WJL'S, PURGE THIS -~ YOU'RE FIRED!
«WL NOT AS SEVERE AS «.YF ABOVE

«BS PERSONAL, PROBABLY PHILOSOPHY

«01-¢77 FILES LOCAL TO A TERMINAL
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"ASSIGN” [file2]
"ASSIGN’ [file1] ‘<
"ASSIGN” [file1] "<’ [file2]

’

Assign Network Central files, file1 and file2 as output and input
files, respectively (the bracketed names are optional). Characters
punched to a null output file are ignored while the end of
information sequence, two ASCII CAN (230 octal) codes will be read
from a null input file. If the """ character appears immediately
after the file name, that file will pack or be unpacked from the
12-bit word six bits at a time. Otherwise 8-bit packing is
assumed, three 8-bit characters to every two 12-bit computer
wordse Since Network Central monitors all received data
transmissions for the end of information sequence, files which
might accidently contain that sequence are transmitted in 6-bit
mode «

‘DIVERT” [odev] "< [file]

Divert the file to the queue of an output devicee. [odev] stands
for a sequential output device and can be replaced by "LPT" or
"PTP" under the current hardware configuratione. An operator at the
central site must initiate dumping of this file from the queuee
The file must be explicitly "PURGED" following the actual output
operations

‘RUN” (OR ‘R”) [program name]

Load the binary image file into core, release Network Central
buffers and branch to the program’s starting address. The assumed
extension on the file is “IM’. An explicit extension may be used
to override the assumed extension -- E«Ge "«89" for 8090 programs.

’

GET” [program name]

Load the binary image file into core but do not branch to the
starting addresse. Return to the network command mode to enter more
commands before starting. When a series of "GET’s" are typed in,
the starting address saved by the network resident in the remote
site is the last one received. The characters "/G" may be typed
after either an assignment or "ASSIGN" or "OFF" command causing
the Network Central Monitor to signal the remote resident to start
the remote computer at the most recently received stating addresse

"STATUS  argument

Where "argument" can be:
“FREE’
Print out how many free blocks (octal) are on the diske
“CORE”’
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Print out how many 256 word buffers are lefte.
"USER’
Print the user (terminal) numbers for all computers
allocated core bufferss
‘DATE’
Print today’s date.
‘TIME’
Print the current time.
“TNUM®

Print out your terminal number (The one logged by the USER

status command above)e.
‘LOG”
Print out how many un-dumped blocks of the system log are
on the diska.
“VER®
Print out the current version number.
“AcCCT’

Print out the account number currently active at this
terminal. Account numbers are public whereas the passwords are
secrete

‘FNT” [character]

Included for completeness, this command is used only when

performing "random access" input output with Net Central filesw

‘TALK” [string]

This allows a terminal to send messages to the network central
console TTY. An alert will sound at the central site until
acknowledged there. [string] will then print out at the consolea
The remote site and console will then be "short circuited" to
allow further communications. A control x terminates
communicatione

’ ’

OK
Type this when a bulletin has been received to turn it off.
Bulletins are entered at the central site and broadcast to all
newly logged on userse

‘NAME® [file1]
‘NAME® [file1] "<’ [file2]

The first form of this command creates an empty directory entry
with the name filels The second form renames the file, file2, to
filele

“OFF” or ‘0’

Release all Network Central buffers. This command should be used
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to free up the two pages of core used for storing the command
string. The network program will either return to the system
monitor of the machine at the remote site or will halt.

"PURGE” [file]

Remove all traces of the file from the network diske If the file
is in use by any remote site or be on any output queue a "FILE
BUSY" diagnostic will be issuede

"LINKS’

Make sure that the link block pointers to all files are now stored
on the diske

‘MERGE” [file1] ’,” [file2]

Concatenate file1 and file2 with null (000 octal) fill between.
File2 will disappear from the directory and the merged file will
be named filel.

MESSAGE TRANSMISSIONS:

Error messages and the line resulting from a “STATUS® request are
preceeded by the message command character (004). They are only
one line long and are terminated by a carriage return and line
feed (215,212)« They are then followed by the prompting sequence
which ends in the command character (005)« For any given command,

.the first character of possible error messages is unique. The

following is a list of all error messages:

BAD DATE [Net Central only]
BUSY FILE

DEVICE BUSY [Net Central only]
DISK FULL

FILE NOT FOUND

INVALID COMMAND

INVALID DEVICE

LOAD ERR
LOG 75% FULL [Net Central only]
NO!

NO CORE (0OPS)

NOT ACTIVE [Net Central only]

NOT IN QUEUE [Net Central only]

OUTPUT FILE EXISTS

QUEUE EMPTY [Net Central onlyl]

SYNTAX ERROR

SAME TO YoU!!

TOO FEW ARGS

TYPE ‘DATE MM.DD.YY  [Net Central only]
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A Computer Utility for Interactive
Instrument Control*

PAUL DAY
Argonne National Laboratory, Argonne, Ill. 60439

I. INTRODUCTION

With few exceptions, laboratory automation has
proceeded by the interfacing of a mini-computer to
each instrument that requires some type of real-time
service; data acquisition, experiment control and/or
the analysis of an on-going experiment. To those
willing to invest considerable programming effort for
each system or those whose needs may be satisfied by a
commercially available package, this approach appears
attractive. However, limited system flexibility is the
price paid for such systems, which price is derived
from the inherent limitations of mini-systems; 16 bit
word size, fixed system resources, custom tailored
programs (not modular), inherent difficulty of program
development on a teletype, and unavailability of the
computer for experiment control during code generation.
The recent trend toward interconnecting several minis
together into a network overcomes the limitations of
fixed system size and provides the possibility of gen-
erating new code while real-time service is being pro-
vided. However, there is a class of instruments which
require, and others which could greatly benefit by,
real-time support which included the storage and
analysis of large amounts of data (25K bytes/sec.)
using such routines as fast fourier transformations,
multi-point smoothing, least squares analysis and

—
Work performed under the auspices of the U. S. Energy
Research and Development Administration.
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matrix manipulation. This type of support cannot
generally be provided by a mini-computer network unless
a computer with significantly more capability than a
mini is connected to the network. This computer should
provide sufficient storage capacity and computational
ability (32 and 64 bit floating point arithmetic) to
permit the real-time execution of 20 to 30K word
FORTRAN programs, and it could further increase scien-
tific productivity if all the final analysis for each
experiment could be performed on the same system.

Rather than a network, our approach is more ana-
logous to an octopus, in which all real-time support
is provided by direct connection to a central computer.
A careful study of the real-time requirements of our
Chemistry Division in 1967 indicated that a central
computer with suitable hardware features, properly
controlled by an operating system, could provide all
the advantages of a large computer without sacrificing
the isolation advantage of the mini-computer in the
laboratory (1l). The operating system must utilize
these hardware features in a manner which will provide
each user with the level of real-time and other ser-
vice required to run his experiment, while at the same
time insuring a level of data and program integrity
enjoyed by the isolated mini-computer user. To date
it has not been necessary to enhance our central com-
puter's service by the addition of a mini-computer
between the central computer and the remote instrument.
However, some of our remote interfaces do perform
computer-like functions which interact with an instru-
ment on a microsecond time scale.

At first glance, the isolated mini-system has
three advantages over a larger system (including a
mini-network): isolation insures no competition for
resources; data and program integrity are as good as
the stand-alone software package; since hardware
failure rate is somewhat proportional to the number
of components in a system, the mini will be out of
service less often. However, our system has demon-
strated that it is possible to meet the above service
and integrity aspects. The only disadvantage of our
central system is a hardware failure rate of about
once in 20 days compared to minis which often run for
many months without failure. However, our on-line
users consider this insignificant compared to the
following advantages of our central system:

1. The system is of sufficient size and speed to
perform most data analysis in real-time or at
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the completion of an experiment. In the rare
case that more computing capacity is required,
9-track magnetic tape is used for data trans-
fer to a larger computer.

2. Dynamic sharing provides more resources (CPU,
core, disk, magnetic tape) per experiment for
a given capital investment.

3. Fast program generation and debugging with
high speed card reader and line printer, along
with the use of modular programming techniques
makes program upgrading easy enough to keep up
with the research scientist's changing needs.
At least seven of our on-line experiments are
considered state-of-the-art systems.

4. Time-shared execution of 25K word FORTRAN
programs in real-time. Batch execution of
up to 40K word programs for final analysis.

5. On-line keyboard displays and interactive
graphics running at 9600 baud for working
with data.

6. Disk storage (75 megabytes) for data (FORTRAN
accessible), programs and program overlay
storage.

7. Open-shop batch-processing permits on-line
users to develop and debug their own FORTRAN
programs which then have direct access to
their data.

8. Only a small programming staff is required.

A programming investment of 15 man-years has
completed the operating system and applica-
tions programs for 21 on-line experiments. An
additional 8 man-years was invested in the
design and construction of the hardware inter-
faces.

All control and organizational aspects of the Sys-
tem were designed, coded and implemented by our Chemis-
try Division (2). The following Xerox software was
interfaced to the system; loader (BCM), assembler
(SYMBOL) , compiler (FORTRAN IV-H) and FORTRAN run-time/
arithmetic subroutine package. The central facility
has been self-running (no computer operator) for over
five years 24 hours/day, 7 days/week with the exception
of 8 hours: 4 hours of preventive maintenance followed
by 4 hours of System development each week. The sys-
tem is continually evolving to support new peripherals
(disks, interactive terminals, array processors, etc.)
and to provide new services as the needs arise. Pro-
visions have been built in for automatic recovery from
power failures, to restart faulty peripherals and to
cease using faulty memory when detected. System uptime
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averages 157 hours per week with one system crash (down
time averages about 40 minutes) about every 10 days
(half are hardware related and the other system soft-
ware). Automatic restart for users is available after
weekly maintenance or a crash. Daily copying to mag-
netic tape of all program and data files stored on the
disks and RAD (Rapid Access Device - fixed head per
track disk) insures users against catastrophic failure.
A partial loss of data collected over several hours has
occurred three times in five years as a result of hard-
ware failure.

II. System Services

Computer Configuration. The present computer con-
figuration (Table I) has been incrementally expanded
from a 24K word system, without disk, supporting 8
experiments to the present system supporting 21 experi-
ments and six independent graphics/keyboard terminals.

Sigma 5 CPU Central Processing Unit/
floating point arithmetic

Memory 56K 32 bit words plus parity

MIOP (2) 750K bytes/sec. bandwidth, 32
channels

CIoP 21 110 baud teletype, 2 1200 &

8 9600 baud terminals

Disk 251K bytes/sec. transfer, 25

megabytes x 3 spindles
RAD (fixed-head disk) 170 Kbyte/sec., 6 megabytes
9-track mag tape (2) 60 Kbytes/sec., 800 bpi

Card Reader 1500 cpm

Line Printer 650 lpm

Card Punch 300 cpm

Paper Tape reader: 300 cps Punch: 120 cps
Digital Plotter CALCOMP 565

TABLE I. Hardware Configuration

Data Transfer. All user and system data is han-
dled by input/output hardware (MIOP) that interacts
with all devices running concurrently; being capable of
transferring data at an aggregate rate of 750K bytes/
sec. Thus, a device seldom waits more than a few mi-
croseconds for transfer of a datum after it signals the
MIOP that it is ready. Each user's data is moved
directly between his assigned program core memory and
a device; there is no system overhead required beyond
the time required for MIOP transfer.
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Real-Time Response. A software priority is associ-
ated with each program controlling an interfaced in-
strument. These priorities are assigned on the basis
of instrument requirements at system boot-in time.
Upon receipt of a request for program execution (e.g.
user's device signals "done"), the user's real-time
program will commence execution after a time lapse
that depends on its priority. The highest priority
program will commence execution within 160 microseconds,
whereas the lowest priority may not start execution
until up to 200 milliseconds later, if one or more
higher priority programs are currently "ready-to-run".
A simplified real-time execution service cycle may be
represented by the following:

1. Program requests a system service (e.g. start

reading data from my device)

2. Program calls end-of-service (EOS) (program
has nothing to do until data transfer is
complete)

3. An MIOP interrupt for this device indicates
transfer complete

4. Program processes data

5. Proceed to step "1"

Custom Designed Control Programs. Even though our
engineers have established a basic interface design and
our programmers have developed effective techniques for
acquiring data and controlling instruments, each new
system is custom designed at a level which will best
serve the user's current and projected needs. A com-
mand language is established with which the user can
easily communicate with his programs in a natural man-
ner. Program prompts are provided (e.g. "how many
scans") so the user does not have to memorize an unfam-
iliar mneumonic scheme. While our programming staff
designs and writes the data acquisition and instrument
control portions of the package, users familiar with
FORTRAN may code and use their own FORTRAN programs for
real-time processing and/or final analysis.

User Communication and Control. Human communica-
tion with the computer system is provided at each re-
mote experimental site via a KSR33 teletype. At system
boot-in time, input requests are initiated to all com-
munications terminals. At any subsequent time, a user
may log-on to the system; at which time sufficient core
memory space is assigned for the core resident portion
of his specific instrument control program and interact
with his instrument through this program. Some of the
remote sites also have interactive graphics terminals.
In addition, several graphics terminals and keyboard
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displays are strategically located for shared use. A
user may similarly log-on and interact with his graph-
ics and/or computation programs from these terminals.

The system provides the user with complete control
of his instrument interface through the construction
and execution of any I/O command sequence that can be
executed by the MIOP and his device. This permits the
buffering of data into a user's core area, with inter-
rupt indications being passed to the user's control
program as each buffer fills, while the MIOP may initi-
ate further data transfer into another user-specified
area within less than 10 microseconds after a buffer
fills. System integrity is insured by checking for
core bounds violation before an I/O operation is
initiated on the user's assigned device.

Mass Storage Usage. The system was designed to
maximize data throughput. Therefore, disk (and RAD)
file structures were simply designed to provide random
access in record sizes of the user's choice. When
defining a new file, the user provides the name and
size of the file to be defined. The system assigns a
block of contiguous sectors and records the file name,
location, size and creation date in the user's disk-
resident file index. The file may be "opened" at any
subsequent time, which then places the file's sector
bounds in the requesting level's PDT (program descrip-
tion table). The file space within these bounds may
then be used in any manner the user chooses; however,
data transfer always commences at the beginning of the
logical disk sector (LDS) specified (one sector = 256
words). Each request contains the LDS, the core ad-
dress for data transfer and the number of words to
transfer. The actual starting sector address is then
derived by the addition of the LDS to the lower sector
bound (core-resident after file is "opened"). After
insuring that the user's core and file bounds will not
be exceeded, the operation is initiated.

To facilitate the rapid updating of large histo-
grams, only a portion of which can reside in core mem-
ory at one time, a write-read feature has been provi-
ded. This permits the writing back on the disk (or
RAD) of a just-updated portion of a histogram and the
reading into the same core area of the adjacent portion
of the disk-stored histogram; all in one disk rotation.

Non-Resident Program Execution. Our real-time
computational requirements vary over a wide range. Our
pulsed NMR experiment requires scan averaging a 16K
word histogram every 300 milliseconds, taking about 100
milliseconds per update. While this is the highest
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usage required by this experiment, it is needed occa-
sionally. Other experiments require the execution of a
25K word histogram transformation program (nuclear
fission detectors) every minute, taking about 5 sec-
onds. Other users require this type of execution

every 10 minutes for times ranging from a few seconds
to 30 seconds.

To satisfy this variety of demand without requir-
ing an inordinate amount of core memory, the operating
system provides for the time-shared execution of non-
resident programs (not always in core) in the back-
ground core area. These programs are disk-resident
core images of relatively large programs required
infrequently and without severe time constraints. Two
queues are provided: one with a 1 and the other with
a 32 second execution time limit. These programs are
usually FORTRAN which are user-written or from user-
group libraries. This system function also makes it
easy for the casual user, who is conversant with
FORTRAN, to perform his own real-time processing.

Prior to execution, a non-resident program must be
"opened" ,which consists of creating and storing the
core image on a disk file and setting the relevant file
information in the user's PDT. Multiple programs may
be opened and/or open at one time. At execution re-
quest time, using the core resident size indication,
the system writes a sufficient portion of the current
lower priority task on the disk and then reads in the
core image non-resident program. The total time re-
quired between the request and the start of non-
resident execution is about 250 msec. for a 15K word
program, if no other request is pending; otherwise it
must wait its turn in the queue. Several options are
available at execution time; core page size if larger
than the code, automatic "opening" of user's current
foreground files to the non-resident program, queue
selection (1 or 32 sec. time limit) and a "save"
option (write program back on disk at exit time). The
"save" option allows step-wise execution. At entry
time, a register contains the address of the reques-
tor's calling function parameter table (which may con-
tain an argument list of any length) facilitating
argument transfer. Non-resident memory write locks are
"ORed" with the requesting level's write locks, permit-
ting modification of the foreground core.

Concurrent User Operations. A user's program has
the option of overlapping different system services.
This is effected through a "type" option in each call
a program makes to the system, specifying the type of
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action the system should take after initiating the
request:
1. Initiate request and return immediately
2. Initiate request and return when request is
completed
3. Return if or when the previous request of
this kind is completed
4, Initiate request, call end-of-service and
return when request finished
5. Initiate request, return immediately and
return when request finished
Multiple "request finished" indicators are saved in the
requestor's PDT, with user notification being provided
on a first-in-first-out basis. Using combinations of
the above "types", a user program may overlap a number
of operations that do not have to be completed in a
specific order. For example:
1. Start device reading into next data buffer
2. Move previous data to magnetic tape
3. Write data to disk
4. Execute a non-resident program which generates
display data
5. Computation
Having the option of being notified about the comple-
tion of the various processes, the user program can
proceed as required.

Graphics Facilities. Graphics facilities consist
of a CALCOMP 565 digital plotter and eight Tektronix
4010 graphics units, three of which have 4610 hard copy
units. Their respective FORTRAN callable driver sub-
routines write calculated move-data to the user's disk
plotter-file. After executing the FORTRAN program in
the batch mode, a real-time CALCOMP utility program is
initiated, which reads the move-data from the disk file
and writes this data to the MIOP-coupled CALCOMP. Thus
the slow moving CALCOMP plotting is performed while
other batch jobs are running.

The Tektronix interactive graphics units are sup-
ported with driver routines that execute at a fore-
ground level which in turn makes calls to the user's
non-resident code, return to the foreground level reads
the move data from the disk and transmits it to the
Tektronix screen. Or, the foreground writes an inquiry
on the screen and, after a subsequent user response,
returns the response to the non-resident program via a
new execute non-resident program request. Thus, non-
resident core is available for other users during writ-
ing, reading or waiting for a user to respond to an in-
quiry. Provision is also made for the user's program
to ascertain the coordinates of thumbwheel controlled
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cursor crosshairs, providing the user further inter-
action with his program.

Time-Sharing. Previously compiled and stored
(batch mode) FORTRAN IV-H programs can be executed in a
time-shared mode from any remote keyboard terminal
(numbering 31). The keyboard terminal is treated as
the I/0 device in place of the card reader and line
printer. Actual code execution takes place in back-
ground core as a non-resident program between I/O
statements. Programs executed in such a manner also
have access to disk and RAD storage. In addition to
the users' specialized programs a library of conversa-
tional programs is available. Routines for interactive
graphics terminals include: peak resolving, data
smoothing, spectral displaying. Interactive routines
are also available for manuscript generation using a
text-editing package.

Open-Shop Batch-Processing. A very important
feature of the system is the support of an open-shop
batch-processing service in which jobs are queued
through the card reader. This type of queuing provides
the casual user with immediate feedback for the rapid
debugging of his programs. Batch is the only level in
the system which has access to the "batch peripherals";
card reader, line printer, card punch and paper tape
reader/punch. The batch level also has access to disk,
RAD and magnetic tape. Although the on-line user has
the option of performing extensive analysis of his ex-
periment from his remote terminal, the batch level is
often utilized where large amounts of output are in-
volved and for the transferring of file data onto mag-
netic tape for archiving or transport to another com-
puter. The batch level is also used extensively to
generate and debug code for the control of on-line
experiments.

The batch level uses all CPU cycles not used by
on-going foreground processes while no higher priority
use (e.g. non-resident execution, foreground loading,
core image generation) is required of the background
core area. Under normal daytime system loading, the
foreground users require about 10 percent of the CPU
cycles and the non-resident program execution about
another 40 percent. Thus, it appears to the batch user
that his program is executing on a computer with about
half the speed of a Sigma 5 computer which was dedica-
ted to batch-processing.

Long-Term Computation. CPU utilization seldom
exceeds 30 percent in a 24 hour period even with heavy
real-time and batch usage. The remaining CPU cycles
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are made available for executing very long (hours to
weeks) batch-type computations running at a priority
level below batch processing. These jobs differ from
normal batch in that they only have access to disk and
RAD files, not the "batch peripherals". Once initiated
(from the card reader), the job is rolled into back-
ground core anytime there is sufficient core space and
higher priority usage permits. The daily saving of
files onto magnetic tape also copies the current core
image (now stored on disk) of the long term job along
with its disk and RAD files. Automatic file (and long-
term) restoration at system boot-in supports executions
extending over long periods.

Incremental Expansion. As more exXperiments are
added to the system, one is concerned with two types
of system expansion; hardware and software. The Xerox
hardware architecture is such that essentially all
hardware capability is modularly expandable except the
CPU. For example memory can be expanded in increments
of 8K words to a maximum of 128K; I/O channels can be
added in groups of 8 up to 64 (2 MIOPS) until another
memory port is added which would then permit up to
another 64 channels. The addition of a new interfaced
instrument requires the physical connection of its
associated device controller to the MIOP bus structure,
a one hour job, during which computer power is shut
down.

Software expansion need only be concerned with the
generation of applications programs for each newly in-
terfaced instrument. The operating system does not
require any modification for a new experiment. At
system boot-in time, all of the required PDT's are
generated from level parameter cards,one per interface.
Therefore, a new instrument requires the addition of
only one card to the boot-deck. The applications
programs for a new instrument are designed and written
in close consultation with the users while the new
interface is being designed and constructed. Total time
from conception to operation runs about 3 to 6 months.

III. Current On-Line Experiments

The 21 experiments presently interfaced to the
Sigma 5 require widely differing types and amounts of
service. Data transmission rates vary from one byte
per minute to 100,000 bytes per second over short
intervals. Control requirements vary from none, to
computing the angular coordinates of a goniometer from
a crystallographic orientation matrix, to providing
pulse sequencing for radio frequency generators. Mass
storage requirements vary from 1000 to 1,000,000 words.
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Real-time processing includes; scan averaging 16K
channel spectra, performing mass-energy transforma-
tions on correlated pulse-height events, fast fourier
transforms, least squares analysis, data smoothing and
peak finding. Table II is a list of the currently
supported programs with their associated instruments.

Quantity Research Program Instrument Type

5 fission and nuclear spectra Packard 45 pulse
height analyzer

2 routine chemical analysis mass spectrometers
(12 in. 60° sec)

1 pulsed radiolysis Biomation 8100
transient recorder

1 stopped-flow kinetics Biomation 802
transient recorder

1 precision heat capacity Vidar 5204 data
acquisition system

1 crossed molecular beams time-of-flight
detector

1 crystal structures neutron diffrac-
tometer

1 biological system structures Varian HR220

super-con pulsed

NMR

1 very fast kinetics Nuclear Chicago
Multiscalar (400)

1 chlorophyll studies Cary 14 spectro-
photometer

1 matrix isolation Cary 17H spectro-
photometer

1 30 ft. grating spectrometer plate measuring
comparator

1 primary photosynthesis Varian E-9 ESR
spectrometer

1 plant pigment studies Varian E-700 ENDOR
spectrometer

1 environmental radioactivity multi-detector (22)
counting system

1 high-temperature chemistry effusate spectrom-
eter

TABLE II. Current Interfaced Instruments

Pulsed Nuclear Magnetic Resonance Spectroscopy.
This system consists of a Varian HR220 super-con NMR
operatlng in gulsed mode for producing fourier trans-
form 1lH and Cmr spectra (3,4). Automation is pro-
vided to control pulse sequéncing with up to 10
interval-width pairs: pulse-widths of 0.5 to 511
microsecond in 0.5 microsecond steps and intervals of
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M x 2N (where M and N range over 0 to 31). Data is
digitized with an ADC (8 to 13 bit selection) and
transmitted directly to computer memory in groups of up
to 16,384 channels with dwell times of as low as 16
usec without losing more than 5 percent of the scans.
Data loss is hardware detected and software compensa-
ted; incomplete scans are discarded. For shorter

dwell time a hardware/software interlace feature has
been provided which takes every N-th (N = 2, 4, 8, 16)
data point from N successive scans in an advancing
manner, requiring up to 16 times longer accumulation
periods, but permitting acquisition of spectra with
dwell times as short as 1 usec. Data is scan-averaged
in real-time onto a disk-stored histogram. After
accumulating the desired number of scans the data is
base-line corrected, apodized, fourier-transformed

(4K channels requires 3 sec.) and phase corrected.
Spectra may be stored for future comparison or analy-
sis. A "tau" mode is provided which will automatically
collect and analyze spectra at up to 10 specified
intervals. The spectrometer is primarily used for
natural products chemical studies, especially in photo-
synthetic pigments and in electron transport proteins.

Neutron Diffractometer. We have an extensive
program investigating crystal and molecular structures
in the 10-300°K temperature range on the following
types of materials: hydrogen bonded such as hydrated
protons; high conductivity inorganic complexes; bonding
electron density studies on inorganic and biological
compounds. Sigma 5 support for this effort includes
automation of a four-circle neutron diffractometer
(5,6), located one mile from the computer, which is
controlled at any level of interaction selected by the
experimentalist. This interaction can be either at
the reactor or in the user's remotely located office
(not at the reactor). User commands range over the
following: move circle "X" to N-degrees, take a count,
scan a diffraction peak in a specified region and
store its coordinates, compute a preliminary orienta-
tion matrix, determine the locations of a set of
reflections using the preliminary matrix, compute a
least-squares adjusted orientation matrix using selec-
ted reflections, scan reflections (up to 10,000) in
selected regions of reciprocal space. These operations
may extend over periods from minutes to weeks (the
program is automatically restarted at the appropriate
point after system shut-down or crash) without human
intervention or they may be suspended, discontinued or
terminated at any time. With typical crystal sizes,
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about 150 to 400 reflections are scanned per day.
Provision is also made for real-time interactive
editing and graphic display of data.

Analysis of structures containing up to 50 atoms
in the unit cell are generally run in batch mode. The
analysis includes usage of: the Canterbury fourier
program for obtaining 3-dimensional fourier analysis
of intensity; ORFLS-3 least squares routine with iso-
tropic temperature factors; ORFFE-3 for obtaining
atom distances, angles and dihedral angles. These
programs may be run during the data acquisition phase
to assist in establishing the measurement strategy of
a particularly difficult crystal system.

Pulse Radiolysis. A broad range of pulse radioly-
sis experiments is conducted at the "LINAC" (electron
accelerator) located about 1200 feet from the computer.
They have developed a new method to record the time
dependence absorption or emission spectrum produced by
a single pulse of electrons. The time resolved spec-
trum is produced by an image converter camera with a
streak capability (7). The streak image on the phos-
phor, which is a two dimensional array of the absorp-
tion (or emission), is scanned by a TV camera and
stored on a video disk. Under computer control: the
video disk image is scanned one line at a time; the
scan is digitized and stored as 2000 points in a Bio-
mation transient recorder; the Biomation data is then
transmitted to a disk file on the computer. This
process is repeated until the data from about 100 scan
lines has been stored. The data from one scan line
represents the light intensity at one wavelength as a
function of time. The experimenter may view this data
and interact with his analysis programs via a Tektronix
graphic display unit, which has a 4610 hard copy unit.
After further processing, a FORTRAN program is used to
generate a 3-dimensional display of intensity versus
wavelength and time. Alternate programs are available
to give 2-dimensional plots of intensity versus wave-
length. The entire process of obtaining the data and
storing in the Sigma 5 takes a matter of minutes com-
pared to days by the conventional methods and makes
working with highly radioactive materials more feasible.

In measuring fast kinetics (50 picosecond risetime)
which are initiated by a pulse of electrons, signals are
often small and signal-to-noise ratios are limited by
shot noise, which means a great deal of signal averag-
ing may be necessary. The computer system allows the
saving of partial averages, so that long averaging
times may be used without fear of losing everything
caused by an experimental problem in the last five
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minutes. Good partial averages are averaged and
kinetic data are extracted using non-linear least-
squares curve fitting; editing and display are provided
on an interactive graphics terminal located at the
experimental site. This scan averaging system is ef-
fected through an interfaced 400 channel Nuclear
Chicago multi-scaling analyzer.

ENDOR and ESR Spectroscopy. A significant portion
of our efforts to characterize primary photosynthesis
is being supported by two interfaced spin resonance
spectrometers (8,9): a Varian E-700 ENDOR (electron
nuclear double resonance) and a Varian E-9 ESR (elec-
tron spin resonance) buffered by a Nicolet 1074 CAT
(signal averager). The uniqueness of these spectrom-
eter systems derives from the large memory and computa-
tional speed (floating point arithmetic) of the Sigma 5
which allows the acquisition and manipulation of large
quantities of three dimensional data (3-D) via two
ADC's. A single 3-D experiment may be composed of up
to 640,000 data points. For example in the ENDOR mode
signal intensity and radio frequency are recorded as a
function of magnetic field. 1In the ESR mode, the typ-
ical intensity versus field spectrum is recorded as a
function of a third dimension, such as time for kinetic
studies, or light intensity for photochemical studies.
Furthermore, spectrometer operation is controlled by
the computer; for example, in the ENDOR mode the com-
puter synthesizes the radio frequency value, makes
decisions about data validity, and terminates spectrom-
eter operation if the radio frequency power is insuf-
ficient. All data calculations, including sophisticated
spectrum simulations as well as FFT (fast fourier
transform) analysis is performed in real-time by user-
written FORTRAN programs. These unique facilities
have greatly simplified and speeded up the unraveling
of various fundamental aspects of primary photosynthe-
sis in our laboratory.

Stopped-Flow Kinetics. Using the stopped-flow
technique, kinetic studies are being made on systems
with short-lived reactants and products at a quantita-
tive level never before achieved (10,11l). Current
studies cover a variety of actinide redox reactions,
including work with Np(VII), one of the most powerful
oxidants known in acid solution.

The apparatus consists of a Durrum model D-110
stopped-flow spectrophotometer whose output is digi-
tized and stored in a Biomation 802 transient recorder,
which in turn is interfaced to the computer. One thou-
sand data points spanning a time range of 0.5 msec. to




Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch006

6. DAY Instrument Control 99

20 sec. are collected per experiment. Real-time storage
and analysis of the data allow output of the least
squares fit results at the remote site within 30 sec.
of the end of the experiment. The fast turn around
allows the experimenter to adjust conditions continual-
ly for optimum results.

Spectroscopic Plate Reading. The spectroscopic
group is using a 30 foot grating spectrometer to inter-
pret actinide spectra, each of which may have up to
100,000 spectral lines. An automatic comparator
measures the position of spectrum lines on an exposed
photographic plate by moving it continuously under a
scanning slit and photocell; the local blackening at
selected intervals is obtained by digital voltmeter
(DVM) readings of the photocell current. About 60,000
readings are taken on one scan of a 250 mm. plate,
requiring about 4 minutes. The digitized (DVM) data
is transmitted directly to the computer, stored and
analyzed in real-time using non-resident execution.
The smoothed readings and derivatives are scanned for
peaks, and the peak positions are converted to wave-
length by a polynomial formula derived in a separate
scan of known standard wavelengths. An important con-
venience is a disk file of standard wavelengths and
positions; only one pair of knowns is required as input
calibration, so the system requires much less effort
than manual measurement and_at the same time gives
increased accuracy (1 in 107).

