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4-1. SENSORY MECHANISMS, THE REDUCTION OF
REDUNDANCY, AND INTELLIGENCE

by

DR. H. B. BARLOW \

SUMMARY

PSYCHCO-PHYSICAL and physiologlcal Investigations have shown that the eye i
and the ear are remarkably effliclent Instruments: consequently the amount §
of information being fed Into the central nervous system must be enormous. '
After a delay, which may vary from about 100 msec, to about 100 years, ' { .
this Information plays a part in determining the actions of an individual: L_
therefore some of the incoming information 1s stored for long periods, -
The argument 1s put forward that the storage and utilization of this
enormous sensory Iinflow would be made easler 1f the redundancy of the
incoming messages was reduced, Some physiologlcal mechanisms which would
start to do this are already known, but these appear to have arisen by
evolutionary adaptation of the organism to types of redundancy which are P
always present In the environment of the specles., Much of the sensory In-
put 1s not shared by all individuals of a species (eg., stiiull provided by
parents, language, and geographlical locality) so a device for "learning®
to reduce redundancy is required. Psychological experiments give indica-
tions of such mechanisms operating at low levels In sensory pathways, and
"intelligence" may involve the capaclity to do the same at high levels.
In order to exempllify the operations contemplated, a device which
reduces the correlated actlvity of a palr of binary channels 1s described.

THE usual mechanistic approach to the higher nervous system begins with a
consideratlion of the factors which can be shown to have an Immedlate effect
on the output of the nervous system. The commonest starting point is the
simple monosynaptic reflex in which a single sensory input controls a
single motor output, as shown dlagrammatically in fig. 1(a). The next stage
1s to elaborate this by taking into account other sensory medalities,
Inhibition, 1internunclal neurones, and controlling neurones from elsewhere
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- L conditional neurone.

Fig. 1(c)

Flg. 1., Diagram showing approach to higher nervous function frommotor (effector) slde.
(a) monosynaptic stretch reflex; (b) same with additlion of Internunclal
neurones, controlling neurones from other parts of the central nervous
system, and inhibition by pain endings; (c) conditloned reflex.
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In the nervous system, as shown in fig. 1(b). With all its trimmings this
gets one to a stage of complexity perhaps comparable to that of an automatic
tracking radar set, or the automatic pllot of an aeroplane. It will: show
none of the plasticity or adaptablility to new surroundings which is charac-
teristlic of the higher nervous system, so the Pavlovian conditioned reflex
1s next introduced. The principle here 1s that 1f there are two sensory
stimull (Bell and food in mouth), one of which (food In mouth) always pro-
duces a response (sallvation), then If they occur Jjointly with sufficlent
frequency, the one which, to begin with, did not cause a response, beglns
to do s0 (Bell alone causes salivation). This 1s shown dlagrammatically in
fig. 1({c), and 1s perhaps the simplest type of learning behaviour that has
been studied in anlmals, though 1t has not been investigated in a simple
1solated preparation as the diagram might suggest. Uttley (1954, refs. 22
and 23 has clarified the principles of operation of such mechanisms and
built conditional probabillity devices which show the same properties of
learning and Inference.

Now the simple feedback diagram in fig. 1fa) has a single input channel,
fig. 1(b) and (c) have two inputs, and Uttley's machine has up to five Iin-
puts; but a human brain has something like 3 x 106 sensory nerve flbres
leading into 1t. If 1t could de supposed that a million or so devices like
that of fig. 1({c) would deal with the sensory inflow one would be well
satlsfied with the understanding gélned from this approach: but this is not
s0. The essentlal operation In a conditlonal probabllity device 1s to
measure the frequency of occurrence of combinations of activity In the in-
put. Now 1f the number of binary Inputs is increased from two to a million
the number of possible combinations is increased from 22 to 2(Million), an
arrangement like that of fig, 1(c) takes one less far than at first sight
appears. I think 1t follows from this consideratlion that conditlonal pro-
babllity machines cannot be fed with raw sensory information, and the
problem of digesting or processing the sensory Information entering the
brain is an Important one. Furthermore, modern electrophysiological
technlques are making 1t possible to record from nerve cells at varlous
levels in the sensory pathways, so this 1s a problem which Is becoming
accessible to experimental investigation.

