Nervous System Research

with Computers

Directly connected computer systems permit more
complex research and conceptual analysis.

Research on the nervous system has
reached the state where answers to
many of the important remaining ques-
tions will require extremely precise and
complex experiments. For investiga-
tions of the relations between stimulus
and response, the requirements are
more precise and complex stimuli, the
recording of many more simultaneous
response events with greater detail and
precision, and more sophisticated meth-
ods of data reduction to detect cor-
related responses among extremely
noisy information. To achieve these
objectives, the use of a properly de-
signed information-processing system
as an integral part of the experiments
is required.

The California Institute of Tech-
nology instigated a comprehensive in-
terdisciplinary program of research on
the nervous system some 5 years ago.
An important part of this effort has
been the development, during the past
3 years, of a suitable data-processing
and control system, directly connect-
ed to a group of experiments on sight
sensory systems. The system is de-
signed to perform the following basic
functions: (i) control of stimulus-re-
sponse experiments; (il) collection of
data and complete documentation of
many channels of information; (iii) ex-
traction of selected information; (iv)
data display during the experiment for
direct control of the experiment; and
(v) complex conceptual analysis or
modeling.

Coupled with the development of
this system has been research on new
methods of data reduction and analy-
sis. Formal mathematics, as it exists
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today, evolved largely under the in-
fluence of the physical sciences, and
efforts to apply it to nervous system
research have so far produced very
limited results. Only recently have new
“non-numerical” concepts of informa-
tion processing been developed which
make it possible to deal with compli-
cated living nervous systems. The mod-
ern digital computer is required for
the simulation of the nervous system,
and the use of such computers is an
important part of the Caltech program.

Description of the System

The general characteristics of this
new information-processing system are
iltustrated in Fig. 1. The system in-
cludes four interconnected computers,
a multiplicity of memory elements,
multichannel remote stations, and a
variety of devices for data display and
control of stimuli used in the experi-
ments.

The Biological Systems Laboratory,
which is directly integrated with the
central computing system, is so ar-
ranged that all of its experiments are
connected to the biological control
computer, which in turn directly com-
municates with the main system
through the 7288 multiplexer (Fig. 1).
The multiplexer has 48 main communi-
cation channels, each with a capacity
of 375,000 6-bit characters per sec-
ond, and a core memory which can
momentarily store data until the data
can be brought into the central sys-
tem. The multiplexer is connccted to
and controlled by the IBM 7040 com-
puter, which controls the flow of all
information between the IBM 7094
system and the multiplexer.

The interplay between the IBM 7040

and the IBM 7094 is achieved by
the four interconnections between the
two computers (Fig. 1). The computers
are interconnected through 25 million
words of tape memory, 18.5 million
words of disc memory, 64,000 words
of core memory, and an instantaneous
trap control. In a typical application,
the IBM 7040 will set up the proper
programs and data for each new prob-
lem in the disc memory, periodically
interrupting the IBM 7094 to send it
(via the core memory) an updated disc
map and priority listing. As the IBM
7094 finishes each job it stores the
output in the disc memory and inter-
rupts the IBM 7040 with instructions
for the removal of the output data.

A fourth computer (the Burroughs
220) performs certain peripheral proc-
essing operations that I illustrate in
discussing the applications of the com-
puter system to nervous system re-
search. Details of the engineering and
programming features of the system
are given elsewhere (2).

Biological Systems Laboratory

The Biological Systems Laboratory
was organized to integrate the disci-
plines of neurobiology and psychobi-
ology with those of systems analysis
and applied mathematics. Its present
research is concentrated on visual sys-
tems, with experiments designed and
conducted by interdisciplinary teams of
workers. The main areas of research
are (i) basic transducer properties of
photoreceptors; (ii) the visual nervous
systems of insects; (iii} pattern recogni-
tion in retinal visual systems; and (iv)
human vision and eye movements.

With the exception of certain sub-
sidiary biochemical and histological
work, the experiments all involve light
patterns as stimuli and various com-
binations of electrical response mea-
surements by microelectrodes and gross
electrodes implanted in the nervous
system and optomotor responses, or (in
studies of humans) conscious responses
that can be described by the subject.
The extent of the required interplay
with the data-processing system varies
with the stage of development of the
experiment. The range includes quali-
tative explorations, experiments which
merely require off-line data processing,
experiments which can be controlled by
the system on a pre-programmed basis,
and experiments requiring stimuli that
are complex functions of certain re-
sponses.
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An important feature of the experi-
mental system is that, however the
system is used, data can be complete-
ly recorded and can, if desired, be
exhaustively analyzed by the most com-
plex data-processing techniques.