Nuclear Particle Detection. A broad area of re-
search effort in our Chemistry Division is concerned
with eliciting the details of the fission process. 1In
studying the dynamics of a multi-nucleon fissioning
system, it is necessary to measure the changes in the
fragment mass and kinetic energy as the initial exci-
tation energy, angular momentum, and target mass and
spin are altered. The initial conditions are most
easily varied by using direct-interaction induced fis-
sion reactions such as (d,pf) which allow the simul-
taneous observation of excitation energies from below
to 10 MeV above the fission barrier. Characterizing
these reactions requires a five parameter event-by-
event correlation of the fission fragment energies as
well as the light particle type and energy. These
quantities are converted to mass and kinetic energy
distributions in real-time by user-written programs
(executing as non-resident programs), permitting suf-
ficient interaction between the experimentalist and a
real-time display of his transformed data; facilitating
optimum use of the experimentalist's and accelerator
time.
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The computer system supports five data acquisition
areas located in the Chemistry building, Cyclotron
building and at the Van De Graaff accelerator in the
Physics building located about 2,000 feet distant.
Experiments range from single pulse height spectra
(using Packard 45 memories and model 160 ADC's), re-
cording of event-time data (at resolutions of 40 usec.)
to multi-particle pulse height spectra on up to six
ADC's. Singles, correlated and transformed spectra are
generated in real-time and automatically displayed at a
selected interval. An option is also provided for
storing event data pulse-heights (one or more ADC's)
on magnetic tape for subsequent analysis in batch mode
or on to the disk for real-time display, editing and
analysis. Event rates of up to 10,000 ADC-events/sec.
may be processed.

UV, Visible and Infrared Spectroscopy. Two inter-
faced Cary spectrophotometers (I4 and 17H) support the
Division's chlorophyll and surface studies groups.
Digital data from the Cary 14 is sent directly to the
computer for subsequent deconvolution and plotting on
the Calcomp plotter. On the Cary 17H, the scan speed,
chart speed and intensity range are under computer
control (12,13). Direct digitization of the photo-
multiplier output has enhanced the absorbance accuracy
by at least a factor of two. Automatic absorbance
scale ranging is also provided during a spectral sweep
such that the useful absorbance range has been increas-
ed from 0.3 to 0.4. In addition, the problem of data
fidelity depending on scan speed has been eliminated.
Repetitive scans with data averaging provides a ready
means of improving signal-to-noise ratios. The digiti-
zed data are available for analysis by programs which
include base line correction, Gaussian-Lorentzian
deconvolution, peak area measurement, and plotting of
the original or program-modified data.

Heat Capacity Measurements. This system is used
for the precise measurement of the heat capacities of
various chemical compounds between 0.1°K and 350°K, a
platinum resistance thermometer being used between 4°K
and 350°K and a germanium resistance thermometer be-
tween 0.1°K and 25°K (14,15). Thermometer resistances
are measured with a 6-digit potentiometer whose dial
positions are automatically transmitted to the computer
on command. A fifteenth order polynomial (for germa-
nium) which converts voltage to temperature is solved
by a non-resident program, returning the time, tempera-
ture and temperature drift. After drifting becomes
constant, a heating cycle is entered in which readings
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of heater power and time are read automatically by an
interfaced vidar 5204D-DAS and trasmitted to the com-
puter. Following heating, the thermometer current and
resistances are again followed, until drifts become
constant. The system makes the recording of the data
much easier and more reliable and in addition it is
much easier for the experimenter to decide when equi-
librium has been attained after the heating period, so
that another heating can be initiated.

IV. New Directions

Our central computer system has supported present-
day instrumentation quite well. However, as the art
of automation advances, experimentalists' learn
to better utilize their new sophisticated tools and
new instrument capabilities evolve, it is clear that
new and more difficult data acquisition problems will
continue to arise. One of the more demanding problems
is the scan-averaging of spectra acquired at rates
approaching a million channels per second. Another
is more sophisticated real-time control of experiments
requiring logic decisions (computation) on a micro-
second time scale. One might try to solve these prob-
lems by adding a mini-computer between these new in-
struments and the central system. However, one is
then faced with the problem of programming these indi-
vidual computers (probably of different manufacture)
and designing an interface to the central system. In
addition, a mini-computer's response time is faster
than a central computer only by virtue of the fact that
it takes 4 nanoseconds per foot (2 way transmission)
for data transmission and communication.

We are intending to provide higher speed capabili-
ties in the future by using microprocessor support at
the experimental site. Xerox has a System Control Unit
which has a wide variety of configurations and options
including 8 registers, interrupts, stacks, clocks,
read-only and writable memory (16 bit, 350 and 700
nanosecond) in increments of 1K words, and optional
floating point. We will load these computers with code
from the central computer for each phase of its data
acquisition effort, using them more as a sophisticated
input/output device than as a computer. This will keep
the programming logically simple and thus efficient.

In addition, this type of usage will not require much
memory, thus keeping the cost down below that which
would be required by using a mini-computer.
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V. Summary

The successful operation of our system over the
past five years is a clear demonstration that a central
computer, without remote mini-computers, can provide
very sophisticated real-time support without suffering
the disadvantages of unreliability often experienced in
large systems. Users never experience the consequences
of another user's errant program, only their own. The
level of system integrity is such that we test a com-
pletely new instrument control program during normal
system loading, without having to be concerned about
interferring with any other user's interests. Evidence
of the system's acceptance as users have been added
over the years, is that we continue to have 6-8 new
users wanting to be interfaced as funds become avail-
able. The total capital investment for the entire
system is about $50K per experiment, which compares
favorably to the cost of sophisticated mini-systems.
But, one has much more resource and capability to sup-
port each experiment: providing full experiment con-
trol in a flexibly interactive manner; fully inter-
active graphics capability with on-going and completed
experiments; computational ability for complete final
analysis of experiments.

APPENDIX

Memory Bus Structure. The 960 nanosecond core
memory (32 bits plus parity) is modular; each 16K
words has its own read-write and address recognition
capability and may have up to six ports. The CPU and
each processor (MIOP's and CIOP) is connected to its
own "port bus" made by joining one port from each
memory bank. Simultaneous access is achieved when
requests are in different banks and cycle stealing
takes place when more than one request coexists for a
single memory bank.

Memory Protection. A 2-bit lock and key feature
prevents a user's program from modifying unassigned
core, while permitting the execution of reentrant code.
The "key" resides in the current PSD (program status
doubleword) , the page (512 words) locks are set in fast
memory in the CPU via a single instruction by the
scheduler each time a program level commences exXecu-
tion. Implementation of the protection feature will
trap a core-modify instruction before execution and
yet does not increase instruction execution time.




Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch006

6. pay  Instrument Control 103

Data Flow. Each MIOP (multiplexor input/output
processor) may handle an aggregate data flow of 375K
memory accesses per second (one or four bytes) on up to
32 concurrently active data channels (typically one
per experiment). Only a single instruction must be
executed by the CPU to initiate a data transfer between
any core memory area and a specified device; all sub-
sequent data movement and communication with the remote
device is handled by the MIOP. At the termination of
data transfer (up to 65,536 bytes), the MIOP generates
a single interrupt. Upon recognition of the interrupt,
the CPU ascertains the channel number and the channel-
end conditions by executing a single instruction.

Thus, high speed data transfer to individually selected
core areas (specified by each user's program) is com-
pletely handled by the MIOP, freeing the CPU to per-
form useful computations concurrently with data
transfers.

Terminal Communications. The CIOP (communications
input/output processor) handles up to 128 lines of
mixed speeds from 110 to 9600 baud; currently driving
21 teletypes, 8 interactive graphic units and 2 key-
board displays. This processor works with the CPU in
a manner similar to that used with the MIOP. Thus
message transfers take place to any core memory area
while the CPU is performing computations.

Experiment Interfaces. Each of the remotely lo-
cated on-line experiments 1s interfaced to a remote
controller. The simplest controllers consist of a one
byte buffer and a few logic lines. The more complex
ones have up to sixteen byte buffers, computer initia-
ted timing circuitry to control instrument functions to
a precision of 0.1 microsecond and numerous logic
lines. For transmission rates up to 100,000 bytes per
second at distances up to 1500 feet, a remote control-
ler is connected to a device controller via a bundle of
co-axial cable (8 bit wide data path). For transmis-
sion rates of up to 4K bytes/second and at distances of
up to one mile, four twisted pair are used. The device
controllers were designed by Argonne engineers and are
connected to the MIOP bus structure in the computer
main frame, weekly data transmission validity tests on
all interfaces running concurrently for about an hour
never detect a transmission fault. About every eight
months one of the interfaces fails solidly because of
component failure, which is readily fixed within a few
hours.
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Core Memory Assignment. With the exception of
system areas, core memory is assigned dynamically. As
users log-on from their terminals, sufficient core is
assigned for the resident portion of their data acqui-
sition program, which includes their own data buffer
areas. The programs are structured into user-
controlled overlays which are typically written onto
their disk file and rolled into their core area as they
require. Using this overlay technique, the average
core residency required per program runs between 2 and
5 pages (page = 512 words). To perform real-time
computations using FORTRAN, the foreground code may
call for execution of a "non-resident" program. Fore-
ground core area is assigned from the top of core down
in the first available block of continguous core pages.
Background core (batch and system tasks) is assigned
from lower core upward. This permits the maximum back-
ground core area to extend on up to 42,600 words when
no real-time tasks are loaded. While background core
is variable in size, the user is always guaranteed an
area of at least 15,900 words. Real-time job lengths
vary from minutes to weeks. On a typical day, about
60% of the instruments are on-line at any one time,
requiring about 14,400 words of core. This leaves
about 28,200 words of background core.

Reentrant Code. The Xerox write-lock feature,
which permits the execution of code anywhere in memory
yet forbids the modification of memory without the
proper "key", facilitates the utilization of reentrant
code to perform many user functions. Reentrant code is
defined as code that does not modify itself. About 800
words of reentrant code are in permanent residence for
performing such functions as two-way translation of
keyboard I/0 and binary-coded-decimal conversion for
some of the interfaced multi-channel analyzers. In
addition, there are 128 words of EBCDIC-ASCII conver-
sion tables available.

Program Description Tables. In providing a multi-
programmed environment for a large number (currently
41) of concurrently running programs (user and system),
it was found that a program description table (PDT)
associated with each priority level was an efficient
method of keeping track of system service requests and
individual program status. Besides simplifying priority
queuing and level termination at end-of-job, a PDT
structure also simplifies the addition of a new program
level to the system. PDT generation is controlled at
system boot-in by one level-parameter card per terminal,




Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch006

6. DAY Instrument Control 105

The PDT for each priority level is 80 words long plus
two words for each I/O command pair needed by the level
(ranging from 1 to 16) to control its associated de-
vice. The table content also includes; user ID number,
level status, program status double words (PSD), memory
write-lock image, time remaining, core bounds, disk
memory file bounds and register values. These tables
are stored in a write-protected area of core memory.

Scheduling. The system structure/operation and
usage strategy have been developed concurrently. Thus
a system has evolved which maximizes the system work
per unit time in such a manner as to provide the
required level of real-time interaction between the
user, his keyboard and his instrument. However, the
specific strategy used for any particular application
is not dictated by the system as long as programs
make requests which conform in time, core memory, de-
vice operation and file bounds. A hardware trap is
set to disallow the execution of privileged instruc-
tions by user code.

The basic scheduling algorithm runs each task to
completion, contingent upon its priority. The schedu-
ler determines what priority level will execute next,
through the processing of all I/O interrupts from the
MIOP, and the maintenance of software priority level
status using the PDT's. Once the identity and status
of the level associated with an interrupt is deter-
mined,the scheduler compares its priority with that of
the level interrupted. If it is of lower priority, the
interrupted level is resumed. Otherwise, the execution
dependent portion (PSD, execution time and registers)
of its current state vector is moved to its PDT. Refer-
encing the new (interrupt signalled) level's PDT, its
execution is initiated by setting the memory write-
protect locks, execution time, registers and the PSD.

Upon receiving an end-of-service (EOS) request
from a level, the scheduler records this in its PDT.
Then it scans down the priority chain through the PDT's
until it finds another level that is "ready-to-run".
State vectors are then adjusted as above to initiate
execution.

A necessary feature in a multi-programmed system
is the prevention of processing lockout by some higher
priority level looping endlessly. A maximum service
cycle time (execution: foreground=1l sec., non-resident=
1 or 32 sec., batch and long term=no limit) and a time
remaining value are stored in each PDT. Any time a
level is executing, the time-remaining value is decre-
mented by a CPU clock (2000 Hz). But each time a level
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calls EOS, the maximum service value is moved into the
time-remaining PDT location. By breaking processing
into logical service cycles, a program can readily
perform its function forever, but will be terminated
by time-out if it malfunctions time-wise.

ABSTRACT

A careful study of our laboratory automation needs
in 1967 led us to the conclusion that a central compu-
ter could support all of the real-time needs of a
diverse collection of research instruments. A suitable
hardware configuration would require an operating sys-
tem to provide effective protection, fast real-time
response and efficient data transfer. An SDS Sigma 5
satisfied all our hardware criteria, however it was
necessary to write our own Operating system; services
include program generation, experiment control real-
time analysis, interactive graphics and final analysis.

Our system is providing real-time support for 21
concurrently running experiments, including an automa-
ted neutron diffractometer, a pulsed NMR spectrometer
and multi-particle detection systems. It guarantees
the protection of each user's interests and dynamically
assigns core memory, disk space and 9-track magnetic
tape usage. Multiplexor hardware capability allows the
transfer of data between a user's device and assigned
core area at rates of 100,000 bytes/sec. Real-time
histogram generation for a user can proceed at rates of
50,000 points/sec. The facility has been self-running
(no computer operator) for five years with a mean time
between failures of 10 days and an uptime of 157 hours/
week.
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Hierarchical Minicomputer Support as a
Methodological Aid to the Laboratory Investigator

R. L. ASHENHURST
Institute for Computer Research, The University of Chicago, Chicago, Ill. 60637

Over the last decade the use of computers as an integral
part of laboratory instrumentation has become routine. Techno-
logical developments, however, continue to influence the style
of computer-based ''laboratory automation.' Initially, the con-
nection of a battery of laboratory instruments to a single compu-
ter with provision for handling realtime processes on a multi-
programming basis was the norm. Subsequently the availability
of the minicomputer, with its ever decreasing cost, and now the
introduction of the microcomputer, have engendered more of a
trend toward one-on-one computer-to-instrument design. At
the same time, the limited capabilities of minimal minicom-
puter and microcomputer configurations, along with the de-
creasing cost of digital communications, have led to the idea of
connecting individual laboratory computers into backup com-
puter configurations, thereby enhancing the computing services
available at the laboratory site.

Although many such '"laboratory automation support systems"
exist, they differ considerably in their general approach, not to
mention their detailed implementation. It is also true that such
systems are often not reported adequately in the literature, and
even if information is available as to hardware configuration
the all-important software configuration features are not made
clear,

In this article some aspects of such systems are discussed
from the point of view of the laboratory user. The discussion
is framed in terms of a particular system, with which the
author has been involved, that has been consciously designed
from the ground up from a user-oriented perspective. The
system having been developed on a university campus for
general research use in the physical and biological sciences,
it happens that the discipline of chemistry has figured import-

108



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch007

7. AsHENHURST  Hierarchical Minicomputer Support 109

antly among its early uses. The principles according to which
the system is structured, however, are essentially ''discipline-
free," and it can be argued that this approach presents some
advantages even if the system were only to be used in a single
disciplinary context, such as chemistry.

A Hierarchical System

Over the past three years the Minicomputer Interfacing
Support System (MISS) has been developed at the Institute for
Computer Research at the University of Chicago, under a grant
from the National Science Foundation.* The MISS project was
developed in the context of minicomputers used in the laboratory,
although it is adaptable to other uses as well, such as online
monitoring of institutional operations (1).

The configuration design is hierarchical, with the laboratory
minicomputers at the lowest level (level 0), connected to an
intermediate level system dedicated to their support (level 1),
which in turn is connected to a general-purpose facility serving
these and other needs (level 2). Thus the connections are as
shown schematically in Figure 1,

general-purpose
level 2 system

dedicated support

level 1 system
3
level O mini mini e v+ ... | mini
Figure 1.

*NSF Grant No. GJ-33084X
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As conceived, the level 0 minicomputers can be of a variety
of types and capabilities (at present PDP-1l series and Nova 800
series are supported, with PDP-8 series soon to be added), and
the level 2 general-purpose facility could be a computer network
instead of a single system (but in fact is only the latter, the
370/168 system operated by the University of Chicago Compu-
tation Center). The level 1 system is the heart of the complex,
since its operation is the key to the blending of the high- and
low-level capabilities offered by the complete system,
Although implemented on a minicomputer, it actually is a med-
ium-sized system (a PDP-11/45 with 64K core and card reader,
line printer, disk storage and magnetic tape peripherals).

Although some might desire a more detailed system descrip-
tion at this point, this would fall into the common error of pre-
occupation with systems instead of use. Hence the details will
be omitted in favor of a discussion of general considerations.
Some more configuration details are given in a recent article
(2).

Functions of Levels. Four particular aspects which play an
important part in the way MISS is structured are (a) the exist-
ence of the intermediate level (rather than having minicomputers
connected directly to general-purpose facilities); (b) the concept
of the intermediate level providing a '"nonresident operating
system' for the minicomputers; (c) the provision for connecting
a variety of minicomputers, with as little as possible specialized
to the individual types; (d) the generality of the connection to the
general-purpose system, so that a variety of uses can be enter-
tained.

In brief, the reasons for the importance of these aspects is
as follows:

(a) The intermediate level, dedicated as it is to the online
support function, affords the possibility of greater reliability
and flexibility in that function, as well as provision of more
particular servicesthan might be available in the general-pur-
pose facility. Not the least advantage here is a nontechnical but
nevertheless very real one, that with the intermediate level
system is associated a staff support group organized around the
provision of services for online minicomputers. The inter-
mediate level, however, can be viewed in an even broader con-
text--in a very real sense it "'mediates'' between lowest and
highest levels, and enhances both in so doing, For example, it
can give the minicomputer at the lowest level access to extend ed
compiling and assembling capabilities carried out at the high-
est level, and also handle the problems of system access
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between the levels, making it unnecessary for the minicomputer
user to grapple with them, This function is significant even in
the present case of a single system at the highest level, the
370/168. If this were extended to access to a general network,
such as ARPANET, the mediating function would be even more
important. .

(b) Rather than functioning merely as a '"communications
controller' or '"front-end" for access to general-purpose facili-
ties, as is true in some hierarchical systems, the inter-
mediate level is specifically designed to support a range of
functions that would be characteristic of a medium-sized, and
hence in general greatly expanded, minicomputer configuration.
Reference to operating system characteristics, then, is made to
determine which of them do not need to be resident in the com-
puter which the operating system supports. Although the normal
idea of an operating system is that it runs in a computer system
to render it more usable, it turns out that a surprisingly large
number of its functions can be provided remotely, all or in part.
This aspect is specifically discussed in a paper presented at a
symposium on computer systems (3).

(c) The design of the hardware and software interface from
the lowest level to the intermediate is made general, empha-
sizing maximum flexibility and minimum cost. This results in
a minimal communication/terminal package being designed for
each minicomputer variety, which communicates in a standard
(logical) way with the intermediate level system. Thereafter an
attempt is made to have the system depend as little as possible
on what variety of minicomputer it is. Even where this distinc-
tion must be made, for example in assembly programs running
at the highest level, the manner of invoking the assembler is
common to all minicomputers. Hence the effect, as shown by
(b) above, is as if each minicomputer uses a standard but
medium-sized operating system.

(d) Rather than using one of the more specialized entry modes
to the highest level, such as ''terminal access' or ''remote job
entry," the physical connection is general (i.e. chamelinterface),
so that the immediate level system appears as a peripheral pro-
cessor to the general-purpose facility, This permits various
more specialized access modes to be supported by the media-
ting software in the intermediate level system,

Centralized/Localized Computing, Aspects (c) and (d) above,
taken together, represent a crucial objective from the point of
view of the laboratory application. Namely, the user connected

to MISS from the laboratory can use the minicomputer as a gen-
eral stanﬁalone device, or };,s a termtl:nal to acces% the genexgal-
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purpose facility, both without excessive overhead to what these
functions would require in any case, Thus on the spectrum of
localized /centralized computing, the user has both extremes
available (the standalone localized minicomputer, the terminal-
accessed centralized facility). No initial choice need be made
to '"go centralized" or ''go localized,' which dichotomy has
caused much controversy and expenditure of energy in the poli-
tical arena of campus computing, By virtue of having both these
extremes present in the complete system, the user can get the
advantage of a blend of them, that is, adjust to an appropriate
point on the localized /centralized spectrum. This is the means
by which MISS ""enhances'' more standard facilities,

The question then arises, what are the reasons for wanting
these two extremes in combination? Although it may seen
obvious that localized computing is better for some purposes and
centralized computing for others, to approach the question of
the proper combination requires that an analysis be made.

Laboratory Methodology

For present purposes, experimental methodology may be
characterized by functions in five categories, namely: (i) data
collection; (ii) automatic control; (iii) human-mediated control;
(iv) ancillary analysis; (v) followup activity. The first three of
these are the functions which have been so revolutionized by the
minicomputer, recording data from instrumentation sensors,
and performing online the necessary calculations to do automati-
cally such things as instrument monitoring and adjustment, or
to guide an investigator in doing these things during the course
of an experiment., The latter two, which may require extensive
calculation during the experimental run or afterward, can be
carried out on the same minicomputer if it has the computing
capacity and the right sort of multiprogramming capability, but
generally seem more appropriate for processing by a general-
purpose facility, due to volume of calculation and possible out-
put requirements,

One could imagine as a first step at a satisfactory system
solution for laboratory needs one where the investigator has in
the laboratory a minicomputer for handling (i), (ii), and (iii),
and which does double-duty as a terminal device accessing a
general-purpose facility for handling (iv) and (v). Capabilities
of contemporary minicomputers are certainly such as to permit
the kinds of physical interfacing necessary, both to experimental
apparatus and to a communications network, and furthermore the
minicomputer can readily be set up to perform both roles con-
currently, given the appropriate design of interrupt handling
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procedures (which here would have to be '"real-time dependent"
for both roles, although more critically so in the first one).
There is, however, an additional problem for both groups of
functions, that of developing or obtaining the necessary programs
to carry out the tasks, and for the latter group the additional
problem of handling the input to and output from the centralized
facility efficiently from the laboratory. Here is an important
aspect of laboratory applications of minicomputers--it must be
assumed that programming is a continuing process, as experi-
ments progress or new ones are embarked upon. This is in
contrast to the ''turnkey' applications in the industrial context,
where an application is designed to function indefinitely without
reprogramming.

If the combined localized/centralized capability described is
also applied to program development, say to provide editing,
assembly and compilation on the centralized facility for programs
to be tested and run on the localized one, this would seem to
round out the needs of the experimenter. But mere provision of
capabilities does not render them efficient and effective, and the
appropriate structure of the hardware/software configuration
combining the localized and centralized facilities is dictated by
considerations which must take into account the character-
istics of the laboratory application.

Efficiency and Effectiveness. The questions of efficiency
and effectiveness have many facets. Although the term '"cost-
effective' is often heard in this context, where research is con-
cerned there is no monetary measure of the effectiveness, and
the researcher is often limited in what can be purchased by
somewhat arbitrary considerations such as grant policies and
the like. Obviously the '""overhead cost' of incorporating a
laboratory minicomputer into a hierarchical support system
cannot be excessive, or else many researchers will be preven-
ted from using it even if it seems desirable. A prominent part
of this cost is in the communications link between the laboratory
and the rest of the system. But balanced'against this cost and
the cost of interfacing is the fact that the hierarchical system
may permit a researcher to acquire a smaller minicomputer
configuration to obtain equivalent capability to a standalone.
This is often the most immediate benefit perceived, and it is
therefore important to emphasize that shared peripherals at a
site not too far removed from the laboratory are an attractive

prospect for the user who has only occasional need for them.
In the MISS design, it is assumed that minicomputer sites

can be hardwired to the intermediate facility, which represents
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a substantial saving over the equivalent capability supported
through the telephone system, but of course requires some form
of cable network to be available. This concept is well suited to
a geographically coherent university campus, and in connection
with the MISS project (and in coordination with some other
campus projects with similar needs for access to the Compu-
tation Center), a basic cable network has been laid on the
University of Chicago campus connecting the computer building
(which houses both the Institute for Computer Research and the
Computation Center) to other selected sites which are close to
the locations of possible users. This network consists of
twisted pairs, terminated by relatively inexpensive line driving
apparatus to handle the desired transmission speed of 9600 baud
between the lowest and intermediate levels.

Another possibility allowed for in the design is that of remote
concentrators at sites close to several laboratories where MISS
users exist. These would be minicomputers with a subset of
peripherals, namely those input/output devices for which proxi-
mity to the user is important, such as output printers.

User Needs

For the present discussion there may be distinguished three
types of user: the investigator, the research assistant and the
technician. The investigator is interested in the computer setup
only in its function of facilitating laboratory work, and is
generally unwilling to expend much effort in absorbing system
details, and impatient with what may seem awkward or slow
system response. The research assistant can be persuaded to
get more involved in system details, if the investigator is con-
vinced that it is really necessary, but is still primarily interes-
ted in what the system can do to support the scientific effort.
The technician can follow detailed prescriptions but remains
laboratory-oriented rather than computer-oriented. These
characteristics are purposely made a little dogmatic, and
shaded toward the applications side. Although exceptions do
exist, where the investigator or the research assistant becomes
enthusiastically immersed in system details, perhaps to a fault,
clearly system design should aim toward handling the situation
where the user needs minimal computer proficiency.

When considering the actual user needs in this way, certain
seemingly conflicting desiderata come to the fore. These can
be appreciated by considering the words ''reliability'" and

"flexibility" used in two different senses. Reliability can mean
dependability for systematic operation according to fixed but
possibly inconvenient standards and schedules, as with centra-
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lized systems, or it can mean availability at times most
convenient to users and under their control, but without pro-
vision of supporting services, as with localized systems.
Similarly, flexibility can mean versatility in being able to run a
wide variety of routine tasks performed according to general
system standards, as with centralized systems, or capability
of being modified over short time periods in response to user-
specified requirements, as with localized systems.

An attempt has been made in the design of MISS to achieve a
blend of these advantages in both senses, and in addition to make
them easily accessible to the scientific user by letting the inter-
mediate level serve as facilitator. Some of the system charac-
teristics relevant to this aim will now be described.

Reliability. The separate intermediate level is a significant
factor in promoting reliability. The set of functions it provides
are fixed, and the demands on them relatively predictable, so
that operation can be expected to be stable. The fact that user
programs are not run on the intermediate level might be regar-
ded as a missed opportunity by some, but serves to make the
system less subject to unexpected load variations, which would
also render performance less dependable,

Reliability of the intermediate level disk and magnetic tape
storage are particularly important for the laboratory investi-
gator, who must make the decision as to how much of the care
of experimentally derived data should be trusted to them. The
hardwired access connections, the error monitoring logic built
into the line handling software running at the intermediate level,
and the design of the operating system at that level to isolate
independent functions as separate ''processes'' all contribute
to rendering the instrument-data-to-backup-storage procedure
a dependable one. It should be emphasized, however, that the
9600 baud transmission rate from the minicomputer to the
PDP-11/45 is not intended to serve the total range of experi-
mental data rates found in practice. For very high data rates,
it is appropriate for the minicomputer to be equipped with its
own peripheral disk, so that the responsibility for retention of
data in massive amounts is not relegated to the shared system
but rather to the dedicated one under the immediate control of
the experimenter,

Reliability at the highest system level is enhanced by the pro-
vision for monitoring, at the intermediate level, the services
provided by the general-purpose facility. The purveying of a

certain set of '"packaged' services appropriate to the mini-
computer user (such as compilation and assembly) is regarded
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as part of the mission of MISS maintenance group, which
thereby frees the users from the burden of dealing with the ins
and outs of such services '"on their own."

Flexibility. In contrast with such '"standard' services,
which may be made available by the intermediate level in a way
such that the user is not even aware of their source, there may
be special needs for which an investigator must deal directly
with the general-purpose system, and here it is important that
the access mechanism not limit such dealing. The previously
mentioned aspect (d) of the hierarchical system permits such
flexibility to be achieved. In fact, one particular list of
development in the MISS project concerns the ways in which
access to large job-oriented facilities should be tailored to the
particular (nonstandard) case of the user with only a mini-
computer and teletype (thus no card reader and line printer).

Finally, the aspect (c) of the hierarchical system cited
earlier permits considerable latitude in the way the minicom-
puter can be operated in the laboratory. Besides permitting it
to function either as a standalone experiment controller or as
merely a terminal to the general-purpose facility, the interface
is designed to allow these modes to be maintained concurrently
(by programming so that the minicomputer communication
package handles all realtime interrupts). Access to the special-
ized services of the intermediate level is an added bonus here.
But the latter also makes other combined modes possible, such
as running program assemblies in the minicomputer while letting
the intermediate level disk storage be the repository for source
program and object code. This allows the user with the minimal
minicomputer configuration to use it for program development
without the burden that the lack of peripheral facilities would
ordinarily entail, which represents an alternative to delegating
the assembly of programs to the general-purpose facility.

Experience, This brief discussion has indicated some of
the ways that hierarchical minicomputer support such as that
provided by MISS can be made reliable and flexible, without the
sacrifice of efficiency and effectiveness. Experience with
initial users during the development phase has indicated how
much the close interaction between users and developers can
facilitate the exploration of these system advantages.

Although the discussion has not been oriented to any parti-
cular applications, its relevance to experimental chemistry is
at least as great if not greater than to other fields. In fact, the
first laboratory use of the system has been in connection with
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that discipline. The initial external connection of MISS was to

the PDP-11 in the molecular beam laboratory of L. Wharton in

the University of Chicago Franck Institute. Here MISS not only
has provided a particular investigator with useful support even
in its development phase, but the user feedback obtained in this
way has been invaluable for the project.

At this writing MISS is still in an advanced stage of develop-
ment as a complete system, although several users have been
getting useful work from it for some time. There are currently
nine minicomputers connected to it, with plans for fourteen more
in the near future. Recent completion of the campus cable net-
work has made MISS accessible from a variety of locations on
the University of Chicago campus, and the total of twenty-three
minicomputers now or about to be connected are located in a
total of five buildings. Applications of these minicomputers
cover a range of uses, both laboratory and operational, in the
Physical Sciences and Biological Sciences Divisions.
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The University of Missouri - Rolla (UMR) employs two levels
of computer networking in its educational and research activities.
The IBM 360/50 of the UMR Computer Center and the other computer
facilities of the four-campus, University System are linked via
50 KB data lines to a central IBM 370/168 computer at Columbia.
That U-wide network was established to provide the maximum,
affordable computer power to every potential user in the
University while reducing duplication and its added costs.

Figure 1 shows the hardware locations and manner of linkage for
the U-wide network, referred to as the Macronetwork by the
authors in this paper. In additions to the batch and special
jobs processed by Chemistry and Chemical Engineering on the
macronetwork, the computer expertise on the UMR campus has drawn
together the minicomputers of several academic departments in
what we call the UMR Mininet, diagrammed in Figure 2. The two
levels of computer networking provide the potential of a vast
range of computer services for the chemistry - chemical
engineering programs and we will examine present and planned
applications.