In this paper I have first trled to make rough estimates of the rate at
which Information flows into the human brain. It is then suggested that an
essentlal step In organlsing thls vast inflow 1s to derive signals of high
relative entropy from the highly redundant sensory messages., For thls some-
thing similar to the optimal codes discussed by Shannon (1949, ref. 19}
needs to be devised for the sensory input, and the steps required to do
this are considered. Flnally, a modified form of such recoding is proposed,
some evidence that 1t occurs 1s brought forward, and it 1s suggested that
the ldea may be extended to cover some of the processes golng on in con-
sclousness and called reasoning or intelligence.
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1. THE SENSORY INFLOW

{a) Properties of Nerve Fibres

We are equlpped with sensory instruments of astonishing sensitivity and
versatillty whilch supply iInformation about the environment to the central
nervous system. This information 1s carried along nerve fibres, and since a
good deal Is known about what these fibres can and cannot do, one can derlve
an approximate upper limit to the rate at which information enters the
brain., If the simple assumptlons are made that (1) the maximum frequency of
impulses 1s 700/sec, and (11) In 1/700th.sec a nerve can only be used to
indicate the presence or absence of an impulse, then the maxlmum rate at
which 1t can transmit Infermation 1s 700 bits/sec. Mackay and McCulloch
(1952, ref. 16) polint out that the nerve might be used more efficlently 1f,
Instead of detecting the presence or absence of an Impulse, the Intervals
between Impulses are used to convey Information. Using such pulse interval
modulation, and assuming (1) accuracy ol estimation of intervals of
0.05 msec, (11) a minimum Interval of 1 msec, they glve the maximum capaclity
as 2880 blts/sec. This would require a mean frequency of 670 lmpulses/sec,
but at a mean frequency of 50/sec, such pulse Iinterval modulation still
allows 500 blts/sec to be transmitted. These flgures are actually too low,
because Mackay and McCulloch Incorrectly assumed that the optimum distribu-
tion of intervals was uniform instead of exponential: however, 1f the other
assumptions are granted, they show clearly that a single nerve flbre could )
be used to transmit information at a rate well above 1000 bits/sec.

The total capacity of the sensory Inflow appears to be above 3 X 109
bits/sec, but 1t is certain that nothing like the full capacity 1s utllised.
The mean frequency of Impulses must be far below the optimum; peripheral
nerves appear to use pulse frequency rather than pulse interval modulation,
S0 that there will be high serial correlations between the values of Inter-
vals; furthermore, there are generally considerable overlaps In the plck-up
areas of nelghbouring flbres, which are therefore bound to show correlated
activity, Finally, the figure for the performance of a nerve fibre glven
above might be approximately true for the large diameter fibres, but those
of smaller diameter, which make up a large fraction of the total number,
must have a smaller capaclty. It would be pure guesswork to try to allow
for these factors, but one can get indicatlions of the utilised capaclty from
twWo other sources.

(b) Sensory Ability

Jacobson (1950, 1951 refs.13,14) has made estimates of the Informatlonal
capacity of the ear and the eye. For the ear he calculated 50,000 blts/sec
from the number of discriminable pltches (about 1450), Cthe number of dlscri-
minable Intensities at each pitch (average about 230), and the time required

(94009) 4~1.p6

%



Barlow HB (1959). Sensory mechanisms, the reduction of redundancy, and intelligence.

NPL Symposiunt on the Mechanization of Fhought Precess: Neo.-10;pp 535-539, HM Stationery Office,-London

to make such discriminations (1/4 sec). Thls does not make any allowance
for masking - the observed fact that the presence of one tone interferes
with the perception of other tones, Jacobson calculated that this would
reduce the information capaclty by a factor of about six, bringing it

down to 8,000 blts/sec., Now there are 30,000 nerve fibres from the ear, so
each fibre must carry an average of about 0.3 bits per sec.