Basic Operational Modes

Several of the basic ways in which
the data-processing system can be in-
tegrated into an experiment are illus-
trated by Figs. 2 and 3. Figure 2 il-
lustrates the functions of the system
for the initial collection of experimen-
tal data. Under the supervision of the
“experiment control computer,” data
can be either recorded on parallel
channels of analog tape or immediately
digitized for storage on digital mag-
netic tape or in the disc memory. The
element listed as the “experiment con-
trol computer” in Fig. 2 can abstract
certain portions of experimental data in
a variety of ways which minimize the
amount of data that has to be sent
to the central computer (2). A compre-
hensive program has been developed
by which the system can process rap-
idly any of the initially digitized data
and display it at any of the outputs.
The various forms of available data
output or display are shown in Fig. 3.
Important elements of the system are
the typewriter consoles. As shown in

1566

1. Schematic diagram of the present computing system.

Fig. 3, these are used to control the
collection of experimental data into the
central computing system, the proc-
essing or analysis, and the form of
output display, which may be the type-
writer itself, a high-speed printer,
graphical plotters, or a cathode-ray dis-
play tube.

Severe limitations have been im-
posed upon nervous system research
by the immense complexity of its sub-
ject matter and the inherent noise of
each experimental setup. The more
complex the question asked by an ex-
periment, the greater the precision and
complexity required for both the stimu-
lus and the response.

The true significance of an experi-
ment cannot be assessed without
knowledge of all components of the
stimulus and the correlated portion of
the response. There is ample evidence
that in many previous investigations
significant properties of what were as-
sumed to be responses either were not
actually correlated with the stimulus or
resulted from an unknown and unin-
tended property of the stimulus.

Insect Nervous System

An example of this basic problem
and methods of computer processing
that can be used to overcome it is
presented by our work on the insect

Musca domestica (3). This and sev-
eral other insects are being used in an
intensive study of correlations be-
tween stimulus and response, as out-
lined in Fig. 4. Responses to light
stimuli are being studied in the retinu-
lar cells of the ommatidia of the
faceted eye, in the first ganglion layer,
in the ventral cord, and from opto-
motor responses as measured by head-
turning and flight-turning torques.

The principal aim of this program is
to determine the information-process-
ing principles employed by the ner-
vous system from input to optomotor
responses. This is being done by a
careful and precise correlation of each
type of response both with the stimulus
and with the other responses.

Previous experiments of this type
have each been confined to a single
type of response. For insects, response
to light stimuli at the light receptor
cells or at the ventral cord have been
measured, or a single type of opto-
motor response has been studied. None
of these previous investigations has
determined the correlation between the
stimulus and response with sufficient
precision to give a very comglete
understanding of the transfer function.
Nor have they determined what por-
tion of the correlated response occurs
at the successively higher stages of
the nervous system; no precise cor-
relations among the successive re-
sponses have been made. To make
a sure correlation is the purpose of
the study outlined in Fig. 4.

The use of the computer system for
correlating stimuli and responses at
one point in the nervous system can
be illustrated by one of our investiga-
tions of the ways in which the insect
detects motion and of the insect’s
visual acuity as determined from the
responses to moving patterns whose
intensity varies only in the direction
of the motion. Uniform striped pat-
terns or patterns with a single sinusoi-
dal spatial distribution, moving at a
constant velocity, have revealed im-
portant properties of the nervous sys-
tems. Such patterns have been used
in a number of previous investigations
(4), and some important misconcep-
tions have resulted from the use of
stimuli with unknown characteristics in
addition to those intended. One of the
principal reasons for these incorrect
conclusions has been failure to appreci-
ate the importance of possible low-
magnitude components of the stimuli
which may have a greater spatial wave-
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Fig. 2 (left). Sequence for initial collection of data. The experimental control computer correlates any number of channels of

data on analog tape and digitizes and abstracts partial data for central processor.

of data.

length than that of the intended funda-
mental of the pattern.