Teaching and research applications of computers in chemistry
and chemical engineering at UMR in the 1960's were accomplished
by batch processing at a central, campus facility and by RJE.

The Department of Chemistry assembled a software package for
spectroscopy (1) that included infrared, ultraviolet and

magnetic resonance spectral applications plus an overview of
current molecular orbital approximation methods. The programming
was developed for student use and provided for the immediate
application of theoretical principles to the analysis of complex
spectral data.

A Packard model 901A multichannel analyzer was assembled to
control repetitive scan, NMR experiments and acquire data in CAT
and kinetic studies. The configuration, as shown in Figure 3,
allowed for indirect interfacing to the IBM 360/50 via nine-track
magnetic tape when complex intensity or frequency analysis was
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required. Software was developed to accommodate those applica-
tions using modifications of LAOCOON III (2), DECOMP and
ASSIGN (3) and other programming developed in house.

Further computer applications to chemistry included paper
tape output from a scintillation counter and readout from the
Reynolds 60 degree sector mass spectrometer, along with curve
fitting-plotting routines for the physical chemistry and
instrumental methods laboratories. The programming was resident
on disk at the UMR Computer Center and initiated as a batch job.
Remote job entry via terminal was limited to less than one per
cent of the computer activity of the Department.

In the Chemical Engineering Department, batch computer
applications included a wide range of simulation and data
analysis projects. The undergraduate classes in process design
made extensive use of design programs such as CHESS, and
considerable work was done to expand program options and
capabilities. Distillation projects included development of a
simulation program applicable to multi-component, sidestream
columns. Control studies involved dynamic simulation of
processes and control systems for design of optimal and sampled-
data control strategies.

Analysis of experimental data was of prime importance to
research on mixing and on enzyme reaction kinetics. The mixing
studies included the modeling of laser-doppler anemometer data
to predict mixing patterns in process vessels. That research
generates a large amount of data in looking for time variations
and very high frequency fluctuations. Enzyme reaction kinetics
studies have involved the modeling of reaction rates with a mass
spectrophotometer. Some of the reactions studied are quite slow
and required eight to twelve hours for a single experimental run.
Computer analysis of data required manual digitizing, card
punching and batch processing using the IBM Scientific
Subroutine package as well as user developed programs for
regression analysis.

In 1973 a1l batch processing control was transferred to the
macronetwork and only plotting and specialized jobs were spooled
to the IBM 360/50. Remote terminals were linked directly to the
IBM 370 system under TSO. During this period the computer
graphics capabilities of the UMR Computer Center and the
Department of Electrical Engineering were expanded by
acquisition of Data General Nova 800 units and the two facilities
were linked by phone line. The slow data rates (110 B) of the
dial-up line were unacceptable to the users in Electrical
Engineering, however. Because several stand alone Nova 800
computers were in operation in other departments on campus, the
long-range potential of a mininetwork was evaluated and
relatively high speed (19.2 KB) data lines were installed to
permit its development. Link up was accomplished by the staffs
of the computer center and electrical engineering and a number
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of innovative programs were initiated. (4) In 1974 the
Departments of Chemistry and Chemical Engineering purchased major
computer hardware, extending the mininetwork to its present
configuration.

The Tinkup of the Texas Instruments 980A computer of the
Department of Chemistry provided a number of challenges. First,
the computer was purchased from JEOL to support a JEOLJMS D-100
high resolution mass spectrometer. The programming system for
its dedicated function was developed by JEOL in a coded format
that defied ready interpretation and it required casette input
via Texas Instruments ASR 733 device. It was obvious to us that
no stand-alone computer applications could be developed before
the mass spectral facility was converted to a disk operating
system. Several software approaches were taken before the
Texas Instruments bootstrap program, MHBOOT, was used to read the
mass spectral programming into core as data from disk, avoiding
the five minute load time from casette.

Another reason for that approach may be less obvious to a
potential user of a dedicated system. The operator of the mass
spectrometer has acquired data from the Varian 2700 gas
chromatograph and the JMS-D100 mass spectrometer for as many as
two hundred, 4K word scans. He must normalize the mass spectral
data and choose his output device and formats before his study
is completed, a time-consuming process. After the data are
stored on disk the operator can return to the analyses at his
convenience and is limited only by the available disk storage
of his unit.

The TI980A computer system as supplied by JEOL had a Calcomp
565 plotter. The plotter was not a Texas Instruments - optional
accessory at the time of purchase, so its use in the stand alone
operation required some software development. Using notes
supplied by JEOL and output from the IBM 360 plotter package an
assembly language routine was written. It provides the same
quality of plots presently offered by the IBM 360/50 system at
the UMR Computer Center. The plotter is used in support of
linear least squares programming at the present time. Its
primary support function remains in mass spectral output.

To facilitate mass spectral file storage and searching as
well as planned, off-campus communication, a comunications
package was developed to provide a viable 1ink to the Mininet.
We found that the communications module available from Texas
Instruments was not capable of multilinking, although it is a
versatile module because of its software support. The staff at
Washington University was kind in providing the circuit diagram
for an adaptation of the TI module, but on examining their
schematic it was concluded that significant improvements could
be made at reduced cost. The full schematic on our communica-
tions module will be published at a later date, but mearwhile
a working configuration is shown in Figure 4. The transmitter-
receiver functions provide communications over two one-half mile
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data lines. This naw communications module has the advantage of
multi-data rate and multi-data 1ine hookup at one I/0 board
location on the computer. We actually built two modules — one
for external communications like the Mininet and one for
internal, remote sites within the Chemistry - Chemical
Engineering building.

One unit is dedicated to the Mininet at present. The
planned development of the second communications module is shown
in Figure 5. The first stage link to the Packard 901 multi-
channel analyzer required no additional interfacing at the
analyzer, because the analyzer is equipped with a Packard 970
parallel-to-serial converter with front panel switching of I/0
options. For this 1ink only the cable connectors for the high
speed paper tape option were needed and a 1000 character-per-
second data rate was employed for I/0.

The present 1/0 from a lH or 13F magnetic resonance
experiment proceeds as follows: The analyzer system
acquires magnetic resonance data, storing each scan on an
assigned magnetic tape record. The data are then transferred
via a data Tine to TI980A disk, transferred via the 1ininet to
the IBM 360/50, which in turn transfers the data to the IBM 370
system via the macronetwork for processing. The output from the
IBM 370 -LAOCOON III program is transmitted back to the multi-
channel analyzer via a reversed sequence and is plotted on the
A56/60 recorder under the spectrogram. Because we do not operate
the TI980A computer under an executive program, we must gain its
attention and monitor the initial transfer of data. Entry to the
Mininet also requires a telephone alert at the present time.

While the full transfer operation seems cumbersome, in
practice the steps are simple and convenient. Further, some
processing can be done in house at the option of the user. A
complete spectral analysis requires 380K words of core but only
about 4 to 6K words of core are needed for most kinetic studies.
In fact some intermediate stages such as integration can be
accomplished on the multichannel analyzer if the base line is
linear. If not, base line adjustment is accomplished using the
program, BLINE.

We plan to locate a remote ASR 733 module in the physical
chemistry laboratory for use in a short course in laboratory
computing. Presently a Wang 362 calculator serves that purpose
but does not accommodate the range of calculations required
during the two-semester course, forcing the class to use the TSO
links to the IBM 370 at Columbia. We also plan to acquire a
computer graphics unit for attachment to the TI980A, which will
be used to introduce molecular orbital concepts in the physical
chemistry laboratory. Research applications are planned also.

In January 1973, the Chemical Engineering Department
purchased a Data General Nova 800 computer system to support data
acquisition and control activities within the department.



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch008

124 COMPUTER NETWORKING AND CHEMISTRY

The computer and peripherals were bought as a system with Data
General taking the responsibility for integrating components
from a number of manufacturers. The system included a full
complement of computer and process I/0 equipment and a fixed
head disk for mass storage. Subsequent purchases, including a
cartridge disk drive, additional core, and a CRT terminal,
resulted in a very flexible system (Figure 6).

The Nova 800 computer selected is a 16-bit word machine
organized around four accumulators. Options included are
hardware multiply and divide, real time clock, power monitor/auto
restart, and automatic program load. The original 16K words of
memory has since been expanded to 24K.

Equipment purchased for computer I/0 consists of an ASR-33
teletype, punched card reader, and 30 character per second,
portable terminal. An alphanumeric CRT terminal has since
been added and is now used as the primary computer console.

Process I/0 equipment was selected to provide flexibility
in interfacing with a variety of laboratory instrumentation. A
wide-range analog-to-digital (A/D) system can accept up to 16
differential inputs with full scale ranges of + 2.54 mv to
+ 10.24 v in 13 programmable steps at a rate of 200 samples per
second. A high level, 4 channel A/D system can take up to
50,000 samples per second and deposit the data directly into
computer memory through a data channel. Additional process I/0
consists of 6 digital to analog (D/A) channels, 16 digital
inputs and 16 digital outputs.

Present mass storage consists of a rapid access, fixed head
disk and a removable cartridge disk. With 256 K words of
storage, the fixed head disk provides fast, temporary storage of
data and programs. The several 1.25 million word, removable
disk cartridges give users permanent storage space for programs,
data, and computer disk operating systems.

Vendor supplied software for the Nova includes a real time
disk operating system and real time Fortran. This software,
along with utility programs for editing and file maintenance,
provided a starting point for development of programs for data
acquisition and control.

Fortran callable, assembly language programs were written
at UMR to support A/D, D/A, and digital I/0. Therefore, the
majority of users can write application programs in Fortran with
no need to learn assembly language programming.

Perhaps the greatest incentive for purchasing the Nova
system for Chemical Engineering was the existence of several
Novas in other departments at UMR. The commonality of equipment
and system software allows two people to handle all maintenance
and modification of hardware and development of system software.
Interfaces designed for one Nova are immediately applicable for
all Novas at UMR. These have been important factors in the
development of the Mininet.



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch008

8. BEISTEL ET AL.  Networking at UMR 125

Packard rapid scan
901 spec.

P-Chem. Anal/
instru.

graphics

Figure 5. Projected development
of TI980A local network

Analog Front End

16 Channel, Wide Range A/D
4 Channel, High Speed A/D
6 Channel D/A

16 Digital Inputs

16 Digital Outputs

Digital Computer
Computer I/0 ’ Mininet

Punched Card Reader] D;::IG;:eraélNo:a 800 Interface
CRT Terminal H we b-oc

Power Monitor/Auto Restartfq] 8 Bit, Serial
Execuport Terminal Hardware Multiply/Divide Asynchronous
Auto Program Load Interface
24 K Memory

|

Mass Storage

256 K Word, Fixed Head Disk
1.25 Million Word, Removable Cartridge Disk

Figure 6. Chemical Engineering Computer System



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch008

126 COMPUTER NETWORKING AND CHEMISTRY

Initial applications of the Chemical Engineering Nova have
been as a stand alone system. Generally, one user at a time will
use the system for data acquisition and control. However, simple
data acquisition tasks may be executed in a foreground partition
while program development or complicated control programs are
conducted in background. The following indicates present
applications of the Nova — both as a stand-alone system and as
a part of the mininet.

The Nova system has been applied to data acquisition in
mixing studies. A 0-10 volt signal output from the laser-
doppler anemometer is sampled by the high speed A/D system at a
rate of 50,000 samples per second. Data is stored directly into
memory until space is exhausted. During the data acquisition,
the computer begins transferring data to the fixed head disk.
After all the data stored in memory has been transferred to disk
the sampling process continues. In approximately five seconds
space is exhausted on the fixed head disk and the experimental
run is complete. Disk data is retained for processing on the
Nova as a batch job.

Using the Mininet, this data can be transferred directly
from memory to the IBM 360/50 for high level analysis and
plotting of results. The interface with the mininet is a 8 bit
serial, asynchronous, full duplex interface. The interface
can transmit data at four different rates — 9.6, 19.2, 38.4,
and 76.8 K band — under program control.

In the area of digital computer process control, the Nova
has been used to automatically control two experimental processes
in the process control laboratory. One process is a simple
liquid level-flow system (Figure 7) used to demonstrate feedback
control principles and evaluate digital control algorithms. A
second process mixes hot and cold water to produce a combined
stream of controlled temperature and flow rate. This apparatus
is used to demonstrate cascade, ratio, and feedforward control
and to design and evaluate non-interacting, multivariable
control strategies.

These sets of equipment use conventional industrial type
sensors, control valves, and transducers to provide computer
compatible signals. Input signals are accepted into the
computer via the wide-range A/D system. The D/A system provides
control signals to valves while computer set digital outputs are
used to start and stop pumps.

These process control applications utilize multiple task
programs for acquisition, control, alarming, startup, and
emergency shutdown. Up till now, this work has been develop-
mental so that during operation the user requires editing and
compiling capabilities.

Future applications in control will utilize the mininet for
periodic optimization or evaluation of complicated computer
models of lab processes. Plans are to link continuous



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch008

8.

BEISTEL ET AL.  Networking at UMR

R O A T 2

8-

!

2

Figure 7. Liquid level-flow process used for computer control studies

127



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch008

128 COMPUTER NETWORKING AND CHEMISTRY

distillation equipment in the unit operations lab with the Nova
for data acquisition and control. Large simulation programs on
the IBM 360/50 will use the lab data as a comparison for
evaluation of steady-state and dynamic characteristics.

In kinetic studies of enzyme catalysis, data may be acquired
by the computer during lengthy experimental runs. A 0-10 volt
output from the mass spectrophotometer is sampled at relatively
slow rates and for long periods of time. To allow continued
program development during these times, the sampling is done by
a foreground program, stored on disk, and analyzed at a later
time.

Future applications in this area will involve much faster
reactions. Data will be sent to the IBM 360/50 via the mininet
for regression analysis. The results will be returned to a
terminal in the kinetics lab to guide subsequent experimental
runs.

Abstract

The University of Missouri has two levels of computer net-
working in operation, a macronetwork to the central IBM 370 system
at UMC and subnetworks at UMC and UMR. The subnetwork at UMR is a
mininetwork of seven Data General Nova 800's and one Texas Instru-
ments 980A, tied by direct 19.2 KB data lines to a Data General
Nova 800 Tink to the IBM 360/50. The TI980A (Chemistry) facility
can be dedicated to on-line data acquisition with a JEOT D-100
mass spectrometer or act as a stand-alone terminal with plotter.
The Data General Nova 800 (Chemical Engineering) is a stand-alone
unit equipped for a variety of multiplexed, data acquisition appli-
cations. Hardware and software development for the Nova 800 is in
advanced stages because of advanced applications such as computer
graphics in other departments, while the TI980A 1link requires a
variety of innovative developments to act as a functional 1ink in
a Nova network. The details of hardware and software development
are discussed in the context of applications to chemical problems.
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The use of computers in the formal educational
process is increasing in diversity and extent. As
scientists, chemists have often used computer tech-
niques to solve a wide variety of problems. As
educators, we are beginning to use computers as a
resource and tool to develop more effectively and
efficiently the knowledge and skills of our students.
Much of this use has been by individual instructors,
and therefore has been developed with highly special-
ized goals in mind for a small number of users. For
example, on-campus CAI type instruction in the anal-
ysis of NMR spectra, or solving stoichiometry problems
etc. This paper describes the formulation and imple-
mentation of a large general purpose program called
SOCRATES (Student Oriented Classroom Analysis and
Test Evaluation System) designed for operation in a
19 campus computer network serving 290,000 students
and 16,000 faculty in the California State University
and Colleges. SOCRATES is a data management system
designed to produce and process exercises (tests,
tutorials, homework, etc.) as directed from collect-
ions of questions, or data banks, in thirteen fields:
chemistry, physics, mathematics, psychology, econ-
omics, US history, accounting, FCC review, biology,
testing and measurement, counseling and guidance,
political science and data processing.

The concept of generating tests by selecting
prepared questions from a collection is certainly not
novel. Instructors have traditionally maintained in
personal collections file cards which are searched
and given to a typist for suitable duplication. On
a larger scale, commerical testing services have
maintained computerized files for approximately
twenty years, and presently more than one hundred
educational institutions in the USA and Canada have
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collections stored on magnetic tape. Usage of the
latter has not been great for a variety of reasons,
including poor communications, limited accessibility,
and teacher attitudes. One SOCRATES critic summed up
these attitudes in the remark "You are just automat-
ing what we all do." We will attempt in the following
paragraphs to describe this very automation, and the
reactions of educators, students, and others which
lead us to believe that it will produce a profound
change in certain aspects of the educational process;
indeed, the large scale application of computer tech-
nology to education thru data banks and networking
is feasible, economical, and pedagogically sound.

The SOCRATES Retrieval System

Our data banks were developed initially for use
in a retrievalsystem described by Lippey, et al. (1l).
It was impossible for all campuses in the network to
access the data banks directly due to hardware and
management constraints. The system was redesigned and
rewritten in ANSI COBOL to operation on a CDC 3300
central computer. Formal institutional support for
the system has been available for the past two years,
during which time the chemistry data bank has grown
from 2,000 to 10,000 items.

The retrieval system allows the user to select
items from the bank employing a variety of parameters,
either singly on in concert, to execute the search.

These parameters include a category number (see
below), level of difficulty, a behavior level (requir-
ing either the demonstration of knowledge or the
application of knowledge), key words, item source
identification, and a specialized search parameter
whose function varies from bank to bank. Two other
general search parameters are available which allow
blocks of interrelated questions (macro items) and
items which require materials not in the data bank,
such as slides, audio or TV cassettes and figures,
(enhanced items) to be selected or suppressed from
selection. Each exercise can contain up to 150 items,
and may be edited by the user to delete or add items.
Up to nine versions of the same exercise may be re-
quested with different orders of presentation of
the contents, and the exercise can be produced by
line printer on either console paper or continuous
form reproduction masters at the users request. Ob-
jective items in the exercises (multiple choice, true-
false) can be computer scored; individual student
performance may be then compared with records of
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averages for past responses maintained by SOCRATES.

The SOCRATES system can be used either in a
batch mode or a timesharing mode. No knowledge of
computer programming is necessary to use the system's
educational features. The content, generation, admin-
istration, and grading of SOCRATES exercises is con-
trolled by the user. Typically, a request submitted
by telephone will result in the overnight production
of the exercise, and delivery the following day.

The most important feature in the design for user
access to each data bank is the subject matter class-
ification system. The SOCRATES system uses ten major
categories which are arrayed in a heiarchy for search-
ing. Table I shows the main subject classifications
for the chemistry bank.

Table I
Major Categories in the SOCRATES Chemistry Bank
00000 I. Reserved (non-standard items)
10000 II. Introductory Chemistry
20000 III. Atomic Theory and Structures
30000 IV. Chemical Periodicity
40000 V. Stoichiometry and The Mole Concept
50000 VI. Kinetic and Equilibrium
60000 VII. Solution Chemistry
70000 VIII.Bonding
80000 IX. Thermodynamics
90000 X. Topics
Within each major category, sub categories are estab-
lished, as shown in Table II which shows a portion of
the detailed classification system for solution chem-
istry.

Table IT
Partial SOCRATES Category Listing for Solution
Chemistry
60000 VII. Solution Chemistry
62000 B. Acids, Bases, and Salts
62100 1. General Properties
62140 (D) Acids and Bases
62141 (1) Strong Acids (including
oxidizing properties)
62142 (2) Weak Acids

The exercise generation program would, upon request
for solution chemistry items, search all items

between the limits 60000 and 69999; if instructed to
search for items dealing with acids, bases, and salts,
categories 62000 thru 62999 would be searched, and so
on. In this manner, a 10,000 item bank can be search-
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ed to produce a 100 item test in 1.07 minutes total
time, including I/O, at a cost of $3.46. The user
is provided a copy of the test with all questions
sequentially numbered, a cover identification page
which also has a tell tale to insure privacy of the
exercise, a test request page showing the request
submitted, and an item statistics page which lists
correct answers, item sources and other information.
The content and classification system of the data
banks is controlled by the data bank wordinators
and the SOCRATES director. Their personal viewpoints
will be reflected to some degree in the classification
system. The Chemistry bank follows a generalized
pattern derived from the format of introductory texts,
since the principal use of the bank is envisioned
to be for introductory courses with large enrollments.
As an example of another approach the U.S. history
bank is arranged chronologically. Irrespective of
the classification used within the required heirarchy,
all banks are being developed so as to permit the
greatest flexibility and promote user acceptance.
Thus items which favor particular pedgogical tech-
niques, such as programmed learning, are discouraged.
Test generation is but one function of SOCRATES
Figure 1 shows a block diagram of the control points
and software modules. The batch test generator has
been described above. The interactive test generator
(ITG) and scoring modules can operate in two modes.
The first mode allows the teacher to devise an exer-
cise interactively from a remote console using the
same search parameters as provided in the batch mode.
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Figure 1. Principal SOCRATES modules and control points
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After editing output can be provided at the job
initiation site (hard copy), or by line printer from
the Los Angeles data processing center. The second
mode allows the student to choose items from a group
selected by the teacher, and to answer them for credit.
The student has options as to the difficulty (hence
point value) and the content (the question presented
may be refused) of the exercise. The ITG module does
not provide CAI or programmed learning in the sense
that solution hints are not provided, and the content
of subsequent questions is not necessarily contingent
on student response. ITG scoring is provided by a
separate module.

The integrated media module (IM) will be develop-
ed to use types of enhanced items in the data bank
which require the use of information or devices
maintained outside the SOCRATES data bank, and there-
fore not directly under control of the software.

Presently all enhanced items in each bank are
keyed to resource figure files, copies of which are
provided for each SOCRATES user on request. These
are typically line drawings specifically prepared
for ease of duplication by Xerox or spirit process
masters. The IM module would allow users to include
questions based on local resources such as TV tapes,
slides, film loops, etc, this is, materials which
would not normally be duplicated and given to students
individually in order for them to complete the exer-
cise (e.g., periodic tables).

Computing Hardware in the California State University
and Colleges CSUC

The hardware currently in use in the CSUC system
is shown in Table III. Networking in the usualy sense
is limited for data processing to links between local
computers and the State University Data Center (SUDC)
in Los Angeles.
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Table III. Computer Hardware in the California State

University and Colleges System

Enrollment Sharing

Campus (Fall, 1974) Ports*
Long Beach 31,228 11
San Diego 30,564 12
San Jose 26,829 7
Northridge 25,377 11
Los Angeles 23,679 7
San Francisco 20,855 12
Fullerton 20,053 7
Sacramento 19,662 8
Fresno 15,331 8
San Iuis Obispo 14,434 7
Chico 12,680 6
Hayward 11,711 8
Pamona 11,099 6
Humbolt 7,290 3
Sonoma 5,798 2
Dominguez Hills 5,747 2
San Bernardino 3,501 2
Bakersfield 2,897 1
Stanislaus 2,800 2
State University

Data Center

Totals 291,916 112

Time

cC Other

IBM 360/40

IBM 360/40

NCR 200
Honeywell 20/20
Honeywell 20/20
Honeywell 20/20
Honeywell 20/20
3300,
3300

14 7

*All timesharing operations use the CDC 3170 memory
and central processor at the Northridge Campus;
ports may have teletype, CRT, or both types of
terminals; access is controlled by the SUDC CDC 3300

executive.
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Data files in other computers may be accessed indirect
ly through the executive CDC 3300 at SUDC by pre-
arrangement. The demand for memory or computational
speed to date has been met by this combination, so
that direct: link between campus computers has not
been needed. However, the demand for timesharing
operations has far exceeded capacity, partially
because of the low transmission rates (110 baud) dic-
tated by the existing equipment which must span some
1200 km (maximum) between terminals. To meet this
need, Hewlett Packard 2000 computers will be install-
ed locally for hard wired timesharing at higher data
transmission rates. The impact of these factors on
SOCRATES use and networking will be discussed in a
following section.

The Chemistry Data Bank

The chemistry data bank was first compiled in
1972-73 using items donated by the Educational Test-
ing Service and the Monmouth, Oregon City Schools.
The modification of these existing questions allowed
us to quickly develop the bank to a useful size. The
project was supported by an Innovative Funds Grant
from the Office of the Chancellor, California State
University and Colleges. The initial intent was to
develop items covering the first year of college
level chemistry. At the project termination date, the
bank contained 4000 separate questions, primarily of
the machine-gradable multiple choice type. The man-
power required for production was as follows: 1/2
manyear for classifying and proofreading keypunched
items; 1/2 manyear of keypunch time; 1/2 man year
for coordination of these efforts and data processing.
(The SOCRATES software system itself has required
some 5 manyears for development todate). In the past
year the bank has been expanded to 10,000 items.
Items have been donated by Eastern Michigan Univ-
ersity, Michigan State University, and the University
of Pittsburg. This expansion has required approx-
imately 3 manyears of effort.

The bank is now being used by five percent of
the registered users each day to produce quizzes,
homework assignments, tutorials, diagnostic tests,
challenge examinations, and final examinations. Other
bank uses (over twenty have been reported) include
production of copies of the entire bank on paper
on microfiche for student review in libraries or
learning center, and production of blocks of "unsuit-
able" questions which are given to students to



Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch009

9. wiLuis AND SeeLy  Computer Assembled Testing 137

critique and improve. A popular feature is the
production of a general chemistry placement examin-
ation which is regularly administered to all first
time chemistry students at four campuses. This has
greatly facilitated comparisons of student popul-
ations, and has led to a study of the potential of
the placement test as a counseling tool for incoming
freshmen.

One chronic problem created by the diversity
of hardware within the system and the language require-
ments of chemistry, physics, and mathematics has
revolved around use of standard business print chains
on line printers. Many commonly used scienitic
symbols are not available, most importantly sub -
and superscripts and lower case letters. We have
developed a set of conversions which is serviceable,
and meets the following criteria: (1) easy to learn;
(2) uses standard business print chains; (3) readily
interconvertible to yield similar output by local
computer software; (4) will require minimal refor-
mating as appropriate print chains are acquired. The
conventions which have been used are perhaps dis-
concerting at first glance to the user who has a
long-standing familiarity with commonly accepted
chemical representations, but students readily learn
these conventions. A few highlights follow as
examples. Elemental symbols (two-letter) are under-
lined: thus cobalt is written as CO which distin-
guishes it from carbon monoxide. ~Subscripts are
shifted a line down, and superscripts a line up:

238

H 50 ; TH . Equilibrium is represented by <=3,
2 4
resonance by <--->, and reaction by --->. Questions
using electron dot formulas or Kekule structures are
bete' noire of the standard print chain character set,
and have generaly been supplied separately as enhanced
items with prepared figures.

Usage of the Chemistry Data Bank

Most test requests are made via voice telephone
directly to SUDC, with a smaller percentage initiated
by remote batch. Since a typical exercise may contain
1000 lines, most users elect these options rather
than interactive test generation which must proceed
at 110 baud. The actual amount of teacher time
involved is perhaps slightly less than that required
by traditional methods, but the following advantages
arcrueby SOCRATES usage: (1) the test may be
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conveniently edited any number of times; (2) the test
is produced neat and error-free on reproduction
masters ready for processing (thus reducing the amount
of proofreading and typing necessary); (3) the test
is machine graded; (4) statistics are provided on
student performance. The net result is that teachers
spend their time in two of the tasks most deserving
of their attention and expertise, namely selecting
the content of the exercise and evaluating student
performance. This should provide more time for

the teacher to spend in scholarly and academic
endeavor, and otherwise benefit the student.

However, acceptance of SOCRATES, if demonstrated
by increasing usage, is slow to come. Obviously
professors do not have the same degree of familiarity
with educational computer usage as with research
oriented usage, or with computer produced output
as with materials produced by secretarial staff.
Complete, hands-on, immediate control of all phases
of exercise generation by the individual is a
strong habit. How deeply this process is ingrained
in us is amply demonstrated by some faculty who
request tests, perhaps edit once to add and/or
delete questions, obtain the final output on repro-
duction masters, then have the secretary retype
the entire exercise with minor wording changes. Others
prefer to examine a listing of the entire bank con~
tents, select items, and have a secretary type the
exercise directly from the listing.

Our experience has shown that science teachers,
as opposed to liberal arts teachers, are more
receptive to the idea of "computerized" testing. This
is due to two factors: the scientist of times has a
closer acquaintence with the capabilities, modes,
and limits of computer usage; the nature of scienti-
fic study which lends itself more readily to a
quantitative approach to the subject, which facilitates
development and use of item banks suitable for
computer administration. The challenge therefore
lies in developing questions which are both
pedagogically effective and computer managable (e.g.,
machine gradable).

We have encountered a wide spectrum of
reactions to SOCRATES machine gradable question
format among educators. Many testing and counselling
officers and community college teachers are extremely
enthusiastic. Practically all of the chemists we
have talked to feel that our item bank, if not the
entire SOCRATES system, is a valuable resource for
training their students. Often times the most
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enthusiastic supporters are those teachers who have
already developed their own personal item banks.
Although occasional objections are raised to question
phrasing or printer conventions, people actively us-
ing the banks items have found their students have
little difficulty in adapting to computer produced
materials.

A popular feature offered by SOCRATES is the
multiple version option. Up to nine versions of the
same exercise can be generated, edited, and scored
as easily as one. The large size of the chemistry
bank permits multiple exams to be developed on the
same subject matter for use by course sections meeting
at different times.

One criticism of SOCRATES is raised at user
workshops and informational meetings which deserves
some comment, as it also reflects habituation to the
traditional testing process as well as a philosophical
viewpoint. Concern is expressed about the effective-
ness of objective multiple choice questions as
teaching and evaluation tools in subject areas such
as chemistry where great emphasis is placed on
developing the students abstract reasoing and con-
ceptualizing skills. Many of us have very definite
goals for the content, philosophy, and appropriate
language for questions. These frequently involve a
demonstration by the student of some logical set
of operations which relate to the scientific principle
we are asking about. The ability of multiple choice
questions to meet these goals depends on their
design, rather than their inherent approach. By
careful choice of options, incorrect responses can be
made to pinpoint specific errors in students' reason-
ing or approach to a problem, at any level. Thus an
examination of the item statistics (student responses)
to an exercise can tell not only general student
performance, but identify individual deficiences as
well. This is not to say that multiple choice ques-
tions willsupplant traditional subjective items such
as essays, etc. Indeed, the reserved category in
the classification system (00000) includes these.
However, our experience is that they are an effective
teaching tool, as demonstrated by the fact that
students from SOCRATES aided prerequiste classes
perform as well in subsequent classes as other
students.

We are not discouraged by the slow acceptance of
the utility of item banks. They hold great promise
for allowing us to do what we already do by auto-
mating certain non crucial steps. As teachers we
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can thus reach more students, more rapidly, more
inexpensively, with fewer errors, and at many various
levels. We view SOCRATES as a tool to allow us to
return to the individual student and his problems in
this day of mass education.

The Future of SOCRATES-Type Programs in Networks

Since SOCRATES is basically a data management
system using a moderately sized data base, the main
advantages of networking lie in providing rapid
service to a large geographical area. This could be
extended globally via satellite using the EDUCOM,
CYBERNET, TYMSHARE, or similar facilities. Phone
links have already been used to demonstrate SOCRATES
in Pennsylvania, Illinois, and Texas; satellite
relay demonstrations are planned in France and Mexico.
The question therefore is not one of technology, but
of user demand. The current national trend is for
parallel independent development of item banks. We
have honored a number of requests for console paper
or magnetic tape listings of the chemistry bank,
and encourage the free exchange of items. However,
such exchanges are at times troublesome due to
interschool hardware and/or software disparities. The
problem of standardization to facilitate trans-
ferability has been recognized and is being addressed
by groups such as CONDUIT. Suffice it to say here that
good planning and communication is needed to prepare
independent banks and software for an easy merge as
the need arises. In the immediate future total
duplication and transfer of items banks will be the
rule , since most educational institutions prefer to
support their own independent operations.

