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PREFACE

Part of the Project RAND research program consists of basic
research studies in mathematics and related fields such as bio—
physics. The present Memorandum describes a neural-net repre—

sentation of consummatory behavior in animals.






SUMMARY

Using the apparatus of RM—3406—PR, a neural net is designed
which approximates the observed behavior of a feeding animal in
that (1) the duration of total consummatory activity depends on the
amount of deprivation, (2) consummatory activity ceases before
ingested material can be metabolized and thus affect the central
nervous system, and (3) bursts of consummatory activity alternate
with brief resting periods as satiety is approached, the former

decreasing in duration and the latter increasing.
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A NEURAL NET FOR CONSUMMATORY BEHAVIOR

1. INTRODUCTION

We initiate here a neural-net model* of motivated behavior.

Motivated behavior involves the arousal of drive, goal—directed
activity, and satiation. In this Memorandum we shall consider
only this last aspect, that is, the organism is (for example) hungry,
food has been found, and ingestion starts.

Consummatory behavior seems to be an all-or-mnothing re—
sponse, alternating between ingestion at a constant rate and resting.
In Fig. 1, the parameter of the family of curves is the amount of
deprivation, increasing upward. The only change as a function

? Great deprivation

Intake
\

/ Little deprivation
/

Time

Fig.1—Ingestion as a function of deprivation

*
See RM—3406—PR for general neural—net concepts and
RM-3416—PR for computation of these nets on the 7090.



of deprivation is the duration of bursts of ingestion and the lengths
of the pauses. The plateaus are due to interference by other
motivated tendencies such as transient fatigue. It would be mathe—
matically elegant for a neural-net representation to produce plateaus
of steadily increasing length alternating with bursts of ingestion of
steadily decreasing heights. Real animals, of course, only ap—
proximate this 'ideal' behavior.

A second significant feature of such motivated behavior in
regard to hunger and thirst is that feeding ceases well before the
total amount ingested can be metabolized and hence can have any
effect on the central nervous system via, for example, transducing
of blood substances to nerve impulses by specialized receptors in
the hypothalamus. Thus, a thirsty dog with a fistula in his neck
will stop drinking at a time appropriate to his degree of thirst, even
though all the water lapped up has escaped through the throat tube.

Our purpose here is to construct a neural net which will repro—
duce the preceding two aspects of consummatory behavior.

The net will be driven by the output pulses from a cell DY
whose frequency of firing is taken to be the measure of deprivation.
We think of DY as some neural representation of general dysphoria
which reflects all other physiologic events such as lowered blood
sugar and stomach contractions. The bursts of consummatory
activity are measured by the output pulses of a cell CB.

We emphasize that we have produced a net with the desired
properties. We make no claims that it resembles in any way the
corresponding structures in a real nervous system, nor that it is
the most 'economical' net, and hence certainly not the only net to
achieve these ends. Finally, to minimize computer time consum—
matory behavior in this net will terminate in a few seconds, con—

trasted with minutes in the case of real animals.



2. AN INVASION CIRCUIT

An invasion circuit is a neural ruler. The depth of response

of its cascaded stages is a function of the input or driving frequency.
Let the input frequency from DY range up to 100 pps (pulses per
second). The successive cells in the chain, X1, X2, X3, X4, are
so specified that if DY fires at a frequency below or equal to 70
pps, then only X1 will fire and at DY's frequency. If DY's
frequency is between 70 and 80 pps, only X2 will fire and at
that frequency, and so on. Hence the ruler is a chain of bandpass
filters.

The action of the invasion circuit is based on the monotonic
decreasing nature of a Type III threshold function. Figure 2 shows
standard pulses arriving at a cell X at frequencies fl’ f2, f3,

respectively. Pulses of frequency fl will reach threshold at time

mV
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Time since last firlng, ms

Fig. 2 —Tangency firing



flO and so cause X to fire at a frequency of f

frequency f

10° Pulses of

3 will never reach threshold. Pulses of frequency f2
will just reach threshold at the point of tangency f;cl) . Hence f2O
is the cut—off frequency. This will happen with two reservations.

First, pulses of frequency higher than f_  will actually fire

cell X at half frequency, because every secor;?d pulse will arrive
far enough out on the threshold curve to cross it. This effect may
be eliminated by making the arriving pulses of Type 22 (defacili—
tating excitation) so that successive pulses decrease in amplitude,
provided X does not fire, and so stay below the threshold curve.