These insects have faceted, or com-
pound, eyes. The ommatidia are ar-
ranged behind individual lens systems,
each system having its own axis of
field orientation, as shown in Fig. 5,
and a visual field of decreasing sensi-
tivity about this axis. From Fig. 5, it
can easily be seen (3) that a pattern
which has only one wavelength and
which moves at a constant velocity
produces an intensity, /, of the form

2w
I(p,1) :1[1 + msin” '(wt—i—f/))] 6}

where )\ is the wavelength of the pat-
tern in radians, / is the mean light
intensity of the pattern, m is its con-
trast ratio, and » is the angular ve-
locity of the pattern in radians per
second. Preliminary estimates of the
visual acuity of the photoreceptors can
be obtained by assuming the field pat-
tern to be Gaussian of the form

exp — (41n 2) (¢* + 09/ o €3

where ¢ and ¢ are the angular co-

ordinates of Fig. 5 and « is the half-

sensitivity angle of the receptor.
Equations 1 and 2 can be used to
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Fig. 3 (right). Steps in analysis and display
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Fig. 4. Nervous system of Musca domestica, as studied with the aid of the computer
system.
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compute the total flux (3) in an om-
matidium as a function of time [F(#)].
Thus:

, ma®
Fo= ’(m z) X

{ 1+ [m exp Z—}ﬁt (Kf)?sin% wt]}@)

This equation shows that the general
sensitivity of a receptor should in-
crease if its field width as defined by
« is increased. However, it also has a

term dependent on the spatial wave-
length defined as the flux contrast func-

tion
—rf a),
mexp| 31\ )" -

This defines its acuity and is plotted
in Fig. 5 for several values of a.
The first significant property of this
function to be noted is its rapid at-
tenuation for pattern wavelengths be-
low a critical value. Our investiga-
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tions have established the field angle
a for Musca domestica at about 3.5
degrees. From Fig. 5 it can be seen
that such a photoreceptor should have
equally high sensitivities for all wave-
lengths above about 15 degrees. How-
ever, its sensitivity to a 3-degree pat-
tern is reduced by three orders of
magnitude. Thus, in studies of the re-
sponse to a 3-degree pattern, an
equally strong reaction could be ob-
tained from a 15-degree component of
noise in the pattern even if it were
only 0.1 percent as intense as the fun-
damental.

The angular separation between in-
dividual ommatidia must also be con-
sidered. This produces a stroboscopic
effect (3) in the insect vision. The
insect can evaluate the direction of
motion correctly as long as the wave-
length of the pattern is more than
twice the distance between ommatidia.
For wavelengths greater than, but less
than twice, this distance, the insect
interprets the motion as being in the
reverse direction. Further polarity re-
versals occur at shorter wavelengths
if the pattern is detectable.

Consider now some measurements
of optomotor reaction made with vari-
ous degrees of experimental precision.
Figure 6 shows three reaction curves
plotted as a function of the intended
wavelength of the pattern. One curve
represents the reaction to a perfect
idealized pattern with only a funda-
mental spatial component, another the
reactions as obtained with previously
used patterns, and a third, reactions as
recorded with precision patterns devel-
oped in our investigation (2). Spatial
harmonic analyses for one of the previ-
ously used patterns and one of the pre-
cision patterns are given in Fig. 7, which
shows that the previously used stimulus
has subharmonics as high as 3 or 4
percent, while the precision pattern re-
stricts them to about 0.1 percent.

The study in which the response
curve with the noisy pattern (Fig. 6)
was obtained did not determine either
the noise content of the pattern or
the true correlation between the re-
sponse and the stimulus. Merely to
repeat such an experiment with the
precision pattern might produce the
portion of the precision-pattern curve
shown in Fig. 6, but it would also
indicate reactions to patterns with very
low wavelengths. It is only by corre-
lating the response with the intended
portion of the stimulus (its fundamen-
tal). that the indicated limit of de-
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tectable acuity is actually established.

Such an investigation requires the
continuous use of the data-process-
ing system. Before each experiment the
stimulus pattern is sampled by a photo-
multiplier probe, digitized, and ana-
lyzed by the computer. Each response
also must be recorded precisely and
then analyzed for correlation with the
various components of the stimulus.
Once such data-processing procedures
have been established, it is possible to
elicit more meaningful and detailed
information about the nervous system
of insects. For instance, precise response
curves obtained (as in Fig. 8) for pat-
terns with different wavelengths and
as functions of the intensity of the
pattern established the actual visual
field of the photoreceptor. Further ex-
periments have shown that the field
angle « is a function of the state of
light-adaptation of the eye, increasing
about 40 percent when the eye is
dark-adapted, the general sensitivity of
the eye thus being raised at the ex-
pense of its acuity. This has been
found to be produced by migration
of a shielding pigment in cells sur-
rounding the ommatidia.