The need for networking to facilitate timesharing
operations such as the SOCRATES ITG module, or
general computer assisted instruction (CAI) is ques-
tionable for the near future, primarily due to
hardware costs of providing ports and terminals for
even modest class sizes. Typical installations in
the CSUC system have one to three terminals at each
port. Ports are located in accessible places so that
students may use timesharing during their free periods,
and instructional use is planned on that basis. Since
system timesharing use is heavy (15,000 hr/month
average connect time for the Fall 1974 semester,
22,000 hr/month peak) minicomputers are being install-
ed on each campus for localized timesharing. Language
and active storage resources will be limited, so
SOCRATES cannot be locally implemented. It is felt
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that all SOCRATES banks could be implemented using
the disc space released after transfer of certain
operations to the local minicomputers.

We envision that SOCRATES operations will evolve
primarily using RJE (remote job entry via local
computer to the SUDC CDC 3300 executive) and either
local line printers for remote areas, or a central
line printer at SUDC and twice daily courier service
for the Los Angeles service area. As with any
evolving system, new uses will be added as the demand
for them arises. Management features such as pre~
paring class grade lists and some format options
have already been discussed. Users may elect to
write their own programs using the item banks as a
resource, but the lessons learned from PLATO exper-
ience should be obvious: from 50 to 200 hours of
programming effort are required to produce one hour
of interactive program.

Perhaps an observation by Marshall McLuhan
will also appropriately reflect the coming state of
both the SOCRATES effort, and educational computer
networking for information retrieval: "In the
age of Xerox, every man is a publisher". With the
advent of large accessible data bases, teachers can
readily publish a wide variety of truly educational
aids according to the dictates of their personal
standards.
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The Impact of a Computer Network on College
Chemistry Departments—The Iowa Regional
Network

WARREN T. ZEMKE
Department of Chemistry, Wartburg College, Waverly, Ia. 50677

On the surface, the two main purposes for the existence of a
regional computer network are (i) to provide large-scale computing
capabilities for medium-sized institutions and (ii) to share in
developing the use of instructional computing (l). The purpose of
this paper is to examine the impact of these network goals from
the perspective of the user (the remote institution or the "fin-
gers of the hand") rather than the provider (the central computer
facility or "palm of the hand"). Attention will be focused on the
perspective of Departments of Chemistry at twelve of the thirteen
remote institutions making up the Iowa Regional Network (official-
ly entitled the Regional Computer Center, or RCC). There are
numerous literature sources available for a broad, non-academic
discipline approach to the many facets of networking such as
financial considerations, hardware and data transmission consid-
erations, network organization and cooperation, etc. (1-6). Two
papers in this category which examine the Iowa Regional Network
consider the mutual impact both on the central facility and the
remote institutions; the author has used these papers as impor-
tant background sources for this article (1,2).

To bring our topic clearly into focus, let us couch it in
terms of two questions. To what extent can a network meet the
needs of a Department of Chemistry of a remote institution? To
what extent has the RCC met the needs of the Departments of Chem-
istry of its member institutions? After a brief résumé of the RCC
the paper will examine these needs. They will be divided into two
parts, one dealing with the impact of increased hardware flexibil-
ity and user-services, and the other dealing with the past,
present and future level of computing in the chemistry curriculum.

.The Regional Computer Center

Iowa networking began in 1967 when the University of Iowa
Computer Center established a telephone line link with two other
neighboring institutions. In 1968, with substantial NSF support,
the network expanded to eleven institutions: one junior college,

142
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nine four-year colleges, and a government installation. Although
three of these original institutions left the network, the total
today stands at thirteen as listed in Table I. This table summa-
rizes general information about each of the RCC schools. A com-
plete description of the IBM 360/65 configuration, the palm of the
hand located at the University of Iowa at Iowa City, can be found
elsewhere (1).

The RCC from the start has been more than just an organiza-
tion consisting of faculty and students from the various institu-
tions, computer professionals residing at Iowa City, and computer
hardware/software and communications equipment. It is a dynamic
entity wherein its members assist each other with their primary
effort directed towards instruction. The RCC central staff inter-
faces with a campus Computer Coordinator at each institution. The
local Coordinator acts as manager of the local terminal, offers
short courses in programming, provides in-house expertise on the
use of the central facility and its diverse compilers, etc. Of no
less significance, he also dons the role of "sparkplug" to excite
local faculty and students to make further use of the whole
computer facility and services.

The University of Iowa Computer Center staff maintains the
hardware and systems on the IBM 360/65. The RCC central staff
links the central facility with the user institutions to achieve
maximum effectiveness in utilization. Beyond the communications
equipment this means regular "update" meetings with frequent on-
site visits by the "circuit riders" to each institution to respond
more directly to particular institutional and faculty needs, and
regular network-wide workshops for the faculty of member institu-
tions. Available to each member institution is access to all the
languages and library program packages available locally at Iowa
City. In addition to FORTRAN, PL/I, COBOL, and ALGOL, these
include the super-batch, in-core compilers WATFIV, WATBOL, PL/C,
ASSEMBLER-G, and SPITBOL which are very fast and inexpensive to
run. Notable is the SPSS package and the Political Science
Department's Social Science Data Archives. Also notable is the
substantial number of computer-based, certified teaching modules
in the disciplines of Business, Chemistry, Economics, Mathematics,
Physics, and Social Science, all because of University of Iowa
participation in the CONDUIT experiment (7).

A Smart Terminal or A Dumb Terminal?

Table I includes a list of the actual terminal hardware as
well as institutional data. The Mason City School District will
be excluded from all further consideration in this study because
it concerns a high school rather than a college system. Most of
the schools have a "dumb" terminal (one which can function only as
a terminal to the central computer facility, such as an IBM 3780),
but several have a "smart" terminal (one with stand-alone academic
as well as remote batch capability, such as an IBM 1130). For
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Enrollmept

School? (Staff) Terminal Type

Augustana College 2100 (6) IBM 360/20 Dumb €
Rock Island, IL

Central College 1300 (3) IBM 1130 Smart
Pella, IA

Clarke College 600 (3) IBM 1130 Smart
Dubuque, IA

Grinnell College 1200 (5) PDP 11/45 Dumbd
Grinnell, IA

Iowa Wesleyan College 600 (2) DATA 100-70 Dumb
Mt. Pleasant, IA

Loras College 1500 (4) IBM 3780 Dumb
Dubuque, IA

Marycrest College 1000 (2) DATA 100-70 Dumb
Davenport, IA

Mason City School Dist. e HP 2000F Smart
Mason City, IA

Monmouth College 700 (4) IBM 3780 Dumb
Monmouth, IL

Quincy College 1300 (3) DCT 132 Dumb
Quincy, IL

St. Ambrose College 1300 (3) DATA 100-88 Dumb
Davenport, IL £

Univ. of Northern Iowa 8700 (10) SPC 16 Dumb
Cedar Falls, IA

Wartburg College 1200 (4) IBM 3780 Dumb

Waverly, IA

All of the schools listed are private liberal arts colleges
except the Mason City public school district and the University
of Northern Iowa, a public university.

The number inside the parentheses is the number of staff in the
Department of Chemistry.

Although it might serve as a smart terminal, for essentially all
academic use Augustana has used its computer as a dumb terminal.
Prior to January 1975, Grinnell had only an IBM 3780. Thus for
the period pertinent to this study, Grinnell has only had a
dumb terminal.

The Mason City School District will be excluded from any
analysis since it is a high school rather than college system.
The SPC 16 can emulate the IBM 360/20; to date it has only been
used as a dumb terminal.
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reasons given in the footnotes of the table, all but two of the
twelve schools in this study are considered to have dumb terminals.
This classification assumes the reference point of usage to be
academic years 1973-74 and 1974-75.

Three sources of information were used to obtain a measure of
"chemistry computer activities" at the RCC schools. First, RCC
user-statistics from July 1973 through April 1975 were available
from the RCC for each month of the year for each school. These
statistics were categorized according to number and class type of
jobs for each discipline, chemistry in our case. Second, in
addition to the quantitative RCC user-statistics, a survey of the
RCC Coordinators from each school was taken to ascertain chemistry
department usage, user attitudes, coordinator-department coopera-
tion, hardware considerations, etc. Third, a more detailed survey
was taken of each chemistry department to ascertain curriculum
offerings in which the computer was used, the specific type of
use, the level of use, the number of active users on each depart-
mental staff, the sources of chemistry computer programs, etc.
Additional reference to this chemistry questionnaire will be made
in the next section.

One of the options facing a college in Iowa and western
Illinois is whether or not to affiliate with the RCC or to go the
route of a small stand-alone computer. From the perspective of
chemistry users in the Iowa Network, no clear preference arose for
or against a stand-alone computer. To the question '"Could a small
stand-alone computer with no Iowa City terminal capabilities more
than adequately serve your present total needs?," the response was
almost evenly divided.

Reasons favorable to a terminal facility varied with the
available peripheral equipment at Iowa City (e.g. disk storage,
calcomp plotter output), the availability of assistance from
computer experts at Iowa City, and the resources at the University
of Iowa available to RCC Chemistry Faculty (e.g. Chemical Titles
files, E.R.I.C. files). Not insignificantly, several chemistry
users opposed a small stand-alone computer because they needed a
sophisticated, large-core computer like the IBM 360/65 for their
research activities.

Reasons favorable to a stand-alone computer obviously rest in
each chemistry user's perception of "needs" to the above question.
For several departmental staffs where only one member used the
computer and only then occasionally, classroom usage was commonly
limited to several canned programs. Not surprisingly this sort of
user sees no broader implications or usage for his students or
himself in the resources available through the RCC. For example,
the use of the computer in a modern chemical literature course has
probably never received serious consideration. Then there is
another situation where a stand-alone facility is satisfactory
under present departmental budget limitations. If most of the
desired classroom/laboratory applications can be accomplished on
the in-house ("free") facility, why use the open-ended ('not free')
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terminal and strain the budget? An astute and dedicated Coordi-
nator can readily convince users and administrators that in-house
use of elementary computer programs in a number of academic disci-
plines can be more cost-effective than terminal use.

Clearly there are many factors involved in any institutional
decision concerning a stand-alone versus a terminal facility and
it is not the purpose of this paper to consider them in detail.
But one very interesting trend has clearly emerged from the RCC
user-statistics. The relative academic versus administrative use
has decreased significantly in over half of the RCC schools. This
increased administrative activity is due to the rapid and inten-
tional development in Administrative Data Processing (ADP) systems
by the RCC staff. Currently over half the RCC schools use the
Registration-Grade Reporting and Payroll systems; member school
interest in the use of the Alumni and Business Office systems is
growing. It appears at this point that newer and better ADP
applications via the terminal to Iowa City will dictate increased
rather than decreased support of the terminal for most of the RCC
schools.

What about the needs of a Department of Chemistry whose prin-
cipal concern is limited to the baccalaureate degree? Based on
the responses to the chemistry questionnaire, the RCC chemists do
not view the provision of large-scale computing capability as
primary, except in very few circumstances. Nor do many of them
care very much about extra computer and chemistry services avail-
able through the Iowa Network arrangement. For many of them a
small stand-alone computer will serve just fine in their classroom
situation. Yet, in light of the apparent increased total institu-
tional support of a terminal arrangement, the old question of a
remote terminal versus a stand-alone computer no longer seems
appropriate. Rather the question now seems to be one of whether
to select a smart or dumb terminal. A smart terminal configura-
tion would seem to provide the best of both worlds for all disci-
plines since the desirable administrative and academic applica-
tions of a normal remote job entry terminal are still possible
while the cost-effectiveness of running many small academic canned
programs locally is maintained. Because of particular circum-
stances and personnel at Central and Clarke Colleges (the only RCC
colleges possessing smart terminals used academically), it is
inappropriate to use their chemistry usage as indicative of the
norm. Yet is it not surprising to find little chemistry terminal
usage for either college and also a noticeable increase in
terminal ADP type of usage for one of them.

One other very important trend surfaces from both the Coordi-
nator survey and the chemistry questionnaire: there is broad
interest in time-sharing among chemistry users. Even those users
who could live with a stand-alone, batch-mode computer were inter-
ested in time-sharing! As indicated in Table I, Grinnell College
is already into time-sharing with the purchase of their PDP 11/45;
by fall the facility is expected to be fully operational for
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classroom use. The University of Northern Iowa has purchased an
HP 2000F with delivery time this summer. Other individual schools
have made decisions to go into time-sharing and await only the
concerted financial campaign necessary to secure funds for such a
facility. Much of this time-sharing interest is due to the effort
of the RCC staff to involve the network in an effort to purchase a
computer like the HP 2000F, with the cpu located at Iowa City and
the terminals at the participating network institutions. Included
in the plan was a provision for RCC faculty to locate/write soft-
ware for selected disciplines (one of which was chemistry) to
assure an immediate and fruitful evaluation of time-sharing on a
network-wide basis,

In the hope of proposing a model configuration best satis-
fying the many and diverse needs of a "typical' smaller Department
of Chemistry, from the experience of the Iowa Network it appears
that a smart terminal arrangement where time-sharing is a part of
the configuration would be the ideal model, one similar to the
facility at Grinnell. However, financial resources do not allow
many (1f not most) medium-sized institutions at this point in time
to seriously contemplate such an arrangement.

Program Availability and Level of Use in the Chemistry Curriculum

From the discussion in the previous section, the RCC has had
little or no impact on the member institutions, at least so far as
hardware and "compute power" in the discipline of chemistry are
concerned. Although the use of chemistry services at present is
limited, more and more RCC users are becoming interested in
Chemical Abstracts, Chemical Titles, and E.R.I.C. files. And
there is a definite and broad surge of interest in time-sharing,
much of which is due to RCC staff efforts in convincing users that
RCC time-sharing capability belongs to the "realm of the possible.’
Yet these areas have been the least critical to chemistry users
and if we are to fully measure the impact of the RCC on the net-
work Departments of Chemistry we must look elsewhere. It is in
the area of providing programs for use in the chemistry curriculum
that the Iowa Network has made its biggest impact on chemistry
users, and also where there still remains the greatest potential.

It is obvious that there is no way to benefit from computer-
based materials in the classroom unless the materials are readily
available. Although the chemistry users in the Iowa Network are
not the worst of the lot classified by Joe Denk (8) as "software-
starved little people," the difficulties in obtaining good
programs for classroom use are still common to all of us in the
network. In the last two years things have improved considerably.
Typically the user had two sources for obtaining chemistry
computer programs, write his own and/or locate them via the liter-
ature. Almost all of the active users continue to do both, but
due to University of Iowa participation in the cooperative nation-
al CONDUIT experiment in the transportability of computer-based
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undergraduate curriculum materials, the users of the network now
also have available CONDUIT as a source of programs.

A quick glance at the chemistry questionnaire and the types
of literature sources employed by the RCC chemistry users indi-
cates that the Journal of Chemical Education and CONDUIT are the
most common sources of chemistry programs (9). Although readily
available on the disk at Iowa City, CONDUIT chemistry programs
have suffered in the past from occasional bugs and incomplete or
inappropriate documentation. On the other hand, anyone who
obtains a program directly from an author noted in the literature
does not have the CONDUIT review/certification process to rely
upon. Moreover, he must often modify the program to fit his par-
ticular computer system. Additional programs have been obtained
from the textbooks by Wiberg (10), Dickson (11), DeTar (12), and
Isenhour and Jurs (13); from CCUC (l4); from the Quantum Chemistry
Program Exchange at Indiana University; and from Oak Ridge and
Argonne National Laboratories through the University of Iowa
Department of Chemistry (15,16).

According to the twelve Depariments of Chemistry of this
study, the use of the computer occurred most often in the physical
chemistry curriculum (eight users indicated regular use on the
average of at least once a month). Computer usage in analytical
chemistry was next most frequent (only three users indicated no
use at all), followed closely by freshman chemistry and then
organic chemistry (six users indicated no use at all). Other
curriculum offerings in which the computer was used ranged from
courses in the Identification of Organic Compounds and Biochem-
istry to those in Research and Independent Study and one in
Computer Applications in Chemistry. Types of programs vary from
least squares analysis and other data reduction routines to plot-
ting and other simulation programs. A few of the specific appli-
cations include kinetics studies, quantum mechanical calculations,
numerical integrations, atomic and molecular orbital calculations,
IR and NMR routines, and several titration applications (from
simulation to endpoint determination).

In addition to the increased base of programs available for
future use in the chemistry curriculum, another important benefit
from network affiliation is the holding of network-wide workshops
and meetings. The intent of such workshops has been to foster
interaction between members of remote institutions and stimulate
new ideas and applications in the classroom. As a point of
reference, the last chemistry workshop was help in September 1973.
About thirty participants (chemistry faculty and students and
some Coordinators) attended from eleven of the RCC institutions
and also from three other Iowa colleges and universities. Over
two-thirds of those schools which were both at the workshop and
are also a part of this study claimed that the workshop increased
both faculty interest in new computer programs and usage of the
computer. The user-statistics indicated a surge of chemistry use
in the several months immediately following the workshop.
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And of the twelve schools in this study, all but one wanted at
least occasional chemistry workshops, with nearly one-half wanting
annual workshops!

From earlier discussion it should be clear that the RCC has
functioned more as a "user-services'" network than a "transmission"
or "facilitating" network (4). The fingers and the palm of the
RCC hand seem more and more to realize their mutual interdepen-
dency. It is the author's feeling that there is a growing change
in attitude among chemistry users. In their eyes the RCC has
always existed to provide a facility for accomplishing specific
computational tasks. But with workshops by and for chemical
educators in which pedagogical use of the computer becomes an
important ingredient, the network becomes more than just an agent
to parcel out bigger and better canned programs. Such workshops
can elicit interest from the uninitiated as well as serve as a
sort of fueling station for the more knowledgeable users. In
addition to providing new and useful knowledge about particular
routines, the interpersonal contacts of the workshop more often
than not serve to kindle further activity in the participants.

As a case in point, the frequent workshops held by the North
Carolina Educational Computing Service have played a key role in
the high rate of growth in the use of the computer in the North
Carolina Network (17). To be sure there are still chemistry users
who are not interested in network sharing in the Iowa Network and
who would rather "do it alone." Another type of response to our
network, the "do it for me" attitude, is also still too common.
Yet the author detects a trend away from these responses and
instead a "do it with me" response prevailing in more and more
chemistry users. The inclusion of more frequent faculty training
workshops as an integral part of the overall RCC implementation
strategy at present appears to be one of the most effective ways
to capitalize on this favorable response. In turn, the increased
level of usage would benefit both fingers and palm significantly.

Conclusions

The computer is fast becoming a tool vital to the whole of
modern-day chemistry. It is causing a revolution in the frontiers
of chemical education! The activity of the ACS Divisions of
Computers in Chemistry and Chemical Education (particularly its
Committee on the Role of Computing in Chemical Education) at
recent Regional ACS Meetings and National ACS Meetings (including
this one) is not going unnoticed by the chemists at the RCC member
institutions. Although in the recent past the chemistry users
have not taken advantage of computing capability and chemistry
services afforded through the RCC, they are beginning to recognize
them as probable future needs of a modern Department of Chemistry.
The present financial situation at most of the RCC schools pre-
cludes immediate and extensive use of these features, but the
chemistry users do seem to recognize the potential that exists.
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Increased availability of computer programs for use in the
chemistry curriculum and network-wide chemistry workshops have had
a strong impact on the chemistry users of the RCC institutions.
Regular chemistry workshops for and by chemical educators are
clearly recognized as valuable and highly desired by almost all
the member institutions' Departments of Chemistry. The RCC has
generated a wholesome demand for network cooperation and with
extra effort towards filling this demand, such as more frequent
workshops, it is in a position of seeing a significant increase in
the level of computing by the chemists of the Iowa Network.

Finally, there is a growing nationwide interest in the use of
computer-assisted test construction (CATC), with the discipline of
chemistry taking an active leadership position (18). Moreover,
the CONDUIT Chemistry Advisory Committee is examining the possi-
bility of providing a transportable CATC item pool and question
retrieval program (19). Because of these circumstances and the
close-to-home fact that the Department of Chemistry at the Univer-
sity of Iowa has just completed a CATC program in freshman chem-
istry (20), it is but a matter of time before Iowa chemistry users
will have to face the decision of CATC on a network-level coopera-
tive basis, or on an individual institutional basis, or not at
all! Because of the considerable effort involved to construct
and maintain a large data pool of chemistry questions acceptable
to even a few users and because of the size of the computer nec-
essary for even a modest CATC system, a cooperative CATC venture
would be a natural next step for a network like the RCC. Although
CATC is still off on the horizon, so far as most RCC chemistry
users are concerned, a network-wide effort in this area of
instructional computing could prove very beneficial to each of the
RCC Departments of Chemistry. It should hold a key position in
future institutional and network deliberatioms.
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A Case History in Computer Resource Sharing:
ab initio Calculations viz 2 Remote Control™
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Air Force Systems Command, Wright-Patterson Air Force Base, Ohio 45433

In this paper we discuss the experience that we
have had in performing large scale molecular structure
calculations remotely using the CDC6600 computers at
Wright-Patterson Air Force Base. Certain elements of
this effort are general and can be expected to be en-
countered by other researchers. Before proceeding with
a discussion of this computational research project we
will give a brief history of the development of the
Wright-Patterson AFB Aeronautical Systems Division (ASD)
computer center, which played a historic and central
role in the development of modern computational chemis-
try.

Computational chemistry has become a pervasive
tool contributing to the solution of problems in the
biological, inorganic, organic, and physical subfields
of chemistry. And it will undoubtedly become an even
more important tool in years to come. Such growth is
due to the fact that in many areas of computational
chemistry, the methods used yield results which meet
experimental accuracy, allowing quantitative prediction
and interpretation to be made (1-3). Methods of per-
forming e.g. accurate quantum mechanical calculations are
now available in computer codes which can be obtained
from code exchanges (3) and from individual research
groups. It is proper to refer to these codes and the
hardware associated with their application as instru-
ments for chemical research, in the same sense as an

*Work performed under the auspices of the USERDA and

Air Force Contract No. F33615-72-M-5015.

ARL-NRC Research Associate 1972-1974.

ttpresent address: Department of Chemistry, Wright
State University, Dayton, Ohio 45431l.
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equally sophisticated experimental "apparatus" (4).
Remote usage of these large computational systems is
becoming increasingly more common. The reasons for
this increased remote usage are: (a) true portability
is difficult to achieve in a large software system, (b)
the maintenance, reliability, and continuing develop-
ment of these codes requires more effort and expertise
than can be marshalled by individual chemical research-
ers and (c) remote use is possible, convenient, and
economically competitive with on-site visits. It is
reasonable to expect that an even more substantial por-
tion of chemical calculations will be performed remote-
ly from interactive (time-sharing) and batch terminals
(5), particularly as computer networks (6, 7, 8, 9)
become more widely accessible.

In this report we review our specific experience
with remote interactive terminal access. We discuss
the feasibility of performing moderately extensive ab
initio production calculations with no more than a
teletype at the remote site. The entire procedure is
straight-forward and, although tedious, can be greatly
facilitated by appropriate code modifications and code
developments. The following discussion is broken down
into the six sections: nature of the calculations
being performed, equipment available, communication
links, installation and maintenance of codes, input and
output of jobs, and a summary and indication of future
plans.

For the purpose of gaining perspective on this ef-
fort we begin by reviewing the role played by the ASD
Computer Center at Wright-Patterson AFB in computer
resource sharing in quantum chemistry computations.

History of Computer Resource Sharing at Wright-Patterson

Alr Force Base

The historical evolution of our remote usage has
paralleled the development of the computer center at
Wright-Patterson Air Force Base. It was the sharing of
computer resources by Wright-Patterson in the late
1950's that enabled one of the first integral programs
to be developed and run. This evolution in the use of
the Wright-Patterson computational facility by off-site
personnel, accomplished entirely by site visits in
about 1958, to the present stage of extensive remote
operations provides, therefore, a vivid example of com-
puter resource availability and sharing. This example
is illustrative of a research area--computational chem-
istry--which will be markedly advanced by the develop-
ment of computer networks.
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Background on the ASD Computer Center. There has
been a computer organization as a part of the Wright-
Patterson Area B laboratory complex since 1949 (10).

At that time the Computational Branch of the Research
Division, Office of Air Research, was established. This
group began with an early vintage MIT analog computer
which was soon replaced with the first commercially
available analog computer, the REAC Series 100. The
digital effort began in 1951 with the delivery of an
IBM Card Programmed Calculator. To put these events

in perspective, the digital computer was invented by
Harold Aiken only in 1944; the analog computer, by
Vannevar Bush in 1930 (11).

The first real stored program digital computer was
the OARAC (Office of Air Research Automatic Computer)
installed in 1953. This computer was a "one-of-a-kind"
built specifically by General Electric for the Aero-
nautical Systems Division. It was very slow, had
limited I/O capability, and was unreliable. 1In 1956
it was replaced by a scientifically-oriented Univac
1103. 1In 1957 the 1103 was upgraded to an 1103A and
assembly language programming became available. It is
this computer that played an important roll, as des-
cribed in the next section, in the development of ab
initio quantum chemistry.

The first extensive use of a source language
didn't occur until 1961 when the 1103A was replaced by
an IBM 7090 which allowed programming in FORTRAN II.
Open shop was formed at about this time. The IBM 7090
was the first real batch computer at ASD; it used two
IBM 1401 computers for converting cards to tape input
for the 7090 and 7090 tape output to punch and printed
form. In 1963 the 7090 was upgraded to a 7094 and then
replaced in late 1964 by an IBM 7044/7094 Mod II Direct
7044 to monitor I/O, job flow, and disk storage alloca-
tion for the 7094 program execution. This system had
one IBM 1440 remote batch terminal in the Aero Propul-
sion Laboratory. In 1966 a second, somewhat slower IBM
7040/7090 Direct Coupled System was added; it had a
remote batch terminal in the Flight Dynamics Laboratory.
Both Direct Coupled systems were replaced by a CDC6600
with 31 teletypes and 9 remote batch terminals in
January 1971. 1In December 1973 a CDC CYBER73 was in-
stalled with the batch terminals reallocated among the
two systems. *

The teletype terminals (110B) were converted to
operate through a dial-up system in March 1973 and some
300B lines were simultaneously added. There are now
32 110/300B lines into each system, the CDC6600 and the
CYBER73. One line operating at 2 K/B was added in

*Notation -- B = Baud = bit-per-second. 1lK/B = 1000B.




Publication Date: June 1, 1975 | doi: 10.1021/bk-1975-0019.ch011

156 COMPUTER NETWORKING AND CHEMISTRY

April 1974 and a second operating at 4.8 K/B, in Febru-
ary 1975. The ASD Computer Center became a node on
the ARPA network (ARPANET) in October 1973 with the
installation of a terminal interface processor (TIP).
Future developments planned for the ASD and other
Air Force System Command computer centers will be dis-
cussed below. For now we turn to a discussion of the
role played by the 1103 and 1103A in the evolution of
quantum chemistry.

Development of Master Integrals and SCF Codes.
During the period 1955-1962 the master SCF molecule

program was developed for linear systems by the Labora-
tory of Molecular Structure and Spectra of the Univer-
sity of Chicago as a part of its overall effort in
molecular computations (12,13). The molecular integrals
package was developed ana—fun on the Univac 1103 and
1103A at Wright-Patterson Air Force Base under a con-
tract with the University. The SCF package was combined
with the STO integral package to form the first master
integrals-SCF code. It was in this period of calcula-
tions on the 1103 and 1103A that many of the first
molecular Hartree-Fock calculations with good basis
sets were carried out by McLean, Weiss, and Yoshimine
(14) , Kolos and Roothaan (15,16), Ransil (12,13), and
Richardson (17), etc. Indeed one finds that the April
1960 issue of Reviews of Modern Physics -- a collection
of papers given at the Conference on Molecular Quantum
Mechanics held at Boulder, Colorado June 21-27, 1959 --
contains no fewer than twelve papers that acknowledge
the use of the 1103 at the then Wright Air Development
Center at Wright-Patterson AFB (12-23). These papers
include contributions by Kolos, Roo-Eéan, and Sach (18)
on the ground state of H3, Roothaan (19) in his clas=
sic work on the theory of open shells of electronic
systems, Kolos and Roothaan (20) on correlated orbitals
for He, Fraga and Mulliken (21) on the role of Coulomb
energy in valence bond theory, Froman (22) on relati-
vistic corrections, and Léwdin (23) on expansion the-
orems for the total wavefunction and extended Hartree-
Fock schemes. Many other individuals participated in
this calculative effort at Wright-Patterson--Bagus,
Clementi, Ehrenson, Huo, Lykos, Malli, Phillipson, and
Wahl to mention a few. §S. Huzinaga writes in a letter
to Dr. R. Euwema of the theoretical solid-state group
at erght—Patterson dated February 7, 1975: "Wright-
Patterson is one of my fondest memories during my stay
in U.S.A. some 15 years ago. I had access to a big
computer (UNIVAC 1103?) for the first time in my life.
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The 1103 and 1103A provided a computational test
ground for many ideas in theoretical chemistry and a
place where the seeds of future developments in the
1960's were sowed. It was here, for example, where
newer ideas on how to code diatomic integrals were
evaluated and the one-electron integrals coded and
tested (24).

The chores of coding and execution of computations
on the 1103A were markedly different from the present-
day high-level language and batch job input operations,
as one of us (A.C.W.) vividly recalls. Coding was per-
formed directly in octal machine language, tc optimize
the use of computer memory. Accurate floating-point
pperations required a user-supplied subroutine. Job
submission was an extraordinary exercise in preparation
and patience. The computer resided on a lovely, blue-
lit dias and the user waited in a "ready room" until
his name was called. He would then rush in with his
paper tapes for a 2-3 minute shot at getting his job
on the machine. If he failed to get it going in that
length of time he lost his turn and had to go to the
end of the queue. Another turn would come in two hours
to two days, depending upon demand.

The use of the 1103 and 1103A by the Chicago group
was a milestone in the early sharing of computer re-
sources. In this case computational chemists obtained
access to a sufficiently powerful computer for their
purposes - a computer unavailable to them in Chicago -
by making site visits to Wright-Patterson.

Ab Initio Quantum Calculations from 1961-1975 at
Wright-Patterson AFB. During the period 1961-1972 the
ab initio work in quantum chemistry at Wright-Patterson
AFB was much more limited than the 1956-1961 period.
The reason was the availability of equivalent or better
computers at or very near the institutions in Chicago
and elsewhere at which the quantum chemists resided.
However, during much of this period and continuing on
until 1975 there has been a strong theoretical solid
state group at the Aerospace Research Laboratories.
This group has been developing methods and very highly
sophisticated codes for performing rigorous ab initio
Hartree-Fock calculations over the years on the IBM
7094 and, currently, the CDC6600.