Second, at the point of tangency the slopes of the standard
pulse and the threshold function are nearly equal. Hence, without
unreasonable precision in specifying these curves, there is too
much 'play'. This is remedied by following the pulse quite closely
with an inhibitory one which is facilitating (Type 31) and so enhances
the previous effect. The curve representing the difference between
the two is sharply peaked.

With these understandings, the first two stages of an invasion

circuit are shown in Fig. 3. The amplitude ay is chosen so that

Fig. 3—Invasion circuit



X1 will pass frequencies up to 70 pps, and @, so that X2 will
pass frequencies up to 80 pps. Let DY fire at less than 70 pps.
Then X1 fires at this frequency but inhibits D1 by two back—to—
back pulses of Type 10, so that the rest of the circuit is not invaded.
If DY fires at a frequency between 70 and 80 pps, X1 no longer
fires, while D1 fires and passes the frequency on to X2, which
fires at that frequency and so inhibits D2.

In principle, a circuit of this nature can be refined as much
as desired. However, because the threshold function used becomes
very steep at 1 ms and very flat from 15 ms on, the principle is
not very credible for frequencies outside the range 70 to 200 pps.
The upper limit, in fact, is determined not so much by the steepness
of the threshold curve as by the assumption on synaptic delay, which
increases as firing frequency of a cell increases. Finally, we could
not expect any real physiological net to function with this precision
because of the required accuracy in specifying the pulse amplitudes
impinging on the cells X1, X2, ... . Still, over—all useful

functioning does not depend on high accuracy in these specifications.

3. A FREQUENCY CONVERSION CIRCUIT

A circuit which will convert any input frequency into a fixed

output frequency is very useful in simplifying neural-net construction.
Although this notion is physiologically plausible, we have no evidence
that it occurs in nature, except quite indirectly and grossly in re—
gard to certain neuro—physiological rhythms.

The circuit consists of three neurons A, B, C. Cell A feeds
back on itself through a delay line (which could be a chain of inter—
nuncial neurons) so timed that, once excited, A will continue to fire
at 50 pps. (See Fig. 4.) Let f be any driving frequency. The
input fires B and inhibits C. B fires A, which retaliates by
immediately inhibiting B. A reverberates at 50 pps. When the



50 p.p.s.

Fig. 4 —Frequency conversion circuit

input ceases, B becomes irrelevant, C is no longer inhibited by
the input, C fires and so inhibits A (for two pulses via back—to—

back, type—10 pulses). Hence A fires at 50 pps for the duration

of the input.



4. THE INTERNAL REPRESENTATION OF DYSPHORIA (DY)

For reasons that will be discussed in the next section, we
desire a further realization of DY within the circuit under con—
struction. This representation will be the output of cells Ci, C2,
C3, C4 in Fig. 5. In this figure, C1 and C2 play the role of A

in Fig. 4. In addition, each C cell stimulates its neighbor to the

From H3 and H4

Fig. 5 — Representation of DY

left and inhibits the 'stop' cell of that neighbor. If, now, DY is
firing between 70 and 80 pps, then C1 and C2 will both be firing
at 50 pps even through X1 is not firing. (Roughly, all this
'linearizes’' the neural ruler.) C2 must inhibit 12 to achieve this,

otherwise C1 would fire 12 and then be inhibited in turn by it.



5. AN INTEGRATION CIRCUIT

A circuit is needed which will sum the total output of the

consummatory behavior neuron CB. For, if DY has a repre—
sentation in the total consummatory behavior circuit, we can match
total consummation against this internal representation and ultimately
drive DY to zero. This will not mean that DY ceases to fire; it
will be necessary to wait a considerable period for ingested material
to be metabolized before DY will cease firing. In other words, we
think of DY as a measure of actual deficit, whereas its internal
representation in the circuit we are developing is conceived of as a
deficit of which the organism is aware. Transient consummatory
behavior reduces this awareness. Hence the integrating circuit
must involve learning (to achieve the integration) and then a for—
getting so timed as to keep the internal representation of the auto—
nomic DY at zero until DY itself becomes zero as a result of
relatively long—term chemical events. The integration circuit must
‘reset! so that upon arousal anew of DY under a new body deficit,
the circuit is again prepared to initiate consummatory behavior.