Many other detailed properties of
the insect visual system have been de-
termined in this manner (3). It has
been found, for example, that the op-
tomotor responses resulting from the
horizontal turning (yaw) of Musca
during flight occur at light levels and
contrasts so low as to reach the theo-
retical limit for the initial molecular
interaction of photons with the visual
pigment. It has been found that the
process of detecting constant-velocity
motion involves the interaction of only
a few adjacent ommatidia, with the
total response being given by a sim-
ple algebraic summation of these unit
interactions which, however, ceases to
be linear as the total reaction ap-
proaches an appreciable fraction of
its maximum. By this summation pro-
cedure a very high signal-to-noise ratio
for the overall system is obtained,
whereas the signal-to-noise ratio ob-
tained in experiments in which the
retinular cells are studied by means
of a microprobe is lower by three to
six orders of magnitude.

Man-Computer Interactions

An inherent characteristic of present
digital computers is their inability to
process information until the required

18 JUNE 1965

T T
Perfect square
wave envelope
~~
\\\F
\\
v
L&)
c
O
£
5
T
“6 L
E it
= o &
g" G 0.0". “O':; .i"".'oo LY e 11
=] Previ LR 1) o Op @ el & %l e ole
2 | TN Wt
s’ A D R I N
L o ®
g‘: .:.. ‘: .o::..: n...:O.oo... . . .
oe ... . ® . L] ﬂ.
b ° oe® bl /.V.
4 /
Precision
pattern
0.4 0.3 t 3 S 7 9
Spatial Harmonic
Fig. 7. Harmonic analysis of 3.6-degree striped patterns
Pattern Wavelength
Q
©
2
= \ =
=
2 )\ = 30
[
%)
c
(o]
Q.
7]
D
(1.
| ! !
1076 j0™° 104 1073
Light Intensity (lumens per steradian)
Visual
Field
Q= a

I ]

Pattern Wavelength

o) Ton 1072 j0~3

. Ommatidium
Attenuation Factor of Ommatidia

Fig. 8. Precision measurements of optomotor responses for determination of om-
matidial visual field.

1569



Fig. 9. Classification of multiple-spike record with digital cathode-ray oscilloscope
and light pen. (Top) Selection of a spike; (middle) selection of class number; (bottom)
dimming of spike verifies its classification by computer.
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algorithms are precisely specified with-
in the system as programs. In almost
all experimental research there is a
practical limit to the degree with
which details of experiment control
and analysis can be programmed.
There are, however, many important
cases in which much of the laborious
data processing can be rapidly and
efficiently performed by the computer
if certain “heuristic” decisions are
made by the human investigator and
properly communicated to the ma-
chine. To make these decisions the
computer and the human must also be
able to communicate the proper in-
formation to each other.

Such a communication facility has
been developed for the Caltech sys-
tem. In this facility the Burroughs 220
computer, a typewriter control con-
sole, and a digital cathode ray display
device are used, as shown in Fig. 9.
Its application will be illustrated in
connection with an important aspect
of data analysis, the separation of dif-
ferent types of spikes in the response
wave pattern.

Multiple Spike Separation

The ability to record the activity of
more than one interneuron, as de-
tected by an extracellular probe, or
of more than one fiber in a bundle
of axons, as detected by one hook
electrode, and then to separate the data
which come from the various sources,
greatly enhances a probing experiment.
The Bio-Control Computer (Fig. 1)
digitizes the waveforms of the indi-
vidual spikes of information from the
nervous system and, via the Burroughs
220 computer, it presents the series of
waveforms on the digital cathode-ray
device (Fig. 3). It is now necessary
to classify the individual spikes into
separate categories. There have been
cases where it has been possible to do
this with a predetermined algorithm
that can be used to correlate the wave-
forms with standardized waveforms or
to compare similar properties of suc-
cessive spikes. This is not, however, a
generally practicable procedure. Hav-
ing a human observer quickly scan
either part or all of a record and
classify a few or all of the spikes that
do not have two or more superim-
posed waveforms greatly simplifies the
classification problem.