The period 1972-1975 saw an upsurge in ab initio
quantum chemical calculations. A few group leaders
in the Chemistry Research Laboratory of the Aerospace
Research Laboratories brought in theoretical personnel
on a temporary basis to execute computational research
projects related to on-going, in-house experimental
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programs. The Aerospace Research Laboratories, through
a program initiated by one of the present authors (T.O.
T.), also contracted out-of-house theoretical calcula-
tions relevant to Air Force interests. One such con-
tract involved the computational chemistry groups at
Argonne National Laboratory and the National Bureau of
Standards who undertook a concerted literature evalua-
tion and initiated a state-of-the-art computational
project to obtain information on the vertical excita-
tion spectra and potential energy hypersurfaces of the
electronic states of the fifteen molecules and ions
Hp0M, Np0M, co%, No%‘, 03, m= +1, 0, -1 (24-31). The
work reported in this paper is a development of that
computational project. It is in the context of this
program that we will discuss remote usage.

Nature of Project and Calculations Being Performed.

For about three years our research groups, in con-
cert with those of M. Krauss at the National Bureau of
Standards (NBS) and J. Simons at the University of Utah
(Utah) have cooperated in computational chemistry pro-
jects. In these joint investigations the group at the
Aerospace Research Laboratories (ARL) collaborated in
the development of cbjectives, monitored progress, and
provided computer resources. The group atArgonne Nation-
al Laboratory (ANL) constructed CDC6600 yersions of its
BISON, BISONMC, DASCI, and POLYINT codes and made them
operative at Wright-Patterson AFB (24-28). The group
at the University of Utah implemented codes for its
equations-of-motion method for computing ionization
potentials and electron affinities from SCF wavefunc-
tions (32). Our remote interactive terminal set-up is
depicted schematically in Figure 1. These research
groups then proceeded to pursue program objectives uti-
lizing these common resources.

The ARL-ANL-NBS project is designed to catalog
what is presently known from both theory and experiment
about the dominant atmospheric molecules H20, NOp, CO2,
03, N20 and their positive and negative ions, to criti-
cally review this information, and to supplement that
information in a systematic computational fashion with
theoretical calculations. This new theoretical know-
ledge can then be used to advance the experimental
-—

This set of codes provides for the ab initio computa-
tion of polyatomic wavefunctions, properties, and poten-
tial surfaces by the optimized valence configurations
(ove) multiconfiguration self-consistent-field
(MCSCF) configuration-interaction (CI) technique.
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analysis by participating in a feedback process which
historically has proven to be important in understand-
ing the phenomena involved. A critical review of

the literature has been completed in which extensive
use is made of state adiabatic correlation diagrams to
summarize potential energy surface characteristics (33).
The vertical spectra of the above fifteen molecules and
molecular ions have been computed at the SCF level and,
for some, at the OVC-MCSCF-CI* level (34) . Potent1a1
surfaces for various states of H20+ Hzo, N20 , N20,NoO”
and NO, have also been examined (34). Further studies
with the OVC-MCSCF-CI technique are currently underway.

Terminal Equipment

In the early stages of this project all activity
proceeded by site visits to Wright-Patterson Air Force
Base (WPAFB). After about one year, dial-up interactive
terminal connections became available at WPAFB and we
were able to perform much of the maintenance and produc-
tion work remotely from 110R and, somewhat later, from
300B interactive terminals. Most of our effort was
with simple 110B teletypes located at ANL, NBS, Utah,
and WPAFB. A 300B CRT terminal was available for code
maintenance on-site at Wright-Patterson on the same
dial-up basis as the 110B and 300B off-site terminals.

The requirements imposed upon the choice of a re-
mote terminal and upon the tactics of operation in an
effort such as ours are essentially those of any large
scientific computational project. One needs the capa-
city to formulate and transmit numerous production jobs
to the host computer batch input queue and to receive
and examine output. It is then necessary to be able to
manipulate files on the host computer via some sort of
an interactive option (e.g. CDC INTERCOM, IBM TSO).
However, there are some characteristics of ab initio
quantum chemical calculations which require special
attention. While it might be possible, for instance,
for us to establish production load modules periodical-
ly, it is necessary to maintain and continually upgrade
each of five, 4000-7000 card, source codes resident on
the host computer. A CRT terminal component and a means
of obtaining updated line-numbered, 80-80 source list-
ings worked well for us. This procedure required on-
site personnel. Some modifications were accomplished

*
See footnote on previous page.
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completely remotely with a teletype from either Argonne
or Utah. Furthermore, the input decks for production
runs are quite large (200-400 cards) and often change
very substantially from one run to the next. For this
reason it is not expedient to construct these input
decks solely via the keyboard. Instead, we found it
useful to maintain a library of model input decks on
the host computer mass storage media or on remote site
media such as paper tape or magnetic tape cassettes.

A model input deck can consist of the "punched" output
from a previous run and may be stored with the job con-
trol cards attendent to its execution in place. Input
decks on the above-mentioned remote site media can be
constructed locally from punched cards if a batch com-
puter facility is available. The text editor of the
interactive software system of the host computer can
then be used to construct the desired input deck from
these sources.

Another characteristic of the type of calculations
with which we are concerned is the large size of the
output files. For such files as these -- files often
in excess of 4000 lines -- complete printing at a re-
mote interactive terminal operating at 110-1200B is not
practical. Even a remote batch terminal operating at
2000-4800B would require prohibitive transmission times.
To remedy this problem we have modified our codes to
produce printed output files in a summary, as well as
the detailed standard, form. For production calcula-
tions with our BISONMC code some 100 70-column lines
suffice to contain the important information. A tele-
type has served, in our project, to enable the produc-
tion of such printed summaries at each remote site.

The standard output files were printed at the host com-
puter and mailed to the respective user as needed.

Table I is a comparative display of the charac-
teristics of the interactive terminals we have used
remotely -- units 1 and 2 -- and would like to -- unit
3. Some desirable batch terminal characteristics are
included in Table I for completeness; discussion of
these is deferred to a later section. For our type of
application, options such as disk packs, plotters, and
tape drives, while costly to acquire and maintain, pro-
vide no service not already available via the host com-
puter. For this reason they have been omitted from
Table I. Of course, if some of these components are
already available, they can be used to advantage. Also
a remote site text editing capability can be helpful to
our type of application. Examples of the latter in-
clude a dual tape cassette unit and the interactive
software of a computer local to the remote site.
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Unit 1, the teletype or equivalent device, is
prominently numbered in Table I to stress the facts (a)
that it is in our experience capable of enabling, at
minimal cost, a modest rate of production computation
and (b) that it is already widely available. For
individuals evaluating equipment for a remote terminal
(interactive or batch) we note that a very detailed
compendium of information about terminals, modems, data
communications, etc. is available (35) as well as other
background information (36).

Communication Links.

The most common communication link between remote
terminals and computers is a phone line. While the
simplest and an often reliable way to use a phone line
is to direct-dial over the public network, this is not
always possible. Thus, it is often necessary to go
through extra layers of effort on each call -- i.e.
institutional exchanges -- and to put up with the noisy
lines of private phone networks. The higher transmis-
sion failure rates on noisy lines can limit an inter-
active terminal/host computer combination capable of
1200B or 300B to 110B. Regular voice-grade public
telephone lines are capable of transmission rates up to
4800B (35). Put another way, the undetected error rate
on public lines is one in 105-107 bits at most, given
the current technology for signal transmission over an
audio wire. Leased lines are much more expensive but
can support up to 9600B (35). Interactive terminals
and host computers are commonly capable of supporting
110, 300, and 1200B operation. Remote batch terminals
and host computers are commonly capable of supporting
2000 and 4800B operation. However, it is clear that
one should not purchase a terminal and modem capable of
more than 110 or 300B if it is not possible to estab-
lish that the remote-to-host phone connection can
support the higher transmission rate.

When our project began we were limited to 110B
transmission by our interactive terminal -- a Model 33
Teletype -- and we employed direct-dialing of the
Wright-Patterson AFB computer from Argonne. Later we
upgraded our interactive terminal capacity to 300B but
were still limited to 110B by a requirement that we
employ FTS lines, which we found to be rather noisy.
This problem was compounded by the fact that FTS calls
to the computer at Wright-Patterson had to go through
the base switchboard and were, therefore, limited to
about five minutes during business hours. Future
solutions to the communication link problem (cost and
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Table I. Remote Terminal Choices for Camputational Chemistry.

Unit  Baud Equipment®
Rate
Type Usage Cost
Cap. Tn  Out Stor.
1 110 teletype ~$ 900
keyboard X - -
70 col. printer - X X
(impact)
paper tape b4 X X
2 110 electronic v$ 3600
300 keyboard bd - -
1200 80 col. printer - X b4
(thermal)
dual tape cassettes X X b4
3 110 electronic ~$ 9000
300 ke b4 - -
1200 132 col. printer - X X
2400 dual tape cassettes X X b4
4800 card reader X - -
card punch - X X
CRT x x -
4 2000 batch terminal $30000

4800 keyboard X - -
9600 132 char. printer - X b4
card reacher X - -
card punch - b4 X

80btention of an appropriate modem is assumed (35).

transmission rate) and alternatives to phone lines will
be discussed below. From our experience on communica-
tion links the phone connection is the major difficulty
of remote data processing.

*
Installation and Maintenance of Codes

In our work the computer programs (codes) have
been installed only by site visits. Maintenance of

*Maintenance of codes is, in the present context, taken
to include not only the maintenance of operative load
modules and source decks on the host computer public
disk and tape libraries, but also the updating of codes
to accomodate changes in the operating system, to im-
prove performance, and to incorporate new features.
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the four ANL codes (24-27) was also performed on-site
for the most part, mainly by the use of a CRT inter-
active terminal. The latter was greatly facilitated by
the generation of an updated source listing, line num-
bered in the same style as in the edit file, after each
code modification session at the terminal.

However, a significant portion of the code main-
tenance was performed via teletype from either Argonne
or Utah. It was very helpful, therefore, to keep a
current and detailed set of manuals for the host com-
puter at each remote site (Argonne and Utah) from which
code maintenance activity was undertaken.

Input and Output

Job Input. The traditional way of job input is
by physical card decks via a card reader. A card-
reader can be obtained as an add-on optlon to many in-
teractive terminals on the market and is a standard
component of batch terminals. However, as discussed
earlier a card reader is not indispensible to an inter-
active terminal operation. The power of the host com-
puter interactive software (e.g. INTERCOM on CDC and
TSO on IBM machines) can be brought to bear on job as-
sembly; and dual tape cassettes can make it possible to
perform many of the same job construction tasks off-
line. It is helpful to modify codes to accept format-
free input as ours have been (24- 27). In addition,
small programs for, (a) data set construction-by-
interactive-terminal-interview, and (b) data set veri-
fication, are quite useful. We have written such small,
rapid turn-around programs for use in conjunction with
our BISON and BISONMC codes (24, 25). Such user soft-
ware modification, development, and utilization measures
make it possible to operate efficiently without physi-
cal card decks.

In the presently reported work jobs were estab-
lished in the edit file under the EDITOR mode of CDC
INTERCOM and then saved and batched into the input
queue. The edit file was established by (a) key-in,

(b) read-in of a paper tape, or (c) load-in of a file
stored on a host computer disk, followed by appropriate
modifications. At Argonne, a ut111ty program was writ-
ten to run on the Chemistry Division SIGMA 5 computer
to convert a punched-card input deck for the CDC6600
into a paper tape. This paper tape was then read in
over the teletype. Back-up of input jobs was on paper
tape or host disk file.
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Output -- General Comments. Output files are
generated for several reasons: the perusual of results
from a run, the construction of input decks, and the
archiving of results. As with the input of jobs,
output has traditionally been hard copy -- print-outs
and punched card decks. Again, both of these are usual-
ly available from a batch terminal. Alternatively, one
can take advantage of the host computer interactive
software and coding innovations to handle the necessary
output manipulations from an interactive terminal. This
is especially advantageous for long print-files, for
large numbers of print files, and for punch files. Any
portion of a file can be listed at will, so that there
is less need to print full output files. An output
mail-back procedure must still be maintained, however,
for those cases where a lengthy print-out (on paper or
microfiche) or real punched output is necessary. The
perusal function can be satisfactorily performed with
a CRT output display or a low-speed printer. The
archival function requires some type of storage device
on the host computer or at the remote site. File
storage and manipulation are discussed under other sub-
headings.

In our case all remote output has been by teletype
or teletype-like devices. It was necessary to store
the punch file as a catalogued disk or magnetic tape
file during execution of a remote-entry job on the
WPAFB CDC6600; otherwise it was lost to the remote
user. Also, output print and punch files had to be
backed up on host computer tape before run termination
if we were to avoid suffering from the occasional loss
of unarchived and of temporary disk files. We protec-
ted ourselves from losing a run completely, due to,

(a) abnormal program termination or (b) an operator
drop (e.g. "SORRY -- MUST DROP TO RUN CLASSIFIED") by
making the punched as well as the printed output sum-
mary file dynamic in that it was updated after each
iteration to the latest orbitals, energies, and con-
figuration coefficients.

Output -- 70 Character/Line Option. Because nar-
row carriage printers and CRT screens are so common for
interactive terminals, we have modified our codes
POLYINT, BISONMC, and DASCI to provide an option by
which the user may specify that all prigted output
files be in a 70 character/line format. These

*
We chose 70 characters/line because we found it to be
the maximum suitable for a model 35 tty.
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ANL
TTV=33
Ti- 700
%
0%00
UTAH 1oB (4 NBS
TTY-33 /\/ WPAFB los Ty

CDC6600)

Figure 1. Interactive terminal connections to Wright-Patterson AFB
from Argonne National Laboratory, The National Bureau of Standards,

and the University of Utah

PAINT == ANL MOOIFICATION OF THE PA300 POLYATOM PROGRAM.
INTEGRALS ARE GENERATEU IN CANONICAL LISTS FOR
INTERFACE WITH THE ANL CODES OVC, KRAG, AND DASCI.

BY H.BASCH, BELL LABORATORIES

PA300/CDC6600 BY CoJoHORNBACK, NYU.

ANL CANONICAL VERSION BY A.HINDS, ANL.

ANL VERSION IMPLEMENTED ON COC6600 BY RePeHOSTENY, ANL.

ANL VERSION/COC6600 MOOIFICATIONS BY DeGeHOPPER, ANL.

THIS IS THE WPAF8 COC6600 CANONICAL VERSION OF APRIL,1375

FOR INFORMATION OR VTHE LATEST WRITE-UP CONTACT

0eGe HOPPER, ANLjy XARL/LJ, WPAFB,0He45433, PH513-255-4869,

.

sesss.

DATE =-- 05/707/7% TIME == 17.31.12. UATA SZT 1.
RUN TITLE
NNO 843 P11t

PROGRAM CONTROL OPTIONS
010

MUCLEAR CENTERS
CENTER LABEL --=

2 N2
3 o ~e

==COORDINANTS~===-=m==e=== CHARGE

=2013198906 0.00)00000 7.
0.00000000 000000000 7.
223781372 0.00090000 8e

GAUSSIAN FUNCTION SPECIFICATIONS

NUMBER OF PRIMITIVE GAUSSIANS = 72
NUMBER OF BASIS FUNCTIONS = 39
BASIS SET (SYMMETRY) BLOCKING = 21 158

GAUS FUNC COMP CENT TYPE EXPONENT COcFFICIENT
1

1 1 NL S 5309.4400000 .0020040
2 1 2 N1 S 887.4510000 0153100
3 1 3 NL S 2047490000 0742930
b 1 e N S 59.8376000 o2533640
L] 1 5 N& S 19.9931000 .6005760
6 1 6 N1 S. 246860000 2451110
14 2 1 N S 71927000 1,0000000
8 3 1 Nt S 7000000 1.0000000
9 . 1 M S ©2133000 10000000
10 L) 1 NL \] 26.7860000 .0382440
11 S 2 N Y Se 3564000 2438460
12 s 3 Nt M 1.70764000 48171930
13 6 1 NL Y «5314000 1,0000000
16 7 1 N M « 1654000 1,0000000
15 [ 1 N2 S 5909, 4400000 .0020040 CPO FROM FUNC 1
16 L] 2 N2 S 887.4510000 0153100 CPO FROM FUNC 1
17 8 3 N2 S 204.7490000 .0742930 CPD FROM FUNC 1
18 8 4 N2 S 59.8376000 2533640 CPO FROM FUNC 1
19 [ 5 N2 S 19.9981000 .6005760 CPD FROM FUNC 1
20 [ 6 N2 S 2.6860000 .2451110 CPD FROM FUNC 1
21 9 1 N2 S 701927000 1.0000000 CPO FROM FUNC 2
22 10 1 N2 S «7000000 1.30006090 CPO FROM FUNC 3
23 11 1 N2 S 2133000 1.0000000 CPD FROM FUNC &
26 12 1 N2 A 2607860000 .0382440 CPD FROM FUNC 5
25 12 2 N2 Y 5.9564000 .2438450 CPD FROM FUNC 5

Figure 2(a). Examples of 70-column output formatting for teletype and
teletype emulating terminal devices. Only partial listings are shown.
(a) PAINT: an unoverlayed CDC6600 version of the ANL code POLYINT.

165
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OVC=1 === A COMPUTING 3YSTcM FQR MCSCF CALCULATION

OF OPTIMIZED VAL:INCE CONFIGURATION WAVEFUNCTIONS

FOR POLYATOMIC MOLECULES
BY GeDAS A HINDS AND A.C.WAHL, CHEMe DIVe ARGOVNZI MATIOWAL LAZORATORY
IMPLEMENTED ON THE CDC6600 3Y R.PoHOSTENY, ARGONNE NATIOHAL LAZURATORY
MODIFIED BY DeGoeHOPPER AND PoJ. FORTUANZ, ARGONNE NATIONAL LARC~ATORY
THIS IS THE CANONICAL VERSION OF APRIL,197Z. FOR THZ LATIST WRIT:=uP,
CONTACT D.G.HOPPERy ZARL/LJ, WPAFB,0H45433, PH313-255-6859.

VUV VS IRBI VSISV BIVVVI ISV SIS BG VIS IBIBIB BB IIIIBIIINIINNIILSIIRRRNS

OATE =-- 05/08/75 TIME == 13450424, UATA ScT 1.

RUN TITLE
NNO 1SI+ Be3 P111

PROGRAM CONTROL FLAGS

IOPEN= 0 IVECT= 0 IPRINT= 0 KFLAG= “ JFLAG= “
IPRCT= 0 ISCF= 0 ICH= 0 IPUNCH= =7 IJE8UG= O
INFLG= 0 ISAVE= 1 IovC= 1 NORBPB= 6

DOCUMENTATION OF INTEGRAL GENZRATION FROM EISO04 STO BASIS FUNCTIGNS

ZA 1.000 I8 604823 XNUCL 60.8223803200 A.U.
INTERNUCLEAR DISTANCE 1.0000 BGCHRS NU+GAUSS POINTS ON XI 30
INTEGRATION TRUNC. AT 1.0000 BOHRS NO+GAUSS POINTS ON ETA 30
NDUM 0 MOUMF 0
NO.NEUMANN ITERATIONS 0 NOo SIMPSONS POINTS 0
MASS OF CENTER A 778.0000 MASS OF CENTER 9, 111.3000
VECTOR COEF.DIAG.THS. 1.000c+00 BIAS FOR ONE=zLIC.GRID 0
COULOMB=HYBRID CONV.THS. 1.000c+09 PRIOR ITERATIONS b

INTEGRALS OBTAINED FROM SAVE TAPZ = UNIT 43

JSUPMX INTEGRALS COPIED FROM UNIT 43 TO ZSTABLISH DISK UATA SLT 40
KSUPMXS INTEGRALS COPIED FROM UNIT 43 TO SSTABLISH DISK DATA SET 41
uTrs INTEGRALS COPIED FROM UNIT 43 TO ESTABLISH OISK OATA StT 43

Figure 2(b). OV”~-1: the CDC6600 version of the ANL code; this code is referred to as
BISONMC in the text. The basis function documentation is the default; in actuality the
integrals were computed from a contracted Gaussian basis with program PAINT.
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modifications enable the printing of our output in a
neat, easily read format on narrow line devices. There
are also the additional advantages that the average
number of characters per line is increased (decreasing
the printing time) and that the narrow-width print-outs
can be filed in letter-sized folders to document the
run. Examples are displayed in Figures 2a, 2b, and 3a.
Figure 3b illustrates a 132 character/line format laid
out such that if it had been printed on a teletype, for
instance, the result would have still been a neat,
concise print-out with the right-hand columns vertically
aligned, but interleaved with the configurations on the
left.

Output--Summary Files. There are two reasons for
creating an output summary file. The first is to mini-
mize the amount of time required to print essential in-
formation from a run. The second is to reduce the cum-
ulative volume of the print-outs that one must store to
document the calculations. The capability to produce
summary files has been introduced into the Wright-
Patterson AFB CDC6600 versions of POLYINT, BISONMC,
and DASCI. An example for BISONMC is displayed in
Figure 3a. The output summary for the Wright-Patterson
version of BISONMC is dynamic in that, just as for the
punch file and except in the event of a termination by
the operator or a system crash, it is always produced,
and contains the orbitals at the last completed itera-
tion. Program generated error messages are delivered
to the output summary file in a condensed manner.

Storage. There are many forms of storage avail-
able to the remote terminal user. First and foremost
among these forms are the tape and disk libraries of
the host computer. Possible storage media at the remote
terminal include paper tape, magnetic tape cassettes,
disks (standard and flexible), print-outs (teletype-
like and standard) and cards. None of these, except
for a very limited printer capacity, is indispensible
to a remote terminal for our type of computational
problem. Storage in the form of the traditional full
print-outs and card decks can be employed if operation
is from a batch terminal, or if there is someone at the
host site to mail output (perhaps on microfiche, if
available) if operation is from an interactive terminal.

Catalogued Procedures and JCCRGEN. The CDC job
control language is relatively easy to use - especially
for routine tasks. It does suffer from the fault that
a catalogued procedure cannot be modified at execution
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OVC OUTPUT SUMMARY === 05/u3/73 13¢ 0e2+e=== Juli 5.7
OVC=1 . MPAFB CDC66U0 CANONICAL V_3SIu" UF AP<Ivy1375
NNO 1SIe Be3 P111

10 PARAMETERS 0 0 U & <+-J & <=7 3 0 1 t &
MCINPT PARAMELTERS 040 23 0 1e01=0% 1ed.=i) 500 v 022
ITERATION 2
ORBITALS === 3LOCK 1
oF TyPc ZETA CENTR cty) 3t 3 Cte)
4 10 05909.4400 A +00506 00333 39303 =eul73u
2100 7.1327 A 200686 +01153 o+0b3) =o011+3
3100 «7000 A =e01385 =oU3335 +i0070 o03ute
6300 2133 A =¢01029 =4006Y1 =oJl+32 =.01019
$ 10 0 26.7%60 A =400163 =,01034 <0005 =o 01503
6100 5316 A 2400110 =400878 =,JC0/7 =4C3300
7100 1656 A +u0290 40033+ +30115 =.02300
0 20 05909.4400 A 200439 59341 =.Jd0073 L051ud
910 0 7.2927 A 400538 +93232 =.07103 04950
10200 «7000 A =.01508 =403712 Q035> =o05u13
11 10 0 2133 A =400713 =40201+ oJ0101 o0700D
12 10 0 26.7860 A ,00385 01182 =000153 =404003
13 10 0 5316 A 400293 01316 G291y
16 10 0 «1854 A 400310 09583 ~e 02650
15 10 07816.5400 A =,53476 =¢3033> -.00033 012254
16 10 0 9.5322 A =e407d0 =,007<0 =,00050 .18162 =403716
17 10 0 «9398 A +01908 403200 400151 =.507%% 05913
10 10 0 <2066 A 01481 403005 +00233 =.51357 04693
19 10 0 35.14832 A 200760 40075 00078 =o05363 +00877
20 100 7178 A .00399 01004 00025 =,06315 .10624
21 10 0 2137 A 00669 400591 .00042 =400019 402792
WEIGHTED DEVIATION 3465206 263c=06 1¢5t=06 246i=06 209.-06
8F TYPE ZETA CENTR  C(7) ct8) co
1 10 05909.6600 A 2001865 =e07439 00042
2100 7.1927 A =,02267 =-411201 ,00221
3180 <7000 A 204356 453220 =.04752
6100 2133 A =,02933 +80167 -o11504
$ 10 0 26.7860 A 16980 47382 L0179
6100 «53%4 A 11763 65664 =.06533
7300 1656 A 07826 21735 =.04043
8 10 05909.4400 A 404052 +04s31 ,08220
910 0 7.2927 A .05498 406815 .11523
10 18 0 «7000 A =,17319 =.11329 =¢53563
11 10 0 2133 A =012886=1.072¢7
12 10 0 26.7%60 A 2026662 o308
13 10 0 5314 A 2033662 453817
16 10 0 «1656 A <0u326 29143 =.02203
15 10 07816.5400 A =,0002¢ +00674 =.06597
16 10 0 9.5322 A =,00226 00859 =, 06847
17 10 0 «9398 A 01760 =.04369 .22734
16 10 0 02846 A 13020 =-.07660 .+1628
19 10 0 35.1832 A 24611 =,14263 =.45864
20 30 0 o7478 A 427532 =.05545 =+356136
21100 «2337 A 10873 426672 =.13032
WEIGHTED DEVIATION 2.4C=06 2485=06 543t=06
ORBITALS === BLOCK 2
o TYPE ZETA CcNTR  Ce10) C(11) Ce12) C(13) Cliw)
2 0 26.7860 A =, 01460 =,26227 <3527 0.00000 0.09000
23 0 5316 A =.00326 =¢36493 42204 0.00000 0.00000
26 [] «3056 A 05118 =¢18597 13488 0,00000 0.00000
3 0 26.7060 A 2413383 =.19657 =+33900 0,00000 0.00000
2 0 5316 A =027426 =.27809 =¢93333 000000 000000
27 0 1656 A =010873 =+13113 =,14953 0.00000 0.00000
20 0 35.1%32 A 2029682 15899 26340 0.00000 0.00000
29 0 o778 A =e33463 .21021 425702 0.00000 0.03000
30 (] «2137 A =024905 22070 05984 0.00000 0.04000
3 0 26.7860 A 0,00000 0,00000 0.00000 =o03040 =.20227
32 0 «5316 A 0000000 0.000C0 0,00000 =+ 00326 =236493
3 0 «1656 A 0,00000 0,00000 0,30000 +05210 =413597
3 0 26.7860 A 0.00000 0.00009 2,90000 -.10983
» [} 5314 A 000000 0400000 0000000 =¢27426 =+27809
» 0 1656 A 0,00000 0,20060 0.00000 -,10873 =,13313
» 0 35.1832 A 0,00000 0,00000 0.00000 =+23682 415699
30 0 7178 A 0400000 0000000 0.00009 -.39%63 .21021
39200 02137 A 0.00000 0.00000 0,00000 -024905 ,22070
WEIGHTED DEVIATION 1.75=06 1e1c=06 102E=06 147E=06 11206
ENERGY=weceeacaccce  CONFIGURATION EXPANSION COEFFICIENTSeeee
«183.7673028162380 095856 =4)1425 =4 01625 =+05766 =.00352
“000352 =012530 =012530 =4 04055 =¢ 04055
“e14026 =4063.3 =0 05706 =407567 =407567
004769 06769 (04346 =o00741
«183.0725003208399 «07730 =200049 =+00049 -,00646 =+00589
2000589 32880 32080 =o0w274 =e04274
*e2954b 432713 01762 =.00643 =4 00643
002020 +91020 =,06373 =.00053

ORBITAL EXPANSION COEFFICICNTS CONVoRGEOD TO
OVC OUTPUT SUMMARY === END

093213
EXPRE LY
cel567

1334

01120

00123%
Teb_=0%

0(15)
0,090
0.00001
0.09002
0.00000
0.00000
0.00000
0.00000
0.00000
3400000

34527
2204
el3403
-33900
~o3338
“e10953
«24309
025702
059086
1425206

1.0E=06 IN ITERATION 2.

COMPUTER NETWORKING AND CHEMISTRY

Figure 3(a) Output
summary and further
examples of 70-col-
umn output format-
ting. (a) OVC output
summary for a 19-
conﬁguratwn MCSCF
calculation for the
X3 state of N,O at
its experimental equi-
librium geometry
with the Dunning (see
Ref. 30) (4s3p)/
[9s5p] contracted
Gaussian basis set.
The exponent of the
first member of each
contracted Gaussian
is listed under the
heading Zeta.
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time by parameters entered on the control card which
calls it into execution. Nonetheless, it is possible
to run a single program with only a few, simple job
control statements. Initially we did so. Later it
became necessary to use even more complicated job con-
trol card records (JCCR's) to solve the problems in-
volved in executing multiple job steps. When the capa-
city to catalog these procedures became available, it
was used to reduce input job formulation errors and to
minimize the knowledge of the CDC job control language
required in the construction of an input deck. Figure
6b is an example of one such catalogued procedure.

Now we have gone one step further. We have writ-
ten a program, JCCRGEN, in FORTRAN IV to perform the
task of substituting the proper CDC control card se-
quences for each of a limited number of run-specifying
commands. These commands are entered by the user at
the head of the job in record two. This program is
keyed to our immediate needs, but it can easily be ex-
panded to handle other codes and file manipulation
tasks. The role that this program performs on the CDC
system is, in essence, available implicity in IBM job
control language via the capability one has there to
write catalogued procedures which can be modified at
each execution by means of parameters entered on the
EXEC card. Our lpb control card record generation
(JCCRGEN) program is invoked by the use of a job deck
set-up as shown in Figure 4. The commands are displayed
in Figure 5. Figure 6a shows how simple the overhead
is in the application of JCCRGEN to the task of the con-
struction of the job control card record (JCCR) shown
in Figure 6b. Figure 7 displays a simple job that one
might run to retrieve a file from an archive tape on
the host computer and place a copy of it on a disk file
for subsequent use in constructing a new job or for
perusal purposes.

Batch Terminals. We have had no direct experience
going into WPAFB with remote batch terminals. However,
there are, of course, individuals who have successively
employed them for ab initio calculations. Their advan-
tage over remote interactive terminals is that they
permit one to operate from cards and with punched and
printed output much as if he were "on-site". This
latter is particularly true if the transmission rate is
4.8 K/B or higher. Their disadvantage, as can be seen
from Table I, is that their purchase price is many
times that of a teletype or other interactive terminal.
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JOB CARD

ATTACH, JCCRGEN.

JCCRGEN.

CCLINK, JCCR.

*EOR

. COMMANDS FOR JCCRGEN SEPARATED BY ONE OR MORE SPACES
EOR
INPUT DATA SETS NOT MADE AVAILABLE BY THE JCCRGEN
COMMANDS IN THE HIERARCHIAL SEQUENCE BISON OR PAINT
BEFORE BISONMC BEFORE DASCI. SEPARATE THE DATA SETS
WITH AN END-OF-RECORD (*EOR,LEFT-JUSTIFIED).

Figure 4. General form of a remote interactive terminal input job

that uses JCCRGEN via CDC INTERCOM. For a remote batch

terminal a card with a column 1 multi-punch 7/8/9 replaces the
*EOR; a column 1 multi-punch 6/7/8/9 replaces the —.

TERMINAL DESIGNATION--INTERACTIVE OR BATCH. MUST BE FIRST COMMAND

INTERTERM (IT) This is the default.
BATCHTERM (BT)

CODE RETRIEVAL AND EXECUTION COMMANDS. FORM: COMMAND, OPTIONS.