In this sub—model of motivated behavior, it is quite fair for
the experimenter to reset DY at any level he chooses, since in the
total model, allowance must be made for availability of food, inter—
ference by other drives, and indeed learning to eat at prescribed
times.

Now let us return to Fig. 5. The H cells, driven directly
by parent C cells, also try to fire at 50 pps. But because H
cells inhibit all cells to their left in the chain, the only one firing
will be that one corresponding to DY's frequency. It is the H-—
level cells that drive consummatory behavior CB. They will also
be associated later with transient fatigue. The C cells are needed

to drive the integration circuit.



Turn now to Fig. 6. Cells L1 to L4 (only first two shown)

Fig. 6— Integration circuit

are Milner learning cells. Suppose DY is firing between 70 and
80 pps. Then C1, C2 and H2 (but not HI) are firing at 50 pps.
The C cells supply reinforcing knobs to the L—level and the H

cells supply learning knobs. After sufficient coincidences, the
learning knob from H2 fires when it reaches the critical p level,
o Both the learning knob and reinforcing knob must fire in order
to fire L2. When L2 fires, it inhibits H2, which in turn removes
the inhibition on H1 (Fig. 5) and so permits HI1 to fire. Learning
will then occur at L1 until it in turn fires and inhibits H1. Hence

CB will cease receiving inputs from the H level.
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If nothing more were done, L2 would forget (. would decay),
and so H2 would start up again. The cells Ul and U2 prevent this
(although forgetting at the knob continues) by keeping a reverberation
going. But in order for the U level to fire, the basic input of 70 pps
from DY is also needed via Cl. Hence as the autonomic DY slowly
drops in frequency output under deficit removal, CB continues quiet,
and there is ample time for the L level cells to forget completely.

It should be observed that the L level learning does not imply perma-
nent memory—the g level is never reached. In fact, by 1is taken

to be infinite in these circuits.

6. TRANSIENT FATIGUE

As the last step in composing the total circuit, it remains to
provide a subnet which will produce pauses in consummatory be—
havior for a reason called generically transient fatigue. As
mentioned in the Introduction, it is desirable to model a situation
in which a high level of remaining (conscious) dysphoria causes a
relatively long burst of CB before this activity is interrupted by
fatigue, with a short hiatus for such a high level of dysphoria, and
conversely.

Figure 7 illustrates the principles involved. Each stage of
the satiation circuit has a separate fatigue module. The modules
drive TF via Rl, R2, ..., and TF inhibits CB. If H1 is firing,
ultimately the learning knob on P11 will fire P1 (when Mo is
reached). Then R1 will fire and continue to do so under reverber—
ation until the learning knob on S1 reaches koo causing S1 to fire

and so inhibit R1.



Etc.

Fig. 7—Fatigue circuit

To achieve the desired shaping of the bursts of CB and TF,
the forgetting parameter \ is varied by stage, increasing from
left to right at the P level and decreasing from left to right at the
S level. If it is assumed that the reinforced learning used is
physiologically plausible, this variation of X 1is not as elegant a
solution as one would like, since it assumes what seems to be an
ad hoc gradation in electrochemical events. However, by suitable

cascading of learning cells, the same effect could be produced using
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the same X for all learning knobs, at the expense of increased

circuitry.

7. THE COMPLETE CIRCUIT

Figure 8 shows the final consummatory behavior neural net.
The numbers in boxes appearing on each connecting link are the
transmission times of pulses in units of 0.5 ms. At each synaptic
knob the notation x/y means a pulse of type x and of amplitude
y mv. Learning synapses are indicated by L and their reinforcing
knobs by R. Cells with learning knobs are shown as double circles.
Type LI threshold functions are used throughout, and the resting
potential appears in the cellls circle.

A computation on the 7090 with DY firing at 91 pps caused
CB to fire at 50 pps (there is a slight raggedness in this) according

to the following schedule (in time units of 0.5 ms):

CB Starts CB Stops Burst Duration Plateau Duration

23 663 640
942 1307 365 279
1546 1707 161 239
1830 2031 201 123
2390 2511 121 359
2634 2795 161 123
3354 3354 0 558

(No more firing up to termination at 4200)
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A computation with a lower firing rate for DY is roughly
equivalent to entering this schedule at some intermediate point.

It is apparent that with a circuit of this coarseness (four cells
Wide), the desired behavior in regard to increasing plateau duration

and decreasing burst duration can only be approximated.
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