This preliminary classification can
be accomplished very rapidly by dis-
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playing groups of 10 or 20 spikes on
the digital-display scope as shown in
Fig. 9. If a quick visual observation
of such successive portions of the rec-
ord is adequate for classifying certain
of the spikes into separate groups, the
observer does so immediately with the
light pen shown in Fig. 9. If he wishes
comparison with a “template” wave
shape, this can be done. If, after
classifying a group, he wishes to re-
display all of a given class for re-
consideration, this also can be done.
The classification procedure adds a
code number to the original digitized
record; the central processing system
can then use the record to process the
separated data. It also provides a basis
for training the computer to take over
and classify a record after a prelimi-
nary period of classification by the
human observer.

A computer, for example, can do a
better job of identifying “smeared” rec-
ords caused by closely spaced spikes
than can a human being, if the com-
puter is given the characteristics of
all spikes that might be in the smeared
record. Such a separation procedure
has been used quite effectively in the
studies of the insect ventral cord de-
scribed in Fig. 4.

Conclusion

The experimental system described
above has been in full-scale operation
now for about one year. It has been
possible in this short period only to
begin the exploration of the potentiali-
ties of the system for aiding nervous
system research. The most intensively
developed programs have been those

News and Comment

The New Accelerator: Wide Open
Race Under Way across the Nation
To Provide Site for Vast Machine

The usually contentious Indiana Gen-
eral Assembly met last week in special
session and quickly and unanimously
voted to provide a $10-million lure for
what the governor referred to as the
“scientific prize of the century”—the
$280-million, 200-bev accelerator for
which the AEC is now seeking a site
(Science, 19 March).

Meanwhile, at AEC headquarters in
Germantown, Maryland, almost every
mail during the past week or so brought
detailed proposals propounding reasons
why the “prize” should go to this or
that region of the country. On Capitol
Hill, Glenn T. Seaborg, chairman of
the AEC, was closely questioned about
the criteria that his agency would em-
ploy in selecting a site for the accelera-
tor. And, this weekend, some 30 univer-
sity presidents will meet at the National
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Academy of Sciences to complete ar-
rangements for setting up a national
corporation that will offer itself to the
AEC as administrator of the accelera-
tor. At the same time, an entirely sep-
arate committee appointed by the Acad-
emy was organizing itself to evaluate
the site proposals after an initial screen-
ing by the AEC.

Quite clearly, never has a proposed
scientific facility so stirred up the aca-
demic, scientific, and political worlds.
And, in fact, the involvement and in-
terest are of a magnitude which strongly
suggests that regional interest, always
there but often not very significant, is
henceforth going to figure mightily in
federal support of science. (Congres-
sional hearings last week on the regional
issue are discussed in another article in
this section.)

As the costliest single scientific instal-
lation ever built, the $280-million ac-
celerator—with operating costs esti-
mated at about $50 million a year—

on the insect (3) and on human vision
and eye movements (5). In both of
these programs the facility has per-
mitted new research techniques which
have provided answers to important
questions, answers which would have
been unobtainable without such a data-
processing and control system.
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could, of course, be expected to stir an
unprecedented amount of agitation. But
once the site decision, scheduled for the
end of this year, is made, there will be
some 40 or 50 also-rans who can be
expected to sharpen and intensify their
tactics when the next prize is an-
nounced.

The action of the Indiana General
Assembly is a good example of the
escalation of agitation. Last year, after
the White House turned down plans to
build a high-intensity 12-bev accelera-
tor proposed by a combine of mid-
western universities, Indiana engaged
in a postmortem examination of the
decision. One product of this was a
memorandum that Governor Roger D.
Branigin sent to the General Assembly
at the beginning of this month, under
the title, “Why Indiana Must Go All-
Out in Its Bid for the U.S. Nuclear
Research Center.”

Referring to a report by Elvis J.
Stahr, president of Indiana University,
the memorandum states that the 12-bev
accelerator ‘“was abandoned because,
among other things, the Midwest never
quite united behind it. Tn the case of
the current 200 bev machine, he [Stahr]
said, the major midwestern universities
have agreed to support whatever mid-
western site appears to be most in the
running after the initial screenings. ‘It
is also important,” [Stahr] said, ‘that we
agree to support whatever is finally ad-
judged to be the best site. If a 200 bev
machine-—and later a 1000 bev ma-
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