BISON (or BI) BIMC

BISONMC (or MC or OVC) PAMC

DASCI (or CI) PAMCCI

PAINT (or PA) MCCI (or OVCCI)

INTEGRAL STORAGE OPTION

TAPE,file label,tape #
= DISK,pf lable,cycle #,file #
TAPE,tape #,file #

INTEGRAL RETRIEVAL COMMAND

INTEGRALS=TAPE,file label, tape #
(or INT) DISK,pf label,cycle #,file #

OUTPUT FILE STORAGE COMMANDS AND COMMAND OPTIONS

BASIC FORM: COMMAND=TAPE,file label,tape #
DISK,pf label,cycle #,file #

BISON
PAINT

PRINTSAVE (or PRS) CIPUSAVE (or CIPUS)
INDECKSAVE (or IDS) EXITDECKSAVE (or EDS)
OUTDECKSAVE (or ODS) EXITPRINTSAVE (or EPRS)
MCPUSAVE (or MCPUS) PRINTPRINT (or PRPR)
PUNCHPUNCH (or PUPU)

FILE RETRIEVAL COMMANDS AND COMMAND OPTIONS

BASIC FORM: COMMAND=TAPE, file label,tape #
DISK,pf label,cycle #,file #

PAINPUT (or PAIN) BIINPUT (or BIIN)
MCINPUT (or MCIN) TAPETODISK (or TTD)

CIINPUT (or CIIN) DISKTOTAPE (or DDT)

COMMENTS

"label” is 1-17 alphanumeric characters for tape, 1-40 for
disk. "file #" need not be given if it is 1.

Figure 5. Commands for JCCRGEN
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6 (a)

DHACS,CM225000,T1500,I01000,MT1. R750825,HOPPER,ARL/LJ,54869.
ATTACH,JCCRGEN.

JCCRGEN.

CCLINK,JCCR.

*EOR

INT=TAPE,NNOB43P111,L00001
OVC,MCPUS=TAPE,NNOB43P111X1SIP,L00002
CI,CIIN=TAPE,X1SIPCONFIGS,L00003
PRS=TAPE,NNOB43P111X1SIPPR,L00004
EPRS=TAPE,NNOEXITSAVE,L=00005
EDS=DISK,NNOEXITSAVE, 6

*EOR

---input data set for BISONMC---

Figure 6(a). JCCRGEN Example 1. (a) Depiction of an input job formulated in
the EDITOR mode of CDC6600 INTERCOM which uses JCCRGEN commands
to (1) retrieve a stored integral set from tape, (2) perform an MCSCF calculation,
(3) archive the converged orbitals on tape in the format of a BISONMC input deck,
(4) formulate an input data set for the DASCI program from the final orbitals from
the BISONMC run and an archived CI configuration list, (5) execute a DASCI
run, (6) augment the printed output file with an 80-80 listing of the entire input
job deck and with a copy of the output summary file (TAPES7), (7) archive a copy
of the augmented printed output file on tape, and, (8) in the event of the encounter
of an abnormal run termination condition, archive a copy of the output file on tape
and create and store on disk a completed input job deck equivalent in all detail to
the original except that the orbitals contained are those from the last successfully
completed MCSCF iteration. Job control passes to the file JCCR upon encounter
of the command CCLINK,JCCR.
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PAUSE. THIS IS A REMOTE TERMINAL JOB (E.G.TTY).
PAUSE. PLEASE GET MY TAPES FROM THE LIBRARY.
VSN,MFN1=L00001,MFN2=L00002,MFN3=100003 ,MFN4=L00004 ,MFN5=L00005.
REQUEST,MFN1 ,MF,NORING.
LABEL,T43,M=MFN1,R,L=NNOB43P111.
COPYBF,T43,TAPE43.

UNLOAD,MFN1.

REWIND, TAPE43.

LIMIT,7777.

ATTACH, BISONMC , LOADMODS ,CY=3,MR=1.
BISONMC.

REQUEST, MFN2 ,MF, RING.

LABEL, ODS,M=MFN2,W,L=NNOB43P111X1SIP.
REWIND, PUNCH.

COPYBR, PUNCH, ODS.

UNLOAD,MF2.

REWIND, TAPE61.

COPYBR, TAPE61,CIDECK.
REQUEST , MFN3,MF, NORING.
LABEL,CIIN,M=MFN3,R,L=X1SIPCONFIGS.
COPYBR,CIIN,CIDECK.

UNLOAD, MFN3.

REWIND,CIDECK.

REWIND,TAPE43.
ATTACH,DASCI , LOADMODS ,CY=4 ,MR=1.
DASCI,CIDECK.

REWIND, INPUT.

COPYBF , INPUT , OUTPUT .

REWIND, TAPE57.

COPYBF,TAPE57,OUTPUT.

REWIND, OUTPUT.

REQUEST ,MFN4 , MF , RING.

LABEL, PRS,M=MFN4,W, L=NNOB43P111X1SIPPR.
COPY, OUTPUT, PRS.

UNLOAD,MFN4 .

EXIT.

REWIND, INPUT.

COPYBF.

REWIND,TAPE57.

COPYBF, TAPE57 ,OUTPUT.
REQUEST ,MFN5 ,MF, RING.

LABEL, EPRS ,M=MFN5 , W, L=NNOEXITSAVE .
REWIND, OUTPUT.

COPY, OUTPUT, EPRS.

UNLOAD,MFN5 .

REQUEST, ORBSAVE, *PR.

REWIND, INPUT, PUNCH.

COPYBR, INPUT,ORBSAVE, 2,0.
SKIPF,INPUT,1,0.

COPYBR, PUNCH, ORBSAVE.
COPYBF, INPUT , ORBSAVE.

CATALOG, ORBSAVE , NNOEXITSAVE, CY=6 ,RP=999.

Figure 6(b). The job control card record (JCCR) file generated by the JCCRGEN com-
mands in Figure 6a
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Summary and Future Plans

Summary. We have demonstrated that it is possible
to execute state-of-the-art ab initio quantum molecular
calculations remotely with an interactive terminal (37).
Participants in our computational chemistry project have
used teletypes to perform OVC-MCSCF calculations at
Wright-Patterson Air Force Base, Ohio, from Argonne,
Illinois, and Washington, D. C., and equations-of-motion
calculations from Salt Lake City, Utah. It has been
possible to sustain a moderate production rate in this
manner. We have also demonstrated that it is possible
to maintain and update major computer codes from such a
simple remote terminal.

Future Plans -- To Ease Remote Operations. There
are several things that we hope to do to ease remote
operations on our project. One is the use of a remote
batch terminal. More importantly, it may soon be pos-
sible to use network connections to reduce the problems
associated with the communication link--speed and cost.
Most networks now extant operate at 4800-50,000B, com-
pared to our 110-300B teletype transmission rate (35).
In our particular case the call to WPAFB from ANL could
go over the ARPANET at 50 K/B in about a year from this
writing, when the computer centers at both sites have
become fully operational nodes on this network. See
Figure 8. It is important to note that, so far as our
project is concerned, the communication costs will be
negligible since the phone call would be to a network
node within a local call radius.

Another possible future solution to the communica-
tion speed problem would be to engage the services of
one of the commercial companies now going into the sole
business of establishing and providing high speed (50,
230, 1300 K/B), low undetected error rate (1 in 1012
bits), data transmission conduits over special ground
lines and by microwave and satellite transmission (35).

The expansion of networks and the increased avail-
ability of high speed data communication services over
the next few years should combine to increase the speed
while decreasing the cost. The limit to the maximum
usable transmission rate will then become the terminal
and terminal-to-node transmission speed rather than the
capacity and quality of the long distance transmission
link. It is, thus, appropriate to anticipate the
development of high-speed radio-terminals to complete
the solution to the present day data communication
bottleneck to our type of data processing application.
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DHACS2,CM10000,T10,I010,MT1.R750825,HOPPER,ARL/LJ,54869.
ATTACH, JCCRGEN.

JCCRGEN.

CCLINK,JCCR.

*EOR

TTD TAPE,NNOB43P111X1SIP,L00002

DISK,DHWORKFILE, 1

Figure 7(a). JCCRGEN—Example 2. (a) Depiction of an input job, formulated on an

interactive terminal using the EDITOR mode of CDC6600 INTERCOM, which em-

ploys JCCRGEN commands to retrieve an archived file from tape and produce a copy

on disk. The latter is then available for perusal or editing to produce an input deck via
the EDITOR mode.

PAUSE. THIS JOB IS FROM A REMOTE TERMINAL (E.G.TTY).
PAUSE. PLEASE GET MY TAPES FROM THE LIBRARY.
REQUEST, MFN1,MF,VSN=L00002,NORING.
LABEL,TAPE,R,L=NNOB43P111X1SIP.

REQUEST,DISK, *PF.

COPYBF,TAPE,DISK.
CATALOG,DISK,DHWORKFILE,CY=1,RP=999.

Figure 7(b). The JCCR file generated by the JCCRGEN commands in Figure 7a.

ARPANET TOPOLOGY-OCT'73
AFSCNET TOPOLOGY-PROPOSED DEC'74

Figure 8. ARPA network and the proposed “piggy-back” AFSC test network.
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The future installation and maintenance of codes
at WPAFB on this project might be performed entirely
remotely. There are two ways we anticipate that we
might go about this: (a) with a remote terminal equip-
ped with a card reader and an initial source deck on
physical cards, or (b) with an interactive terminal
equipped with, e.g., tape cassettes and an initial
recording (over perhaps several cassettes) of the pro-
gram.* It is pertinent in this regard to note that
120,000-240,000 characters may be contained on one tape
cassette, depending on the recording mode.** Thus, the
entire BISONMC source code could be contained on six or
three cassettes, again depending on the recording mode.

Future Plans--Air Force Systems Command Network.
The development of the ASD Computer Center at Wright-
Patterson AFB is, of course, continuing, in order to
establish capabilities beyond those already described.
During the past two years, the Air Force Systems Com-
mand has been considering procedures to link the com-
puters at its various technical centers located through-
out the country. The major motivation is to permit
resource sharing between equivalent computers. Several
studies of the best methods to effect this linking were
commissioned by SADPR-85 (the Support of Air Force
Automatic Digital Processing Requirements Mission
Analysis for 1985). In December 1974, it was proposed
that a test network (AFSCNET), consisting of the compu-
ter centers at Eglin, Kirtland, and Wright-Patterson
Air Force Bases be set up to ride piggy-back on the
ARPA network (ARPANET). See Figure 8.

The ARPA network was developed by the Bolt-Baranek-
Newman Co. under a contract from the Advanced Research
Projects Agency monitored by the Air Force Systems Com-
mand (6, 8, 9, 38-41). From the first four nodes (U.C.
-Santa Barbara, University of Utah, Standford Research
Inst., UCLA) in about 1968-9 the network has expanded
rapidly so that by 1973-4 about 47-48 university and

*The ANL-WPAFB long distance phone bill for a 5000 card
source deck would be on the order of $10 at 2400B or $5
at 4800B, but prohibitive at lower speeds. A call on
}ge ARPANET would be local and terminal-limited in speed.
A "Philips-type" cassette which contains 300 feet of
0.15-inch-wide magnetic tape with serial data recording
at 47 characters/inch and inter-record gaps of 2.2
inches has a storage capacity of 483 256-character
records for a total of 123,648 characters (35). Two-
track recording allows 246,296 characters/cassette.
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government sites were interconnected. See Figure 8.
The ARPANET was established as an experimental, not an
operational, network. However, with its transition
from ARPA support, it seems to be becoming more opera-
tionally oriented. The proposed AFSCNET is an example.

Each node on the proposed AFSCNET currently pos-
sesses a pair of CDC6600's or equivalent machines
(i.e. CYBER73). The plan is to employ a PDP-11 to con-
trol the flow of jobs between the network and the on-
site computers on the one hand, and between the hard-
wired batch terminals (CDC1700's) and the on-site com-
puters or the network on the other. See Figure 9. It
is expected that an IBM 370 can be included by direct
coupling to the CDC6600 as well as to the PDPll. The
acquisition of an IBM 370/155 is currently under study.
Interactive terminal access at 110, 300, and 1200B is
to be provided to all on-site computers and to remote
users through the network. Remote batch terminals
operating at 2 K/B and 4.8 K/B are expected to have
access to a CDC6600 and through it to other computers
on-site and on AFSCNET.

In about one year enough components of the system
should be completed to enable sharing of work-load
overflow among the CDC6600's at the three Air Force
bases in the test network. By that time too, Argonne
National Laboratory will be in operation on the ARPANET
so that it might be -- at least in theory -- possible
to perform calculations on the Wright-Patterson compu-
ters by complete remote operation from Argonne. Few
site visits should then be required and this could lead
to the establishment of a network in computational
chemistry of enormous power and versatility.

Concluding Remark. It is realistic, we think, to
expect that the now-developing expertise in the remote
execution of production runs of sophisticated codes
will make this activity common place. Much work remains
to be done, but it seems likely that this development
could be highly useful to the researcher who may only
upon occasion need to execute a set of quantum-chemical,
scattering, kinetic, or other type of calculations in
connection with his major research activities. This
development will make the sophisticated instruments of
computational chemistry accessible to the average lab-
oratory or office and to the finger-tips of virtually
every chemist.
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1BM 370/155
NETWORK
CDC 6600
TP PDP-II
\ R CYBER 74
-
Y
CDC 1700's
A
l ;rg::m:rgm REMOTE BATCH
L TERMINALS
110,300,1200 B | 2000,4800 B

Figure 9. Example diagram for the proposed AFSC network test sites at Eglin,
Kirtland, and Wright-Patterson Air Force Base.
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Abstract

A historical perspective of quantum chemical cal-
culations, starting with the master integrals-SCF codes
constructed and extensively employed on-site at Wright-
Patterson AFB on the Univac 1103 during the approximate
period 1956-1961 and evolving to our current remote
usage, is sketched. These two decades of experience at
Wright-Patterson provide a currently developing example
of computer resource sharing directly related to chem-
istry.

Procedures have been devised for the execution of
ab initio quantum mechanical computations from a remote
interactive terminal. Most of the procedural and soft-
ware tactics apply to the execution of such calculations
from a remote batch terminal as well. While the opti-
mun - and most expensive - situation is to have both
interactive and batch terminals available along with a
high speed data link to a computer, a simple teletype
utilizing regular phone lines is quite sufficient to
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engage in this activity if the user is properly organ-
ized on the host computer. Our experience with such
remote usage is discussed.
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Computer Identification and Interpretation of
Unknown Mass Spectra Utilizing a
Computer Network System

R. VENKATARAGHAVAN, GAIL M. PESYNA, and F. W. McLAFFERTY
Department of Chemistry, Cornell University, Ithaca, N. Y. 14850

Mass spectrometry/computer systems in routine use in
many research laboratories are capable of producing a complete
mass spectrum (unit resolution) every few seconds (1, 2). The
unique applicability of mass spectrometry to nanogram samples,
and the ability to obtain spectra directly on components of com-
plex mixtures separated by a gas (3) or liquid chromatograph (4)
have tremendously increased the number of spectra taken for the
purpose of compound identification. These capabilities have
provided unique solutions to research and control problems in a
wide variety of fields, including environmental pollution, metabo-
lism studies, medical diagnoses, insect pheromones, forensic
analyses, military detection systems, and conversion of coal or
shale to liquid fuels.

The importance of these applications has motivated a
large increase in basic research in organic mass spectrometry,
greatly expanding our knowledge of mass spectral fragmentation
behavior. Unfortunately, the quantity (and quality) of chemists
trained in the interpretation of mass spectra has not increased as
rapidly, and thus the interpretation process is becoming an in-
creasingly serious bottleneck in proper utilization of this tech-
nique.

The modern computer is an obvious possibility to alleviate
these problems, and a number of computer systems for identifica-
tion and interpretation have been proposed (1, 2, 5-13). If a
reference mass spectrum of the unknown compound is in the data
file, computer matching programs can be used for its retrieval.
Although such retrieval is relatively efficient, the present mass
spectral reference file (14, 15) of 30,000 different compounds
represents a very small fraction of the possible organic com-
pounds, so that interpretation is required whenever a poor match
is obtained. Thus both "retrieval" and "interpretive" systems
are necessary to solve problems in most important areas. These
systems have been reviewed in detail recently (1, 2, 5); here we
will only describe the Cornell systems which are now available
over a computer networking system (TYMNET).
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PBM. A "Probability Based Matching" system for the
retrieval of unknown mass spectra has recently been described
(12, 13). Research in the area of document and information
retrieval has firmly established that system efficiency is in-
creased by the proper weighting of the relative importance of
items used for identifying each member of a library (16). For
PBM the m/e values of the peaks are weighted according to their
uniqueness in the file, and the abundance values are weighted
according to a log normal distribution (17). The use of these
values is based upon the "General Rule of Multiplication" of
probability theory; thus if peaks with masses m; and m2 having
intensities i; and iz occur in mass spectra with probabilities pj
and pjy, the probability that both occur at random in an unknown
spectrum is pj times pz. If this product is small, it is much
more likely that the presence of peaks mj and m, is due to the
identity of the unknown spectrum and the compared reference
spectrum in which both occur with the intensities ij; and i,. The
low value of this probability provides a confidence that this
identification is correct, which is measured by a "confidence
value, K". This measure, as well as all the individual proba-
bilities, is expressed as the corresponding base two logarithm
for convenience of calculation; inverse probabilities are also
used to simplify the calculations and to produce a final result
which is a direct measure of "confidence.” In this reverse
search, there is computed for each reference spectrum matched
against the unknown a confidence value, "K", equal to the sum
of the individual Kj values calculated for each peak in the un-
known whose intensity agrees within a predetermined range to
that of the corresponding peak in the reference spectrum. lg
combines four terms,

K.=U, +A +W, -
= U+ A +W -D

where U is the contribution to the probability of the "uniqueness"
of the m/e value of the peak; A is the contribution to the proba-
bility of the abundance value of the peak as it appears in the
reference spectrum; W, the "window factor", is a measure of the
agreement required between the abundance of the peak in the ref-
erence and in the unknown; and D, the "dilution factor" for mix-
ture spectra, is a measure of the overall reduction of peak inten-
sities in the unknown due to the presence of other components (if
the unknown spectrum is of a pure compound, D = 0). The system
is described in detail elsewhere (13).

Extensive statistical studies have shown (13) that the
precision/recall performance of the system is substantially better
than others which employ no or limited weighting. The "reverse
search" feature is especially valuable with mixtures, as illus-
trated by results from the mass spectrum of a mixture shown in
Table I. The mixture contained amobarbital (5-ethyl-5-isoamyl-
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barbituric acid), hexobarbital (5-cyclohexenyl-1,5-dimethyl-
barbituric acid), and nicotine. PBM has successfully retrieved
a relatively large number of spectra of the correct compounds,
measured under a wide variety of conditions, without retrieving
a single incorrect compound of comparable K value. The mass
spectrum of pentobarbital, the sec-amyl isomer of the first
compound, is closely similar to that of amobarbital, so that
the selectivity exhibited by PBM in this case, despite the
presence of a second barbiturate, is gratifying.

STIRS. For the "Self-Training Interpretive and Retrieval
System" (11) a number of classes of mass spectral data known
to have high structural significance, such as characteristic ions,
series of ions, and masses of neutrals lost, are identified; for
each class the computer matches the data of the unknown mass
spectrum against the corresponding data of all reference spectra.
In each data class the reference compounds whose spectra have
the highest "match-factor" (MF) values are examined by the
chemist for any common structural features, with a high frequency
of occurrence indicating a high probability that the structural
feature is present in the unknown. In a recent modification (18)
the 15 selected compounds of highest MF value are examined
instead by the computer for the presence of specific substructural
groups to provide a statistical evaluation of the probability of the
presence of each group in the unknown compound. At present
STIRS is able to predict the presence of 179 substructures at the
98 percent confidence level with an average recall of 49 percent
(i.e., using criteria in which STIRS is wrong only once in 50
times, the substructure can be identified in half of the compounds
in which it is actually present). Because of the nature of mass
spectra we do not have STIRS attempt to predict the absence of
a substructure; the influence of a particular substructure on the
mass spectral behavior can be greatly reduced by the presence
in the molecule of another substructure which more strongly
directs the fragmentation.

Structural data for all compounds in the reference file
have been coded in Wiswesser Line Notation (WLN), which is a
linear representation of the compound's structure requiring a
relatively small volume of computer storage. In WLN, symbols
such as 1, R, M, Z, V are used to represent individual chemical
units such as -CHy~-, CgHs, SNH, -NH2, g respectively;

connection transfers are used to show breaks from linear
representation, ring units to show the presence of rings in the
structure, and ring fusion units to show ring interrelations in a
multicyclic system. In comparison to other modes of structure
representation, WLN has several special advantages for the
interpretation of mass spectral data. In an acyclic system the
linear notation is useful in identifying fragmentations resulting
from simple cleavages, the chemical units of WLN often being
directly related to masses and mass differences in the spectrum.
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The presence of certain chemical units such as V (carbonyl) and
Z (primary amino) can exert a strong influence on the fragmenta-
tion behavior of the molecule and can thus be readily used for
the identification and assignment of elemental compositions to
different ions. Deviations from structural linearity are designated
clearly in the notation by connection transfers, and can thus be
recognized by the computer system to relate points of branching
and substitution in a molecule to mass spectral cleavages com-
monly triggered by such structural features. Complex cyclic
molecules are among the most difficult types of structures for
mass spectral interpretation; the ability of WLN to represent the
relationships of different rings and substituents within the struc-
ture often makes it possible for the computer to recognize major
fragmentations and to develop spectra-structure correlations. As
an example (11), running the spectrum of cholesterol as an "un-
known", STIRS for match factor 5 selected neutral losses of 18,
0 (M%), 33, 15, 17, and 61; the six compounds found with the
highest MF5 values are the steroidal derivatives allopregnanol-
3a-one-20, pregnenolone alcohol, pregnenolone, 78-hydroxy-
cholestanyl 3g-acetate, 16a-methylpregnenolone (a large number
of of other oxygenated carbocyclic compounds are present in the
data base). Although the loss of these simple neutral species
from cholesterol is quite consistent with present knowledge of
the mass spectral behavior of such molecules, it is doubtful that
these losses were known to be characteristic of such molecules.
The "Artificial Intelligence" (9) method uses the computer
to apply human mass spectral knowledge to predict spectra of
isomeric possibilities. As far as possible all of the known mass
spectral fragmentation behavior is programmed into the computer,
and then the mass spectra of feasible isomers (the possibilities
are generated by the DENDRAL algorithm) are predicted and com-
pared to the unknown mass spectrum. This demands that the
unknown compound be in the rather narrow class for which the
program is written and that its elemental composition has been
established. An Artificial Intelligence program for estrogens (10)
appears to be the only one that has been tested extensively on
true unknowns. STIRS is complementary to the "Artifical Intelli-
gence" technique in that it can be applied to the spectra of total
unknowns (such as pollutants, insect secretions, and abnormal
urinary constituents) to obtain partial structural information. For
example, STIRS in general can easily identify estrogens and often
some of the substitutents thereon, but the Artificial Intelligence
method is superior for properly placing the substituents and
elucidating other structural details. STIRS utilizes directly the
information of all available reference spectra without prior
spectra-structure correlation, "training" itself separately for
each submitted unknown spectrum; thus the only special prepara-
tion necessary to make STIRS sensitive for estrogens is to make
sure that there are representative mass spectra of estrogens in
the reference data base.
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Chemists sometimes forget the potential complexity of
the problem of determining the exact molecular structure of a
new compound of a molecular weight of even a few hundred.
Although a relatively small amount of information usually can
greatly reduce the millions of possibilities (billions if less
common elements are included), the effort required to narrow
the possibilities further usually increases exponentially. Thus
science can only afford the luxury of determining the exact mo-
lecular structure of a new unknown compound for special cases.
Knowledge of even a few of the gross structural features often is
enough to tell the scientist that the compound is not germane to
his investigation--for example, that it is probably non-toxic,
should not show the desired pharmacological activity, or is not
a logical metabolite of the drug used.

Outside Use of STIRS and PBM. STIRS has been avail-
able free to outside users since January 1974 through a phone-
line link to our laboratory PDP-11/45, and has been used at a
rate of ~100 unknown spectra per month for a substantial part
of this time. This indicated that STIRS was uniquely meeting a
real scientific need, but also showed that a very substantial
proportion of the unknowns should have been examined first by
a retrieval system. This led to implementing both PBM and
STIRS on the Cornell IBM 370/168 to make them available inter-
nationally over the TYMNET computer network system. This
system has the further advantage thatit employs a data base that
currently has approximately 40,000 mass spectra of 30,000
different compounds (15) which, to our knowledge, is larger
than any other available collection.

The Cornell PBM/STIRS system became operational on
TYMNET in May 1975 and the initial response has been encourag-
ing. The programs appear to be used in a complementary fashion;
if PBM cannot identify the unknown mass spectrum as a compound
already in the reference file at a satisfactory confidence level,
STIRS usually elucidates at least partial structural information
concerning the unknown. Not surprisingly, especially high
enthusiasm has been expressed by those laboratories with rela-
tively little experience in mass spectral interpretation. Although
highly automated gas chromatograph/mass spectrometer/computer
systems are common in many service laboratories, such as for
drug identification, forensic analysis, and clinical assays, the
spectral retrieval systems available with these are relatively
primitive, usually based on a limited number of peaks, and
utilizing only small specialized data bases. More experienced
mass spectrometry laboratories seem to be using the Cornell
system mainly for "difficult" spectra, finding PBM valuable
because of our more comprehensive data base, and STIRS of
special use for those types of compounds with which the labora-
tory is not particularly familiar.

The Heller/NIH "Conversational Mass Spectral Search
System" (19) has been available for phone-line use since 1971,
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and since 1973 over the GE international computer network. The
present list of over 200 users attests to the need as well as the
usefulness of this system. At the time of this writing, the system
utilized only approximately 13,000 reference spectra, but en-
largement of the data base to 35,000 spectra is planned for the
immediate future. This interactive system can be used for both
retrieval and interpretive purposes, interrogating the reference
file concerning the presence of particular peaks on an individual
basis. Although this system is not suitable for automatic match-
ing of complete unknown mass spectra, such as is PBM, a de-
tailed comparison of the advantages and disadvantages of this
conversational system versus the PBM/STIRS system has not been
made.

Applicability of a Computer Networking System to Analysis
of Unknown Spectra. Our experience to date does give us some
indication of the types of problems which are best examined by
such computer systems. It seems logical that the best way to
implement a retrieval system is as part of the computer data
acquisition and reduction system of the mass spectrometer. Here
the practical limitations of computer speed, power, and reference
data storage capacity will prevent such a system from being used
in particular applications. However the application of PBM in a
GC/MS system controlled by a dedicated microcomputer (12)
shows that this is certainly the method of choice under the proper
circumstances. Further, if such a system will produce answers
quickly and accurately in a substantial proportion of cases, the
remainder can then obviously be examined in the more sophisti-
cated PBM/STIRS system available on the network.

It does appear that the ready accessibility to most labora-
tories which will on occasion require such a service is an im-
portant key to the success of such a centralized system for mass
spectral retrieval and interpretation. It is very difficult for most
laboratories to maintain a growing mass spectral data base of
high accuracy. Further, systems such as PBM and STIRS are
undergoing rapid research improvements and obviously there must
be a large time lag in incorporation of such changes unless there
is a close connection with the research laboratory involved. The
proper method of funding such a centralized resource has not been
resolved; at present the financial support of the Cornell PBM/
STIRS system is entirely based on computer use charges, with
further research and development of the systems supported
through Federal grants. A number of users have expressed strong
opinions that the whole operation should be funded by the Federal
Government, with at least academic and governmental users
paying at most a small service charge for the networking opera-
tion.
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Computer Science is one of the newest, but also one of the
least "cumulative" of the sciences. Gordon (1) has recently
pointed out the upsetting disparity between the number of poten-
tially sharable programs in existence and the number which are
easily accessible to a given researcher. Although some mechanisms

exist for the systematic exchange of program resources, for example

the World List of Crystallographic Computer Programs (2), a great
deal of programming effort is duplicated among different research
groups with common interests. The reasons for this are understand-
able: these groups are separated by geography, by incompatibili-
ties in computer facilities and by a lack of a means to keep
abreast of a rapidly changing field.

The emergence of more economical technologies for data commu-
nications provides, in principle, a method for lowering these geo-
graphical and operational barriers; for creating, through computer
networking, remote sites at which functionally specialized capabil-
ities are concentrated. The SUMEX-AIM (Stanford University Medical
EXperimental computer - Artificial Intelligence in Medicine) pro-
ject is an experiment in reducing this principle to practice, in
the specific area of artificial intelligence research applied to
health sciences.

The SUMEX-AIM computer facility (3) is a National Shared
Computing Resource being developed and operated by Stanford Univer-
sity, in partnership with and with financial support from the
Biotechnology Resources Branch of the Division of Research
Resources, National Institutes of Health. It is national in scope
in that a major portion of its computing capacity is being made
available to authorized research groups throughout the country by
means of communications networks.

Aside from demonstrating, on managerial, administrative and
technical levels, that such a national computing resource is a
viable concept, the primary objective of SUMEX-AIM is the building
of a collaborative research community. The aim is to encourage
individual participants not only to investigate applications of
artificial intelligence in health science, but also to share their
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programs and discuss their ideas with other researchers. This
places a responsibility upon SUMEX-AIM to develop effective means
of communication among community members and among the programs
they write. It also places responsibility upon those members to
design and document programs that readily can be used and under-
stood by others.

Another aspect of the SUMEX facility is providing service to
individuals whose interest is in using, rather then developing,
the available computer programs. Although this is not a primary
consideration, it is an essential part of the growth of these pro-
grams. Most of the SUMEX-AIM projects have formed, or are forming,
their own user communities which provide valuable "real world"
experience. Figure 1 depicts the typical interaction of such a
project with its user community, and with other projects. The
participation by users in program development is not just restric-
ted to suggestions, but can also include software created by com-
puter-oriented users to satisfy special needs. In some projects,
methods are being considered to further promote this kind of
participation.

The purposes of this paper are threefold: first, to indicate
the range of research projects currently active at SUMEX; second,
to describe in detail one of these projects, DENDRAL, which is of
particular interest to chemists; and third, to discuss some prob-
lems and possible solutions related to networking and community-
building.

I. RESEARCH ACTIVITIES AT SUMEX-AIM

The community of participants in -SUMEX-AIM can be divided
geographically into local (i.e., Stanford-based) projects and
remote projects, and below is given a brief description of the
major representatives of each. Communication with the remote pro-
jects is accomplished through one or both of the communications
networks shown in Figure 2. In most cases, connection with SUMEX-
AIM from these remote sites involves only a local telephone call
to the nearest network 'node".

The SUMEX-AIM system is itself undergoing constant
improvement which deserves to be called research, and thus a third
section is included here to represent system development.

Remote Projects

The Rutgers Project. Originating from Rutgers University are
several research efforts designed to introduce advanced methods in
computer science - particularly in artificial intelligence and
interactive data base systems - into specific areas of biomedical
research. One such effort involves the development of computer-
based consultation systems for diseases of the eye, specifically
the establishment of a national network of collaborators for diag-
nosis and recommendations for treatment of glaucoma by computer.
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Another project concerns the BELIEVER program, which represents a
theory of how people arrive at an interpretation of the social
actions of others. SUMEX-AIM provides an excellent medium for
collaboration in the development and testing of this theory. The
Rutgers project includes, in addition, several fundamental studies
in artificial intelligence and system design, which provide much
of the support needed for the development of such complex systems.

The DIALOG Project. The DIAgnostic LOGic project, based at
the University of Pittsburgh, is a large scale, computerized medi-
cal diagnostic system that makes use of the methods and structures
of artificial intelligence. Unlike most other computer diagnostic
programs, which are oriented to differential diagnosis in a rather
limited area, the DIALOG system has been designed to deal with the
general problem of diagnosis in internal medicine and currently
accesses a medical data base which encompasses approximately fifty
percent of the major diseases in internal medicine.

The MISL Project. The Medical Information Systems Laboratory
at the University of Illinois (Chicago Circle campus) has been
established to explore inferential relationships between analytic
data and the natural history of selected eye diseases, both in
treated and untreated forms. This project will utilize the SUMEX-
AIM resource to build a data base which could then be used as a
test bed for the development of clinical decision support
algorithms.

Distributed Data-Base System for Chronic Diseases. This
project, based at the University of Hawaii, seeks to use the SUMEX-
AIM facility to establish a resource sharing project for the
development of computer systems for consultation and research, and
to make these systems available to clinical facilities from a set
of distributed data bases. The radio and satellite links which
compose the communication network known as the ALOHANET, in con-
junction with the ARPANET, will make these programs available to
other Hawaiian islands and to remote areas of the Pacific basin.
This project could well have a significantly beneficial effect on
the quality of health care delivery in these locations.

Modelling of Higher Mental Functions. A project at the
University of California at Los Angeles is using the SUMEX-AIM
facility to construct, test, and validate an improved version of
the computer simulation of paranoid processes which has been
developed. These simulations have clinical implications for the
understanding, treatment, and prevention of paranoid disorders.
The current interactive version (PARRY) has been running on SUMEX-
AIM and has provided a basis for improvement of the future ver-
sion's language capability.
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Local Projects

The Protein Crystallography Project. The Protein
Crystallography project involves scientists at two different uni-
versities (Stanford and the University of California at San Diego),
pooling their respective talents in protein crystallography and
computer science, and using the SUMEX-AIM facility as the central
repository for programs, data and other information of common
interest. The general objective of the project is to apply prob-
lem solving techniques, which have emerged from artificial intel-
ligence research, to the well known '"phase problem" of x-ray crys-
tallography, in order to determine the three-dimensional struc-
tures of proteins. The work is intended to be of practical as
well as theoretical value to both computer science (particularly
artificial intelligence research) and protein crystallography.

The MYCIN Project. MYCIN is an evolving program that has
been developed to assist physician nonspecialists with the selec-
tion of therapy for patients with bacterial infections. The pro-
ject has involved both physicians, with expertise in the clinical
pharmacology of bacterial infections, and computer scientists,
with interests in artificial intelligence and medical computing.
The MYCIN program attempts to model the decision processes of the
medical experts. It consists of three closely integrated compo-
nents: the Consultation System asks questions, makes conclusions,
and gives advice; the Explanation System answers questions from
the user to justify the program's advice and explain its methods;
and the Rule-Acquisition System permits the user to teach the sys-
tem new decision rules, or to alter pre-existing rules that are
judged to be inadequate or incorrect.

The DENDRAL Project. This project, being of particular
chemical interest, is described in detail in Section II. Through
the SUMEX-AIM facility DENDRAL has gained a growing community of
production-level users whose experience with the programs is a
valuable guide to further development. Although technically users,
some members of this community might better be described as col-
laborators because they have provided SUMEX-AIM with various
special-purpose programs which are of interest to other chemists
and which extend the usefulness of the DENDRAL programs.

SUMEX-AIM System Development

Current research activities at SUMEX-AIM are developing along
several lines. On a system development level there are ongoing
projects designed to make the system more user oriented. Cur-
rently, the system can be expected to provide help to the user who
is confused about what is expected in response to a certain
prompt. A "?" typed by the user, will, in most cases, provide a
list of possible responses from which to choose. Also available
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in response to typing "HELP" to the monitor is a general help
description containing pointers to files likely to be of interest
to a new user.

In an effort to facilitate communication between
collaborators, a program called CONFER has been developed to pro-
vide an orderly method for multiple participant teletype 'confer-
ence calls". Basically, the program acts as a character processor
for all the terminals linked in the conference, accepting input
from only one at a time, and passing it out to the remaining ter-
minals. In this way, the conference, in effect, has a '"modera-
tor" terminal, thus allowing for a more orderly transfer of ideas
and information.

SUMEX-AIM is also aware of the necessity of making its
facilities available for trial use by potential users and collab-
orators. To this end, a GUEST mechanism has been established for
persons who wish to have brief, trial access to certain programs
they feel may be of value to them, and about which they would
like to obtain more knowledge. This provides a convenient mecha-
nism whereby persons, who have been given an appropriate phone
number and LOGIN procedure, can dial up SUMEX-AIM and receive
actual experience using a program they may only have heard about.

Another area of system development currently being explored
at SUMEX-AIM is that of creating a comprehensive 'bulletin board"
facility where users can file "bulletins", that is, messages of
interest to the SUMEX-AIM community. The facility will also alert
users to new bulletins which are likely to be of interest to them,
as determined by individual user-interest profile.

II. DENDRAL - CHEMICAL APPLICATIONS OF INTERACTIVE COMPUTING IN
A NETWORK ENVIRONMENT

The major research interest of the DENDRAL Project at
Stanford University is application of artificial intelligence
techniques for chemical inference, focusing in particular on
molecular structure elucidation. Portions of our research are in
the area of combined gas chromatography/high resolution mass spec-
trometry and include instrumentation and data acquisition hard-
ware and software development. This area is beyond the scope of
this report; we focus instead on the concurrent development of
programs to assist chemists in various phases of structure eluci-
dation beyond the point of initial data collection. SUMEX-AIM
provides the computer support for development and application of
these programs.

Another aspect of our research is our commitment to share
developments among a wider community. We feel that several of our
programs are advanced enough to be useful to chemists engaged in
related work in mass spectrometry and structure elucidation in
general. These programs are written primarily in the programming
language INTERLISP, and thus are not easily exportable (exceptions
are indicated subsequently). SUMEX-AIM provides a mechanism for
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allowing others access to the programs without the requirement for
any special programming or computer system expertise. The avail-
ability of the SUMEX facility over nationwide networks allows
remote users to access the programs, in many instances via a local
telephone call.

Much of the following discussion is preliminary because our
programs have only recently been released for outside use. Some
announcement of their availability has been made, and other
announcements will occur in the near future, through talks, publi-
cations in press, demonstrations and informal discussions.
Although most of our experience has been with local users, they
have been good models of remote users in that their previous expo-
sure to the actual programs and computer systems is minimal. Their
experience has been extremely useful in helping us to smooth out
clumsy interactions with programs and to locate and fix program
bugs. Such polishing is important for programs which may be uti-
lized by users from widely differing backgrounds with respect to
computers, networks and time sharing systems. We are in the pro-
cesses of building a community of remote users. We actively
encourage such use for two reasons: 1) we feel the programs are
capable of assisting others in solving certain molecular structure
problems, and 2) such experience with outside users will be a
tremendous assistance in increasing the power of our programs as
the programs are forced to confront new real-world problems.

The remainder of this section outlines the programs which are
available via SUMEX, the utilization of these programs in helping
to solve structure elucidation problems and the limitations we see
to their use. We discuss current applications of the programs to
our research and the research of other users to illustrate better
the variety of potential applications and to stimulate an inter-
change of ideas. Where appropriate, we point out current diffi-
culties with the use both of our programs and of SUMEX. New
applications and wider use will certainly change the nature of
these problems; we strive to solve current problems, but new ones
will always arise to take their place.

DENDRAL Programs

We have several programs which we employ in dealing with
various aspects of problems involving unknown structures. Some of
these programs are exportable, while the remainder are available
at SUMEX. The availability of each program is discussed below.

Our initial emphasis in studying applications of artificial
intelligence for chemical inference was in the area of mass spec-
trometry (4-6). This emphasis remains because many of our prob-
lems require mass spectrometry as the analytical tool of choice in
providing structural information on small quantities of sample.
More recently, we have been developing a program (CONGEN, below)
directed at more general aspects of structure elucidation. This
has extended the scope of problems for which we can provide
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computer assistance.

We will begin, however, with discussion of the mass
spectrometry programs. The examples used in the discussion are
characteristic of our current research problems, although we have
focused on relatively simple problems to keep the presentation
brief. We trace, in what might be chronological terms, the appli-
cation of the programs to various phases of a structure problem.
In this way we hope to illustrate the place of each program in the
analysis. We begin by discussing preprocessing of mass spectral
data (CLEANUP and MOLION). Subsequent analysis of such data in
terms of structure is then covered (PLANNER). The use of CONGEN
is discussed for problems which cannot be handled by the previous
programs. Finally, we discuss efforts to discover, with the use
of the computer, systematics in the behavior of known substances
in the mass spectrometer as a means of extending the knowledge of
the system for applications in new areas (INTSUM and RULEGEN).

Programs for Molecular Structure Problems

The first three programs, CLEANUP, the library-search program
and MOLION are in a sense utility programs, but all three play a
critical role in processing mass spectral data. Subsequent appli-
cations of programs (e.g., PLANNER) for more detailed spectral
analysis in terms of structure depend on the successful treatment
of the data by CLEANUP and MOLION, while the library search pro-
gram filters out common spectra which need not undergo a full
analysis. The examples used are drawn from our collaboration with
persons in the Genetics Research Center at Stanford Hospital. The
experimental data which are collected are the results of combined
gas chromatographic/low resolution mass spectral (GC/LRMS) analy-
sis of organic components (chemically fractionated and derivatized
where necessary) of body fluids, e.g. blood, urine. A typical
experiment consists of 500-600 individual mass spectra for each
fraction, taken sequentially over time as the various components,
largely separated from one another, elute from the gas chromato-
graph and pass into the mass spectrometer. Each mass spectrum
consists of the mass analyzed fragment ions of the component(s) in
the mass spectrometer at the time the spectrum was taken. Such
spectra are related, indirectly, to the molecular structure of the
component (s).

CLEANUP(7). The individual mass spectra obtained from
fractionated GC/LRMS analysis are quite often poor representations
of corresponding spectra taken from pure compounds. They can be
contaminated by the presence of additional peaks and/or distor-
tions of the intensities of existing peaks in the spectrum. Frag-
ment ions from either the liquid phase of the GC column or from
components incompletely separated by the gas chromatograph are
responsible for the contamination. We have developed a program,
referred to here as CLEANUP, which examines all mass spectra in a
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GC/LRMS run, selects those spectra which contain ions other than
background impurities, and removes contributions from background
and overlapping components. A spectrum results which compares
favorably with the spectrum of a pure component. Biller and
Biemann (8) have developed a similar but less powerful program.

For example, the CLEANUP program detected components at
points marked with a vertical bar in the (partial)plot of total
ion current vs. scan number (time), Figure 3. Note that overlap-
ping components were detected under the envelopes of the GC peaks
in the region of scans 485-488, 525-529 and 539-552. We focus our
attention on the spectrum recorded at scan 492. The raw data,
prior to cleanup, are presented in Figure 4 (top). The spectrum
resulting from CLEANUP is presented in Figure 4 (bottom). Note
that the large ions (e.g., m/e 207, 221 and 315) from background
impurities are removed, and that the intensity ratios of peaks at
lower masses (e.g., 51 and 77) have been adjusted to reflect their
true intensities in the spectrum.

The CLEANUP program is capable of detection of quite
low-level components in complex mixtures as indicated by some of
the areas of the total ion current plot (Figure 3) where compo-
nents were detected. It is completely general because nothing in
the program code is sensitive to the types of compounds analyzed
or the characteristics of possible impurities associated with the
compounds or from the GC column. Its major limitation is that
mass spectra must be taken repetitively during the course of a
GC/MS run. Its performance is enhanced when such spectra are
measured closely in time.

The program is offered via SUMEX as an adjunct to use of our
other programs; it is not offered as a routine service. Because
the program is written in FORTRAN, we routinely use it on our data
acquisition computer system so as not to burden SUMEX with tasks
better done elsewhere. Similarly, we would assist other frequent
users to mount the program on their own systems.

Library Search. With a set of "clean" mass spectra
available, the next problem is identification of the various
components. Over the course of several years, libraries of mass
spectral data have been assembled (9). These libraries can be
very useful in weeding out from a group of spectra those which
represent known compounds (10). Clearly, one should spend time on
solving the structures of unknown compounds, not on rediscovering
old ones. The CLEANUP program provides mass spectra which are of
sufficient quality to expect that known compounds would be iden-
tified easily from such libraries.

The spectra detected by CLEANUP in the region of scans 480 to
580 (Figure 3) were matched against the library of biomedically
relevant spectra compiled by S. Markey (National Institutes of
Health) and our extensions to that library (we wish to thank S.
Grotch, Jet Propulsion Laboratory, Pasadena, Ca. for providing
some of the library matchings). Excellent matches with the
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library were obtained for scans 492, 496, 509, 519, 529 and 548.
The components are indole acetic acid methyl ester, di-n-butly-
phthalate, caffeine, salicyluric acid methyl ester, methoxy-
hippuric acid methyl ester and n-C24 hydrocarbon respectively
(structures given in Figures 3 and 4). Spectra scans at 485, 487,
525, 530, 536, 539, 554 and 576 did not match well with any spec-
trum in the library and thus must be examined further for struc-
turing information. The necessity for preprocessing the data
using CLEANUP prior to library matching is illustrated fromindole
acetic acid methyl ester (scan 492). The "clean" spectrum

(Figure 4, bottom) was matched to the library spectrum of this
compound much better than to that of any other compound. The raw
spectrum (Figure 4, top), when compared to the library resulted in
eleven other compounds which matched more closely that the correct
one.

This brief example illustrates the obvious value and
limitations of library searching. The most interesting compounds
for subsequent analysis are those which are unknown. The frac-
tions of urine extracts are replete with unidentified compounds
because of the inadequacy of current library compilations. As new
compounds are identified they are, of course, added to the library
so that future analyses need not reinvestigate the same material.

We currently perform library searching on our data
acquisition and reduction computer systems. We can, if necessary,
offer limited library search facilities via SUMEX. However,
because commercial facilities are available (e.g., over the GE
network), routine library search service is not available on
SUMEX.

MOLION(11l). At this stage we are left with a collection of
mass spectra of unknown compounds. The library search results may
have provided some clues as to the type of compound present, e.g.,
compound class. Structure elucidation now begins in earnest. The
key elements in problems of structure elucidation are the molecu-
lar weight and empirical formula of a compound. Without these
essential data, the structural possibilities are usually too
immense to proceed further. Mass spectrometry is frequently used
to determine molecular weights and formulae, but there is no guar-
antee that the mass spectrum of a compound displays an ion corres-
ponding to the intact molecule. For example, many of the
derivatives of the amino acid fractions of urine display no
molecular ions. When we are given only the mass spectrum (and for
GC/MS analysis a mass spectrum may be all that is available) we
must somehow predict likely molecular ion candidates, The program
MOLION performs this task. Given a mass spectrum, it predicts and
ranks likely molecular ion candidates independent of the presence
or absence of an ion in the spectrum corresponding to the intact
molecule. The published manuscript (11) provides many examples of
the performance of the program.
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The mass spectrum of an example, unknown X, (which we will
pursue in more detail below) is given in Figure 5. The results
obtained from MOLION are summarized in Table I. The observed ion
at m/e 263 is ranked as the most likely candidate.
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Figure 5. Low-resolution mass spectrum of unknown X. The indicated super-
atoms were deduced from the spectrum and the chemical history of the sample.
Based on these and other constraints, CONGEN obtains the indicated result.

Table I. Results of Molecular Ion Determination for the Unknown
Compound, X, whose Mass Spectrum is Presented in

Figure 5.
CANDIDATE RANKING INDEX
263.0 100
307.0 41
299.0 38
295.0 34
281.0 25

The MOLION program is written to operate on either low or
high resolution mass spectra. The program has certain limitations
which have been summarized in detail previously (11).

MOLION is available on SUMEX. A FORTRAN version, initially
for low resolution mass spectra, is being written so that the pro-
gram can be run on smaller computers and exported to others. How-
ever, it will continue to be available via SUMEX so that others
can access it easily. MOLION is contained within PLANNER as one
of the available methods for detecting candidate molecular ioms.
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PLANNER(12). The PLANNER program is designed to analyze the
mass spectrum of a compound or of a mixture of related compounds.
Because there is no ab initio way of relating a mass spectrum of a
complex organic molecule to the structure of that molecule,
PLANNER requires fragmentation rules for the class of compounds to
which the unknown belongs. This is its major limitation. For our
example the class was unknown, forcing us to resort to other means
of assistance.

Applications and limitations of PLANNER have been discussed
extensively (12,13). The program is very powerful in instances
where mass spectrometry rules are strong (i.e., general, with few
exceptions). In instances where rules are weak or nonexistent,
additional work on known structures and spectra may yield useful
rules to make PLANNER applicable (see INTSUM and RULEGEN, below).
One important feature of PLANNER is its ability to analyze the
spectra of mixtures in a systematic and thorough way. Thus, it
can be applied to spectra obtained as mixtures when GC/MS data are
unavailable or impossible to obtain. PLANNER is available in an
interactive version over SUMEX, requiring three kinds of informa-
tion as input: the high or low resolution mass spectrum the
characteristic skeletal structure for molecules in the specific
compound class, and the fragmentation rules for the class. Addi-
tional knowledge about the unknown can be used by the program to
constrain the structural possibilities.

CONGEN(14,15). Structure problems are usually not solved
with mass spectrometry alone. Even when sample size is too
limited for obtaining other spectroscopic data, knowledge of
chemical isolation and results of derivatization procedures fre-
quently act as powerful constraints on structural possibilities.
Larger amounts of sample permit determination of other spectro-
scopic data. Taken together, this information allows determina-
tion of structural features (substructures) of the molecule and
constraints on the plausibility of ways in which the substruc-
tures may be assembled. The CONGEN program is capable of pro-
viding assistance in solution of such problems.

CONGEN performs the task of construction, or generation, of
structural isomers under constraints. The program accepts as
input known structural fragments of the molecule (''superatoms')
and any remaining atoms (C,N,0,P,...), together with constraints
on how they may be assembled. It is based on the exhaustive
structure generator (16,17) and extensions (18) which permit a
stepwise assembly of structures.

In an interactive session with the program, a user supplies
structural information determined by his own analysis of the data
(perhaps with the help of the above programs), together with what-
ever other constraints are available concerning desired and unde-
sired structural features, ring sizes and so forth. The program
builds structures in a series of steps, during which a user can
interact further with the procedure, for example, to add new
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constraints. Although very much a developing program, its ability
to accept user-inferred constraints from many data sources makes
CONGEN a general tool for structure elucidation which we are mak-
ing available via SUMEX-AIM in its current form.

For the unknown X, the observed fragment ions from the
molecular ion (M) at m/e 263 (Figure 5) suggest several structural
features when coupled with the knowledge of the chemical derivati-
zation procedures used on this fraction of the urine extract. The
ion at m/e 194 represents loss of 69 amu, probably CF3, from frag-
mentation of a trifluoroacetyl derivative of an amine. This sug-
gests the partial structure 2, Figure 5. The ions at m/e 190
(M-74 amu) and m/e 162 (M-101 amu) suggest the characteristic
fragmentation of an n-butyl ester resulting from the second deri-
vatization procedure, formation of the n-butyl esters of free
carboxylic acid functions. This suggests the partial structure 1,
Figure 5. Taken together, all the above information implies (if
no other elements are present) that the empirical formula contains
an odd number of nitrogen atoms, at least three oxygen atoms,
three fluorine atoms and at least seven carbon atoms. Interest-
ingly, there is only one plausible empirical formula under these
constraints, C11H12NO3F3.

Structural fragments ("superatoms") 1 and 2 were supplied to

CONGEN, together with the remaining four carbon atoms and three
degrees of unsaturation (that is, rings plus multiple bonds).
With no additional constraints, 155 structures result. The inclu-
sion of other plausible constraints (e.g., no allenes, acetylenes,
cyclopropenes, cyclobutenes) reduces the number of structural can-
didates to just the two isomeric forms of 3, Figure 5.

This problem represents a simple example of a large class of
such problems. Although a chemist could probably reach the same
conclusions quickly in this case, in the general case, piecing
together potential solutions is not a trivial task.

Although still a developing program, CONGEN is capable of
considerable assistance in a wide variety of structure problems.
Some areas of current application are summarized in the subsequent
section. It is already proving its value in structure elucidation
problems by suggesting solutions with a guarantee that no plausi-
ble alternatives have been overlooked.

The program has a great deal of flexibility. Many of the
types of constraints normally brought to bear on structure eluci-
dation problems can be expressed. However, some types of con-
straints cannot be easily expressed (e.g., disjunctions of
features and stereo-constraints). Recent work by our group and
Wipke's (19) will make it possible to add considerations of
stereoisomerism relatively easily (a good example of collaboration
via SUMEX). We are depending on a broad user community to help us
guide further development of CONGEN.
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Programs for Knowledge Acquisition

INTSUM(20) and RULEGEN(21). When the mass spectrometry rules
for a given class of compounds are not known, the INTSUM and
RULEGEN programs can help a chemist formulate those rules. Essen-
tially, these programs categorize the plausible fragmentations for
a class of compounds by looking at the mass spectra of several
molecules in the class. All molecules are assumed to belong to
one class whose skeletal structure must be specified. Also, the
mass spectra and the structures of all the molecules must be given
to the program.

INTSUM collects evidence for all possible fragmentations
(within wuser-specified constraints) and summarizes the results.
For example, a user may be interested in all fragmentations
involving one or two bonds, but not three; aromatic rings may be
known to be unfragmented; and the user may be interested only in
fragmentations resulting in an ion containing a heteroatom. Under
these constraints, the program correlates all peaks in the mass
spectra with all possible fragmentations. The summary of results
shows the molecules whose spectra display evidence for each par-
ticular fragmentation, along with the total (and average) ion
current associated with the fragmentation.

The RULEGEN program attempts to explain the regularities
found by INTSUM in terms of the underlying structural features
around the bonds in question that seem to "direct" the fragmenta-
tions. For example, INTSUM will notice significant fragmentation
of the two different bonds alpha to the carbonyl group in alipha-
tic ketones. It is left to RULEGEN to discover that thase are
both instances of the same fundamental alpha-cleavage process that
can be predicted any time a bond is alpha to a carbonyl group.

These programs are part of the so-called Meta-DENDRAL effort,
whose general goal is to understand rule formation activities.
Both INTSUM and RULEGEN are available as interactive programs on
SUMEX, the former being much more highly developed that the latter.
Although these programs can be very useful to chemists interested
in finding new mass spectrometry rules, they require having the
collection of mass spectra and molecular structure descriptions
available in one computer file. Because of this, they have been
used mostly by chemists at Stanford.

Applications and Resource Sharing

The DENDRAL programs are being developed to serve a broad
community of chemists with structure elucidation problems. Our
experience is admittedly limited. In this section we discuss some
of the applications, both local and from remote sites, where these
programs have proven useful.

CLEANUP and MOLION. These programs are in routine use as
part of the Genetics Research Center's GC/LRMS efforts. In
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addition, MOLION has been incorporated as part of PLANNER. Their
generality has proven very useful in applications to a variety of
GC/MS problems involving structural studies of urinary
metabolites.

PLANNER. The planning program has been used to infer
plausible placement of substituents around a skeletal structure
for numerous test problems in which the class of the sample was
known and the fragmentation rules for the class were known. Those
tests have resulted in a program that we believe is general. We
have applied this program to unknown mixtures of estrogenic
steriods (13). We are preparing to use PLANNER for screening mass
spectra of marine sterols to identify quickly those spectra of
known compounds and to suggest structures for spectra of new
compounds.

CONGEN. CONGEN is being used locally and from remote sites
in a wide variety of applications. We have used it for construc-
tion of ring systems under constraints (22) and for generation of
structures of chlorocarbons (23). We have investigated several
monoterpenoid and sesquiterpenoid structure problems to suggest
solutions and to ensure that all alternatives had been considered.
We are currently investigating the scope of terpenoid isomerism.
Two problems relating to unknown photochemical reaction products
have been analyzed and results used to suggest further experi-
ments. In most cases we do not know the precise problems under
study by remote users, only that they are using the program.

CONGEN will perhaps be the most widely used (by remote users)
program of those mentioned above as accessible through SUMEX.

This is primarily a result of the wider scope of problems which
might benefit from use of the program. However, the need for
remote users to have their mass spectral data available at SUMEX
for analysis present a significant energy barrier to use of the
programs which require these data.

INTSUM and RULEGEN. INTSUM is essentially a production
program now, and is being used as such in a variety of applica-
tions involving correlations of molecular structures with their
respective spectra. Recent or current applications include analy-
sis of the mass spectra of progesterones and related steroids, and-
rostanes, macrolide antibiotics, insect juvenile hormones and
phytoecdysones. These studies serve to develop fragmentation
rules which, if of sufficient generality, can in turn be used in
PLANNER in the study of unknown compounds.

III. PROBLEMS RELATED TO NETWORKING

During this first year of operation, the SUMEX-AIM facility
has encountered a variety of problems arising from its network
availability. In most cases, there has been no clear precedent
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for the handling of these situations, in fact, many problem-areas
still reflect the influences of a yet-developing policy. The hope
is that this presentation and discussion of problems and their
solutions may give foresight to others who contemplate networking
or network use. The problems to be discussed can be loosely
associated into three classes; those related to the management of
the facility, those pertaining to research activities on the sys-
tem, and those involving psychological barriers to network use.

Managerial Problems

"Gatekeeping". The most general problem faced by the
organizers of the SUMEX-AIM facility is the question of "gate-
keeping." 1In order to insure a high quality of pertinent research,
some kind of refereeing system is needed to assess the value of
proposed new projects. The organizers of the facility would seem
to be the best source of such judgements; yet, because we are both
organizers and members of the SUMEX community, there is a danger
that our decisions would unfairly favor local priorities. 1In
order to establish credibility in SUMEX-AIM as a truly national
resource, a management system has been instituted that allocates a
defined fraction (initially 50%) of the SUMEX resource to external
users, under the jurisdiction of an independent national committee
(the AIM advisory group). The remaining 50%, allocated for local
use, contains a portion for flexible experiments outside of local
projects, but on our own responsibility.

Choice of computer and operating system. A second management
level problem is the choice of a computer and operating system
which optimize the usefulness of the facility for a majority of
users, and which encourage intercommunication between remote col-
laborators. Because SUMEX-AIM is intended to be used primarily
for applications of artificial intelligence, and because inter-
active LISP (24) is a primary language in this type of work, the
choice of TENEX (25) as an operating system was dictated somewhat
by necessity. TENEX incorporates multiple address spaces, thereby
allowing multiple "fork" structure and paging, a design which is
necessary to create the large memory virtual machine required by
INTERLISP.

The PDP-10 is a popular machine for interactive computing of
all sorts in university research environments, and thus an added
benefit of this choice was expected - the possibility of easily
transferring to SUMEX programs developed at other sites. Many of
these programs were written not under TENEX but under the 10/50
monitor supplied by the manufacturer. Because a large and useful
program library was already available under the 10/50 monitor, one
of the design criteria of TENEX was compatibility with such pro-
grams; when a 10/50 program is run under TENEX, a special "compat-
ibility package" of routines is invoked to translate 10/50 monitor
calls into equivalent TENEX monitor calls. Although the concept
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is sound, we have found that in practice very few programs
written for the 10/50 monitor are able to run under TENEX without
extensive modification. Other problems with TENEX include weak-
nesses in the support of peripheral devices and the lack of a
default line-editor. The latter has caused a proliferation of
editing programs, and some confusion has resulted because editor
conventions vary from program to program. These difficulties have
dampened somewhat our initial enthusiasm for the TENEX system.
Nonetheless, TENEX provides some features which are crucial
to a comfortable network environment. The standard support pro-
grams included with this system facilitate both the sending of
messages to other users (either at the same site or at other sites
on the ARPA network) and the transfer of data and programs from
site to site on that network; also the ability to "link" two or
more terminals allows users to communicate easily and immediately.
Both the linking and message facility have been found to be
invaluable aids in inter-group communications and in such problems
as interactive program debugging. When two terminals are linked,
their output streams are merged, thus allowing each terminal to
display everything typed at the other terminal. Since only the
output stream is affected under these circumstances, it is still
possible for each terminal to be used to provide input to separate
programs, in addition to being used in a conversational mode.

Resource allocation. As noted above, the computational
resources of the SUMEX-AIM facility are apportioned by the AIM
advisory group and SUMEX management. Some extensions to the basic
TENEX system have been made to reflect this apportioning in the
actual use of the facility. Basically, it was recognized that
users of the facility are members of groups working on specific
projects, and it is among these projects that the facility is
apportioned. Disk space and cpu cycles are now distributed among
groups instead of among individual users. For example, a user may
exceed his individual disk allocation somewhat without any ill
effect, so long as the total allocation of his group remains
within the limits. Similarly, a Reserve Allocation Scheduler has
been added to TENEX which tries to match the administrative cycle
distribution over a ninety second time frame. Thus a particular
group cannot dominate the machine if a lot of its members are
logged in at one time.

It is typical for usage of a facility to peak through the
middle hours of the day. Indeed, one of the advantages of having
users from around the country is the spreading of the load caused
by the difference in time zones. Even so, the facility could
offer better service if more people would shift their main usage
hours toward either end of the day. To encourage '"soft-schedul-
ing" within groups on the system, SUMEX-AIM publishes a weekly
plot of diurnal loading. This plot shows the total number of jobs
on the system as well as the number of LISP jobs, since these jobs
seem to make the biggest demands of system resources. The result
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has been an increased awareness by users of system loading and a
noticeable increase in the number of users at all hours of the
night and early morning.

Protection and system security. Protection for a computer
system covers a range of ideas. It means the ability to maintain
secrecy - for example, to guarantee the privacy of patient records.
It also guarantees integrity by assuring that programs and data
are not modified by an unauthorized party.

Questions of protection generally become more interesting and
complex as more sharing is involved. Consider the example of a
proprietory program which generates layouts given a user's circuit
data. The program owner demands assurance that he will be paid
whenever his program is used and that copies of the program cannot
be made. The user wants guarantees that his data sets cannot be
destroyed or copied for a competitor. Yet the user must have
access to the program and the program must have access to the data.
Unable to support such complicated examples of protection, SUMEX-
AIM assumes that sharing takes place between friendly users. This
is not to imply that issues of protection and sharing have not
appeared. For example, in an effort to improve the human engi-
neering of programs for public use, the capability of recording a
session has been built into several of the programs. Studied by
the programs' designers to pinpoint confusing aspects of programs,
these recordings serve to improve program design. Since the issue
of violation of privacy has been raised, some of these programs
now request permission to record a session beford doing so. At
this time, any guarantee of privacy must be provided by the pro-
gram designer because TENEX itself does not have the ability to
render protection.

The general design for systems offering "state of the art"
protection involves a tolerance for failure; that is, if a poten-
tial offender succeeds in breaking through some of the defenses,
he still does not place the entire computer system at his mercy.
Encrypting of data files provides an additional line of defense.
This method is used by at least two calendar or appointment pro-
grams on the computer. At this time, however, there are no
general encrypting facilities available and users must do this for
themselves as needed.

TENEX provides the usual keyword protection at login time and
a measure of file protection. Owners of a file may assign a pro-
tection number which specifies some combination of READ, WRITE,
EXECUTE, or APPEND access to a file for owners, members of a
group, or other users. This level of protection is basically
enough to prevent accidents and most mischief. System programmer's
around the country are aware of a number of TENEX bugs which per-
mit this access to be violated. One user of our system found a
way to place himself in a mode where he could modify any file on
the system. To date, we have no examples of such activity
actually having a deleterious effect on SUMEX-AIM.
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To make the use of SUMEX-AIM programs easy, on a trial basis
for prospective users, a 'guest' account system has been estab-
lished. Since this makes logging into SUMEX-AIM so easy, it has
invited some misuse by people using this account to play computer
games. A proposed extension to the system now being implemented
is a special "guest EXEC" which would extend the protection of
the TENEX monitor by allowing guest accounts access to only amore
restricted set of programs.

File backup. In order to assure the user maximum protection
against loss of valuable work, SUMEX operates a multi-level file
backup system. In addition to a routine file backup system, there
are facilities to enable the user to selectively archive his or
her disk files. By issuing a simple command to the TENEX execu-
tive, the user can transmit a message to the operator to copy
specified files to magnetic tape. Each such file is copied to
two magnetic tapes within 24 hours of issuing the archive command.
File retrieval is affected by a similar process. The user also
has the alternative option of being able to lodge files in a
special backup directory. Files are held in this directory until
the next exclusive file dump (see below) at which time they are
deleted. In this way the user can remove files from his direc-
tory at his own choosing knowing they will be archived by the
exclusive dump.

On a system level, an effort is made to maintain file
backups such that the maximum possible loss, in the event of a
crash fatal to the file system, would amount to no more that one
day's work. Once each day all files that have been read or writ-
ten within the last 48 hours are dumped onto magnetic tape. Files
that exist for 48 hours are thus held on two separate tapes. The
rotation period for files dumped in this way is 60 days. Once
each week a full file dump is made to separate disk storage. Each
such dump is kept for two weeks at which time it is replaced by a
new file dump. Each month there is a full system dump from disk
to magnetic tape. Files can be recovered from the system backup
by sending a message to the operator specifying the file name(s)
and when the file was last read or written (if such information
is available).

Excessive demand for production programs. One of the
concepts behind the creation of a shared resource is elimination
of the problems which arise when large, complex computer programs
are exported. Since, in theory, exportability is no longer a
problem, there is greater latitude in choice of a language in
which program development can take place. In the case of some of
the DENDRAL programs, it was thought that program development
should take place in INTERLISP, a language that lends itself well
to the artificial intelligence nature of these programs, but does
not lead to particularly efficient run-time code.
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In order to ascertain the usefulness of these programs and to
determine what areas remain in need of work, chemist collaborators
are being sought. As these users increase in number and begin to
use the programs more frequently, it is almost certain that the
inherent slowness of the predominately LISP code will affect the
whole system as well as handicap the efficient use of the DENDRAL
programs. Additionally, some of the chemist-users who are finding
the programs most useful and who are most enthusiastic about their
potential use, are persons working in industry. Although, in one
sense, this interest from industry could be interpreted as an indi-
cation of the '"real-world" usefulness of the programs, it came as
rather a surprise to both SUMEX and DENDRAL personnel.

The fact that SUMEX-AIM is funded by NIH as a national
resource prohibits the facility from providing a service, at tax-
payer's expense, to a private industry. Although there is prece-
dent for a site funded via government grant to charge a fee for
service, such an arrangement leads to highly complicated book-
keeping, and is contrary to the essential purpose of SUMEX-AIM; to
be a research-oriented rather than a service-oriented facility.
This leaves the industrial users in the position of being more than
willing to pay for the use of the programs, but of having no mech-
anism whereby they can be charged. Furthermore, the fact that the
programs are coded in LISP for a highly specialized environment,
almost guarantees the impossibility of export, except to an almost
identical computer system.

An intermediate solution that will help to solve the problem
of industrial users on SUMEX and will help to alleviate the system
loading resulting from heavy usage of LISP coded production pro-
grams, is to mount CONGEN on a closely related computer which is
operated on a fee for service basis. However, in order to make
this program available at a reasonable fee, it has become evident
that it will be necessary to recode the LISP sections of the pro-
gram into a more efficient and easily exportable language.

Research-oriented Problems

Community mindedness. Those involved in computer science
research at SUMEX face a general problem which is absent or
greatly lessened at non-network sites; the problem of community
mindedness. The network provides a large and varied set of other
researchers and users who have an interest in their work. Although
the network-TENEX combination provides new forms of communication
with these remote parties, the traditional means of fully describ-
ing the use and structure of a complex program, a detailed person-
to-person discussion, is not convenient. Comprehensive documenta-
tion gains importance in such a situation, and within the DENDRAL
project a great deal of time has been needed in the development of
program descriptions which are adequate for a diverse audience.
Also, in both DENDRAL and MYCIN, effort has been and is being
directed toward "human engineering" in program design; to provide
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the user with commands which assist him in using the programs, in
understanding the logic by which the programs reach certain deci-
sions and in communicating questions or comments on the programs'
operation to those responsible for development. Such "house-
keeping" tasks can often be neglected, yet are quite important in
smoothing interaction with the community.

Choice of programming language. High level programming
languages which are designed for ease of program development are
frequently poor as production-level languages. This is because
developmental languages free the researcher from a raft of pro-
gramming details, thus allowing him to concentrate upon the central
logical issues of the problem, but the automatic handling of these
details is seldom optimal. Also, because such languages tend to
be specialized for certain computers and operating systems, the

“exportation of programs can be a serious problem. One solution to

these problems is the recoding of research-level programs into
more efficient language when fast and exportable versions are
needed.

Networking greatly eases the problem of exportability, but
can also aggrevate the problem of efficiency. As mentioned in the
previous section, DENDRAL programs, which are undergoing constant
development, found a substantial number of production-level users.
Because of the inefficiencies of INTERLISP (a 50- to 100-fold
improvement in running time is not uncommon when an INTERLISP pro-
gram is translated into FORTRAN), this use adversely impacted the
entire system. Because the DENDRAL programs are quite large and
complex, their translation into other languages is impractically
tedious. A partial solution to this problem is provided by the
TENEX operating system, which allows some interface between pro-
grams written in different languages. With such intercommunica-
tion, time-consuming segments of an INTERLISP program which are
not undergoing active development can be reprogrammed in another
more efficient language. The developmental parts of the program
are left in INTERLISP, where modifications can easily be made and
tested. The CONGEN program uses three languages; INTERLISP,
FORTRAN and SAIL (26). The SAIL segment was added when a new
feature, whose implementation was fairly straightforward, was
included in CONGEN. Since then, the SAIL portion gradually has
been taking over some of the more time-consuming tasks. This
method allows a balance in the tradeoff between ease of program
development and efficiency of the final program.

Accumulation of expert knowledge in knowledge-based programs.
Just as statistics-based programs need to worry about accumulation
of large data bases, knowledge-based programs need to worry about
the accumulation of large amounts of expertise. The performance
of these programs is tied directly to the amount of knowledge they
have about the task domain -- in a phrase, knowledge is power.
Therefore, one of the goals of artificial intelligence research is
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to build systems that not only perform as well as an expert but
that also can accumulate knowledge from several experts.

Simple accretion of knowledge is possible only when the
"facts", or inference rules, that are being added to the program
are entirely separate from one another. It is unreasonable to
expect a body of knowledge to be so well organized that the facts
or rules do not overlap. (If is were so well organized, it is
unlikely that an artificial intelligence program would be the best
encoding of the problem solver.) One way of dealing with the over-
lap is to examine the new rules on an individual basis, as they are
added to the system in order to remove the overlap. This was the
strategy for developing the early DENDRAL programs. However, it
is very inefficient and becomes increasingly more difficult as the
body of knowledge grows.

The problem of removing conflicts, or potential conflicts,
from overlapping rules becomes more acute when more that one expert
adds new rules to the knowledge base. Of course, the advantages of
allowing several experts to "teach" the system are enormous -- not
only is the program's breadth of knowledge potentially greater than
that of a single expert, but the rules are more apt to be refined
when looked at by several experts. On the other hand, one can
expect not only a greater volume of new rules but a higher per-
centage of conflicts when several experts are adding rules.

Having a computer program that can accumulate knowledge
presupposes having an organization of the program and its knowledge
base that allows accumulation. If the knowledge is built into the
program as sequences of low-level program statements -- as often
happens -- then changing the program becomes impossible. Thus,
current artificial intelligence research stresses the importance
of separating problem-solving knowledge from the control structure
of the program that uses that knowledge.

Another problem, at a political rather than a programming
level, becomes apparent with one accumulation process: how does
the program distinguish an expert from a novice? In the MYCIN pro-
gram we have circumvented the problem by having the program ask
the current user for a keyword that would identify him as an
expert. It is then a bureaucratic decision as to which users are
given that keyword. There is nothing subtle in this solution, and
one can imagine far better schemes for accomplishing the same
thing. The point here is that not every user should have the priv-
ilege of changing rules that experts have added to the system, and
that some safeguards must be implemented.

"Human nature' barriers to SUMEX use

Countering disbelief. There is sometimes a tendency among
those unfamiliar with the capabilities and limitations of computers
and computer programs to express disbelief. This is not disbelief
in the sense of worrying that the programs have errors and produce
erroneous results. Indeed, the fact that a problem is being done
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by a computer seems to generate some faith that it might be right,
or at least significantly reduces questions about correctness. The
disbelief is that programs, which are designed to model, or to
emulate, human problem solving will not be capable of useful per-
formance. This, of course, is the classic argument against arti-
ficial intelligence - we think in mysterious ways and have such a
complex brain that a computer program must be inferior. In some
cases, authors of artificial intelligence programs have brought
such criticism upon themselves by not stressing limitations, or by
making extravagant claims.

In the DENDRAL project, we have tried to counter this type of
disbelief in a number of ways. We have tried to stress that our
programs are designed to assist, not replace chemists. We have
always discussed limitations to give a reasonable perspective on
capabilities vs. limitations of a program. Most importantly how-
ever, we have focused on those aspects of problems which are ame-
nable to systematic analysis, i.e., those problems which can be
done manually, but only with difficulty and with the consumption
of a great deal of time which a chemist could better spend on more
productive pursuits. Examples of this would include the applica-
tion of PLANNER to mixtures where all fragmentations may have to
be considered as possible fragments of every molecular ion, the
systematic analysis by INTSUM of possible fragmentation processes,
the consideration by MOLION of all plausible possibilities, and the
structure generation capabilities of CONGEN.

We have also tried to reduce chemists' disbelief by blurring
the "outsider-insider" distinction, in particular by having trained
chemists work on the programs and make them useful to themselves
first. Further, when "outside" chemists are first introduced to
the programs, the introduction is done by another chemist who has
already thought through and can readily explain many of the
chemistry-related problems.

The ultimate way to counter disbelief, however, is to
illustrate high levels of performance. If a potential user is
aware of the goals (intent) of a program and its limitations, a
few examples of results which would be extremely difficult to
obtain without the program are very convincing.

The "security" of a local facility. Networking is still a
relatively new concept to many people, and there is a resistance
to departing from the "traditional" modes of computing. There is
a sense of security in having a local computing facility with
knowledgeable consultants within walking distance, and in having
"hard" forms of input (e.g., boxes of computer cards) and output
(e.g., voluminous listings). These props are difficult to simu-
late over a network connection - in most cases a user's interaction
with the remote site takes place exclusively through a computer
terminal - yet the quality of service can match or exceed that of a
local facility; programs and large data sets can be entered and
stored on secondary storage as can large output files; all types
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of program and data editing can be done with interactive editing
programs; programs can be written in an interactive mode so that
small amounts of control information can be input and key results
output in "real time" over the terminal; and as noted in a pre-
vious section, consultation can be significantly more productive
providing that the remote operating systems supports the appropri-
ate types of communication possibilities.

There can, of course, be no denying that there are problems
in learning to use a distant computer system, be it for program
development or for the use of certain programs. Whether or not
overcoming these problems to gain access to the special resources
which are available, is worth the effort, is a question answerable
only by the individuals involved. Fortunately, there will always
be those persons who have a pressing problem in need of solution
and who are willing to try a new approach; regardless of whether
or not they have had prior network experience.

IV. THE SUMEX-AIM FACILITY

The SUMEX-AIM computer facility consists of a Digital
Equipment Corporation model KI-10 central processor operating
under the TENEX time sharing monitor. It is located at Stanford
University Medical Center, Stanford, California.

The system has 256K words (36 bit) of high speed memory; 1.6
million words of swapping storage; 70 million words of disk stor-
age; two 9-track, 800 bpi industry tape units; one dual DEC-tape
unit; a line printer; and communications network interfaces pro-
viding user terminal access via both TYMNET and ARPANET.

Software support has evolved, and will continue to evolve,
based on user research goals and requirements. Major user lan-
guages currently include INTERLISP, SAIL, FORTRAN-10, BLISS-10,
BASIC and MACRO-10. Major software packages available include
OMNIGRAPH, for graphics support of multiple terminal types, and
MLAB, for mathematical modelling.

The SUMEX-AIM computer generally is left with no operator in
attendance; thereby helping to eliminate some overhead, but also
creating some problems. Users who wish to run jobs requiring
tapes must make arrangements to mount their own tapes. Likewise,
obtaining listings from the line printer can be somewhat difficult
since there is no regular schedule for distribution of this out-
put. The solution to these two problems has been to make keys to
the machine room available at strategic locations, convenient to
all groups of local users. This experiment in basic ''resource
sharing" has not resulted in any of the major problems one might
expect from having a fairly large group of people with hands-on
access to a computer.
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The importance of the computer continues to grow
in terms of the number of applications, number of users
served, level of resources expended, and the increas-
ingly crucial role it plays in organizations and intel-
lectual activities. An organization or professional
worker denied access to the best computing resources
will suffer increased penalties as these trends con-
tinue.

The explosive advances in computer technology
and the diversity of applications make it exceedingly
difficult for any one person or organization to keep
up with the computer field. Current budget pressures
often severely limit the resources available for ex-
ploring ways in which the computer can increase an
organization's efficiency or effectiveness. Faced with
this situation, many organizations are looking to
resource sharing as a means to take advantage of the
full range of the computer's power while also limit-
ing their expenditures in trying to keep up with the
march of technology.

Benefits of Sharing

The traditional argument for sharing computing
power is the substantial economy of scale exhibited
by computers. Grosch hypothesized in the late 1940's
that raw capacity increased in proportion to the square
of cost, and this relationship has held reasonably
well over the past 25 years. Very large compute-bound
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jobs will continue to benefit from this phenomenon,
and so the sharing of a large processor among many
users will continue to offer attractive economies.

Other hardware economies are also possible
through sharing. Sharing allows a user with large but
intermittent demands to avoid the high cost of main-
taining his own, largely idle, capacity. Sharing many
demands of this sort can result in a much higher capac-
ity utilization than each user could achieve on his
own. This same argument applies to intermittent peak
loads: by maintaining only the capacity necessary to
meet the minimum "base load'" demands and then using a
shared computer to satisfy peak demands, capacity
utilization can be increased substantially. If jobs
are freely transportable among multiple computers con-
nected through a network, greater utilization can be
achieved by shifting jobs from an overloaded computer
to one having idle capacity.

Although these economies should not be ignored,
they are becoming of much less importance than they
were formerly. Hardware costs, and the direct costs
of operating a facility, continue to decline as a
fraction of the overall cost of computing. Other

costs -- data collection, storage, communications,
remote terminals, and design and maintenance of the
system -- have become the dominant factors in most

current systems. The cost of raw CPU power has become
almost irrelevant in many cases, and advances in elec-
tronics will continue this trend.

Does this mean that the sharing of computing
resources has become irrelevant? Not at all. The
sharing of software and databases will continue to
offer very substantial benefits. Indeed, the very
technical advances that have given us such low-cost
processors now make it economically feasible to operate
a widespread network for sharing programs and data.
The shift in costs from hardware to other components
will increase the relative importance of this form of
sharing.

Such sharing spreads the cost of developing,
operating, and maintaining the programs and databases.
It also avoids problems of inconsistencies and recon-
ciliation that inevitably arise if results from separ-
ate programs or databases must be compared. In some
cases a program or database may offer unique capabil-
ities that can only be accessed through sharing.

Ways of Sharing

Resources can be shared through a variety of
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means. The traditional way of sharing software and
data is by replicating the resource at the user's own
computer center. A statistical package or a database
consisting of corporate financial data, for example,
might be recorded on magnetic tape and transported to
each computer center serving users who want to access
the shared resource. This has proved extremely useful,
but it certainly has some serious limitations. Incom-
patible hardware or systems software often make trans-
portability quite difficult -- even among machines of
the same manufacturer and model number. The mainten-
ance of duplicate programs is usually a non-trivial
problem. Providing training and other services to
remote users is difficult and expensive -- and there-
fore usually not done very well. With few exceptions,
successful examples of transported resources have been
achieved by an organization that had a strong incentive
to promote transportability and was willing to provide
the necessary effort and resources to make it happen.

A network that provides remote users access to
a shared resource overcomes some (but by no means all)
of the limitations of program and database transport-
ability. It also permits the sharing of hardware
resources as well as programs or data. If a user wants
to access a program or database, the computation nor-
mally takes place at the site where the program or
database is maintained, but in some cases a user might
prefer to transmit the resource to his own local com-
puter and perform the computation there.

Network operation may be either centralized or
decentralized. A centralized network may consist of
one or more computers* governed as a single entity.
Hardware and software are usually standardized, and all
users must conform to the standard. In contrast, a
decentralized network consists of multiple computers,
each of which is governed independently.

Centralized management of the network encourages
standardization and efficiency. A decision can be
made on the basis of its effect on the network as a
whole, rather than on only one part of it. For exam-
ple, the number and configuration of computers in the
network, and the allocation of tasks among them, can be
determined on the basis of the best balance between
cost, reliability, response time, and the like.

* A single computer serving remote terminals has been
labeled a star network, although there is some
question whether this should be regarded as a
network.
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What may appear advantageous in principle, how-
ever, may not always prove to be attractive in prac-
tice. Optimization of a complex network is an enor-
mously complex task, and the centralized decision
process may not be able to cope with it. Managers of
a large, centralized network may become less responsive
to user needs than to their own (perhaps limited)
criteria of efficiency. The organizations served by
the network may prefer to participate in its management
instead of turning over this task to a centralized
group.

These disadvantages have largely restricted the
centralized approach to networks established by a
single organization to sell external services or to
serve its own subunits; very few independent organiza-
tions have banded together to form a centralized net-
work to serve their combined needs. Universities, in
particular, have seldom chosen this path except
through the application of external incentives or pres-
sure (by a State legislature, for example).

In the summer of 1974, eighteen universities
(soon to be twenty) agreed to form a Planning Council
on Computing in Education and Research. Organized
within the corporate structure of EDUCOM, the Council
has established as its primary goal the exploration
and development of ways to improve the efficiency and
effectiveness of computing within higher education. A
network will very likely play an important role in
meeting this objective. Any such network will
undoubtedly consist of decentralized computer centers
operated by independent universities and colleges.

Costs of Sharing

Sharing, though very attractive in a number of
circumstances, does not come for free. When hardware
is shared among multiple users, some means must exist
for allocating resources among jobs. At the detailed
level, the computer's operating system must allocate
CPU time, primary and auxiliary storage, input/output
facilities, and the like; at a higher level, sharing
entails extra effort to determine the combined hard-
ware and software needs of users, establish pricing
policies to allocate costs, define job priorities, and
similar matters concerned with the joint use of a
shared resource.

Sharing of a computing resource can be expanded --
with the aim to increase the economies of scale -- by
attracting a broader group of users. This necessarily
increases the generality of the system, often at a
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considerable cost. For example, a computer that com-
bines scientific computing with data processing might
well result in useful economies of scale; the gener-
ality and complexity of the combined system will
certainly be greater than if each group of users were
served by a separate machine. Generality in soft-

ware -- for example, a statistical analysis package
that offers a large number of options in order to
serve a wide range of users -- fosters sharing. It

does this, though, at a cost in design time, operating
efficiency, and complexity.

Rather than increasing a system's generality in
order to attract a wider class of users, one might
alternatively require the users to adapt to a common
standard as a way of increasing resource sharing.

This avoids some costs of generality, but might impose
on users an extra cost of changing to the new stand-
ard, living with a system that does not meet their
needs as well as a more tailored resource, or simply
doing without a desirable service. In any case, the
standardization is not achieved without cost.

Sharing can also be expanded by increasing the
size of the geographical area served instead of in-
creasing the intensity of use within a given area.
This allows the use of a relatively specialized re-

source -- and thereby gaining the economies of spe-
cialization (or avoiding the diseconomies of generali-
zation) -- while at the same time permitting a large

enough load to exploit some economies of scale. Thus,
a nationwide or worldwide group of users having a
common interest might well justify developing tailored
hardware or software to serve that specialized market.
The cost of such sharing is the cost of communications
over a widely dispersed area, as well as the added
cost of providing marketing and other support services
to a group of remote users.

Administration of a network adds further to the
cost of resource sharing. Contractual arrangements
must be made with users and suppliers of service.
Authorization procedures, which define who has access
to what resources, must be established and operated.
Information about available resources must be col-
lected, maintained, and disseminated.

A potential cost of sharing is the loss of
autonomy and control brought about by joint use of a
resource. Scheduling problems and the need to adapt
to a common standard often attend such sharing.
Scheduling delays and compromise standards that serve
no one group very well could in some cases impose
serious costs. These costs can mount if the network is
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administered centrally with a narrow view of "effi-
ciency" and an insufficient motivation to remain
responsive to user needs (which can easily happen, for
example, if the network serves a captured audience
having no alternative source of computing services).

Characteristics of a 'Facilitating" Network for Higher
Education

The design of a network must recognize the
tradeoffs among the costs and benefits of resource
sharing. Each situation may call for a unique set of
decisions regarding the users to be served, services
offered, appropriate degree of centralization and
standardization, and administrative arrangements.
These decisions are always subject to change in light
of more detailed design work or operating experience.

The computing community within higher education --
students, faculty members, researchers, and adminis-
trators -- has a number of special needs; a network
designed to serve this population must recognize this
fact. Each institution views itself as autonomous
and insists on remaining so. Individuals within each
institution are themselves often independent of
effective central control. Users range from the naive
to the super-sophisticated. Applications cover an
extremely wide spectrum of academic disciplines,
computing techniques, and level of resources required.

In view of these special requirements, one can
outline desirable characteristics of a network for
higher education:

e The network will preserve the autonomy of
each institution that supplies or purchases
services on the network.

e Hardware, programs, and databases will be
distributed geographically and administered

decentrally.
e The network will not have a monopoly as a
buyer or seller of services -- i.e., each

buyer and seller will be free to deal with
others outside of the network (although
voluntary exclusive contracts would not be
precluded).

e Entry and exit from the network will be open
to all institutions.

e A market mechanism will be the primary means
of allocating resources of the network.

e A wide variety of specialized and proprietary
services will be offered over the network.
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o Network administrative functions -- authoriza-
tion of users, billing and reporting, dis-
semination of information about available re-
sources, and similar services aimed at facil-
itating relations between buyers and sel-
lers -- will be available from a central net-
work organization. Buyers and sellers will
avail themselves of these facilitating
services only to the extent that it serves
their interests to do so.

e The costs of operating the network and
providing computing resources must be borne
by the users of the network.

Use of a Facilitating Network

The availability of a national facilitating net-
work will open up important new opportunities for
colleges and universities. Not all institutions will
use the network in the same way. Some institutions
might choose to become totally dependent on the net-
work for computing services, doing away with their own
local computers (except for terminals with varying
degrees of "intelligence"). Others may not buy ser-
vices to any significant extent, but rather use the
network to market their services to external users.
And, indeed, other institutions will decide to ignore
the network, choosing to be neither a buyer nor
seller of external computing resources.

The typical large institution will probably be
both a buyer and a seller of service. It will no
doubt serve the bulk of its users with its own local
computer. The emphasis is likely to be placed on
meeting the assured "base load'" requirements, and then
meeting peak overloads from the network. Relatively
simple, low cost applications -- such as routine batch
processing and small interactive programs -- will be
handled locally. The institution can gear up to satis-
fy these needs in a very cost-effective manner -- for
example, with a purchased machine configured for
efficient batch processing and kept fully loaded over
a long lifetime, or by a minicomputer dedicated to
providing relatively limited time-sharing capabilities
(only programs written in BASIC, say). Most computer
users on a campus could be satisfied within the local
base load capacity, while relatively few (probably
fewer than 20 percent) would have to resort to the net-
work to obtain more specialized services.

Despite the fact that few users would require
network services, the availability of such services
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would permit substantial economies. Traditionally, an
institution's computer center has felt obliged to offer
a wide range of services, because users had no other
source. If, however, the network alternative exists,
the choice of which service to offer locally can be
resolved largely on technical and economic grounds.
Specialized services that are rarely required typically
absorb a disportionate share of costs at most computer
centers. If these low-volume, high-cost applications
can be served through the network, substantial reduc-
tions can be effected in hardware, programming, and
data collection costs. The supplier of a specialized
service can combine the demands from many institutions
in order to spread the high cost of providing the
service.

Not all sophisticated and specialized services
will be obtained from the network; most institutions
will choose to offer services in which they have a
special interest or unique capabilities. Network sales
of these services to external users might often offset
a university's purchases of other services from other
institutions. Thus, a university could limit its net
external purchases while at the same time permitting
its users to take advantage of a vastly expanded array
of services available from the network.

Sharing over a national network would offer to
all institutions the best computing resources available
throughout the country. Even a modest-sized college or
university might obtain access to large-scale computers
or hardware designed for specialized applications. It
could take advantage of an extensive library of pro-
grams for performing standard analyses or specialized
applications in such diverse areas as financial plan-
ning models for university administrators and com-
puter-assisted instruction material. Its faculty and
students could retrieve information from a wide range
of databases that deal with such matters as econo-
metric and demographic data, bibliographic references,
and physical characteristics of materials.

Not even the largest and most heavily endowed
universities could hope to provide such a wide range
of resources except through sharing. But smaller
institutions perhaps stand to gain even more than large
ones. The sharing of resources permits a small college
to retain its identity and individuality while at the
same time permitting it to offer the same computational
resources available at a large institution. Without
access to shared resources, it would be at a severe
disadvantage in attracting the best faculty and
students.
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Some regional and statewide networks have already
been established as a means of gaining the advantages
of sharing. Although they have certainly expanded the
services available to users, they are still limited in
their capabilities. Such networks thus become prime
candidates for linking to a '"distributed" network that
combines local, regional, and national resource shar-
ing.

Problems to Overcome

As compelling as the argument is for such shar-
ing, the fact is that relatively little of it cur-
rently takes place among educational institutions. To
some extent, this stems from the creative nature of
educational and research institutions that encourages
students and faculty to discover things on their own.
It is easy to overemphasize such resistence to shar-
ing, however; far more serious have been the limita-
tions of earlier technology and administrative impedi-
ments to effective sharing.

The transportability of programs and data has
always proved more difficult than one might suppose.

As a result, it is often easier to recreate a program
or database than it is to find it at some other
location and transport it to a local facility or use
it remotely.

Because of the limited sharing that currently
takes place, little incentive exists for faculty
members or their institutions to exert the extra effort
required to make their resources more transportable.

In order for a program to be used elsewhere, it must
be carefully tested and debugged, exhaustively docu-
mented, and faithfully maintained and extended. The
education of potential users and even direct personal
assistance are often necessary. Proprietary firms have
been relatively successful in providing services to
remote users, but only because they have had the eco-
nomic incentives to do so; members of the academic
community typically have had neither financial nor
professional incentives to share computational
resources.

It is quite clear that extensive sharing will not
take place until a better mechanism exists to foster
it. One of the important technical requirements is a
communications network that links educational institu-
tions. The network must permit ready and timely access
to all of the available resources at each of the con-
nected computer centers. A prospective user must also
have access to information about what resources are
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available and their prices. If the user runs into dif-
ficulties in using a remote resource, he should be able
to obtain assistance and instructions.

The technology for developing such a network
already largely exists. Computer operating systems
have developed to a point that permits widespread shar-
ing among many users and programs. Commercial 'packet
switching" networks and other recent advances in com-
munications technology will provide highly reliable
and relatively low-cost data transmission. Further-
more, the cost of communications in an advanced net-
work can be made largely independent of distance; as
a result, geographical separation will cease to in-
hibit sharing to the extent that it has in the past.

The principal problems that remain are chiefly
administrative and motivational. In order for the
network to function with any hope of success, a means
must exist to coordinate network activities, provide
communications services, establish prices, disseminate
information about available resources, simplify access
procedures, provide incentives to suppliers of re-
sources, control access to the network, provide
security and privacy, and handle the billing for ser-
vices rendered.

The network will rely primarily on a market
mechanism to allocate resources and encourage suppliers
to remain responsive to user needs. Conditions within
the network -- many buyers and sellers and up-to-date
information about the services available and their
prices (with perhaps a quality rating as well) --
approximate the economists' definition of a perfectly
competitive market with its attendant efficiency in
allocating resources.

Pricing obviously plays a critical rele in such
a network. Suppliers would have an incentive to set
prices that encourage efficient use of their resources.
For example, price differentials should motivate some
users to shift their demands from peak to off-peak
periods in order to impose a more level load on the
system. The pricing structure should be flexible
enough to permit buyers and sellers to satisfy their
needs within a level of risk they are willing to
assume. For example, long term contracts should be
permitted to reduce uncertainty regarding the avail-
ability of service and the prices that will be charged.
On the other hand, "spot'" sales at any price above
marginal cost should also be permitted to encourage
the use of excess capacity (although this opens up
some very difficult issues concerning full versus
marginal pricing and cost accounting regulations of the
Federal government).
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Conclusions

Given the independent nature of educational in-
stitutions, it is almost certain that a monolithic,
centralized computing network would be neither feasible
nor desirable. Connection to the network, and the use
or supplying of network resources, will remain a
matter governed by decentralized decisions. Each in-
stitution will be guided by its own self-interest.

But in pursuing its own interests, an institution will
have an incentive to become a supplier of services for
which it enjoys a comparative advantage and to pur-
chase services that it can obtain more cheaply, or with
higher quality, than duplicating them locally. Thus,
the invisible hand of Adam Smith, rather than the

heavy hand of a centralized bureaucrat, will provide
the primary means of fostering the exchange of services.

A "facilitating network" provides all of the
advantages of decentralized operation, while also
creating vast opportunities that would otherwise not
exist. Not only would it greatly broaden the resources
available to users of computers and databases, but it
could also open exciting possibilities for persons
who have so far not benefited much from computer tech-
nology. As the cost of terminals and communications
goes down, it is not at all inconceivable that vir-
tually every faculty member and student will have
access to a network through his own terminal.

A widespread network of this sort could be used
to communicate among scholars as well as with computers.
Even the most confirmed non-quantitative person could
take advantage of some of the network services -- for
example, an "electronic mailbox" that allows him to
communicate rapidly and inexpensively with remote col-
laborators. Each person would thus have access to
both computer-based and human resources throughout the
country and, indeed, the world. The usefulness of the
so-called "invisible college," the informal person-to-
person network that has proven so effective in the
exchange of information among scholars, would be aug-
mented immeasurably.

The development of a mature network will come
about through an extended and cautious evolutionary
process. At each stage in its development the system
must prove its worth by sustaining itself financially.
Growth in usage will be gradual as institutions accom-
modate themselves to new opportunities and make appro-
priate adjustments in their local computer centers.
There seems to be little doubt, however, that a
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widespread network will evolve. The arguments for it
are compelling, and we can see no insuperable techni-
cal, economic, or administrative problems that would
prevent its development.
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