For the eye he calculated from published data of central and peripheral
acuity that there were 240,000 resolvable elements in the visual fleld (he
seems to omit a factor of two in the integratlion, but this is perhaps com-
pensated by the rather high figure for acuity which he uses)., He supposes
that each element can be discriminated at two Iintensities, with an average
temporal resolution of 1718 sec. These flgures give 4.3 X 106 bits/sec, In
the optic nerve there are Just under a million fibres, so about 5 bits/sec
are conveyed on the average by each flbre,

These are crude estimates. For Instance, no account has been taken of
colour discrimination, or of the ablllity to localise a sound by blnaural
effect and Judge depth by stereoscoplc vision., Nevertheless, they are pro-
bably of the right order of magnitude and they are probably good enough Lo
Justify the clalm that optic nerve flbres carry much more informatlion than

) those of the audltory nerve. This may be slgnificant and willl be referred

to later.
These figures suggest that total sensory inflow along the three milllion

sensory fibres is rather under 107 bits/sec.

{c) Communicattion bandwidths

The capaclity of the communication channels engineers need to transmit
auditory and visual signals is clearly related to the capaclty of the
sensory pathways. Engineers, In the Interests of economy, may be exXpected
to try to use the narrowest bandwidths whilch willl satisfactorily loed up
the sense organs involved, and recipients may be expected to insist that
such satisfactory loading is not too far short of normal loading.

Ten k.c, bandwidth at 40 d.b. signal noise ratlio give a good quality
auditory signal, and has a capacity of 133,000 bits/sec. Thls Is more than
ten tlmes Jacobson's final figure for the capacity of the ear (8,000 blts/
sec), and the discrepancy 1s presumably due to (1) the transmlssion of
relative phases of the frequency components, which gives information not
utilised by the ear - at least in the type of discrimination taken account
of by Jacobson; (I11) the fallure of the engineer to exploit the loss of
effliciency of the ear which results from masking.

A satisfactory 400 line television picture requires three megacycle
bandwidth at about 10 d.b., signal-nolse ratlo, and thls corresponds to
1.2 x 107 bitsjsec. One 1s much more aware that such a televislion plcture
falls short of one's normal visual signals than one is In the case of a
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10 K.c, 40 d.b. auditory signal because it does not fill the visual field,
and lacks detall and colour, but it is still more than double Jacobson's v
estimate of the eye's capacity. In this case the most notable matching ’
errors are the fallure to explolt (1) low peripheral aculty of the eye,
(11) reduced temporal and spatial resolving power in low Intensity regions
of the image.

Engineers seem to require 5 - 10 blts/sec channel capaclty per nerve
fibre to load up our sensory pathways, but the discrepancies between this
figure and those obtained from direct estimates of sensory abllities can
probably be attributed to poor matching.

(d) Time of storage N

Not only 1is the Input to the nervous system enormous, but some, at
least, of the messages recelived are stored for very long perlods., Most
people would agree that sensory impressions can be recalled after a lapse
of, say, 70 years, and sometimes a person can produce objective evidence of
the accuracy of his recollections. In addition there are, of course, many
sensory Impressions which cannot be recalled, but which have, none the !
less, left thelr mark: we do not remember the successes and fallures by '
whlch we acqulired the correct usage of 'yes' and 'no', but thls correct :
usage Is often retained beyond the retiring age. If one allows for fifty Q\) L S
years of waking 11fe, the total sensory input 1s something like 1016 bits.

Complete storage of all this information is neither likely to be possible %E
nor, of course, is it what is needed, g

(e) Fate of Sensory Information

The rest of thils paper 1s about a suggested plan of storing and dlsplay-
ing this enormous sensory Iinput, but one must first have some ldea of the
use that 1s made of the sensory information and the neural equipment which
is avallable for dealing with it. According to Cralk (1942, ref,y) the sen-
sory Information is used to build up a model of the external world which
provides a basis for determining what course of action is most 1llkely to
lead to the survival of the individual and his species. That 1s a brief
answer to the first question, and it also glves the answer to another fact
which might otherwise be puzzling. A man can only make decisions on the
baslis of sensory information at a maximum rate of about 5 to 25 bits/sec,
(Hick, 1952, ref.11 Quastel, 1956, ref.18): why, then, does he need a
sensory input of 107 bits/sec.? Cralk's answer would probably have bDeen
that the greater the sensory input the more complete and accurate the
model, and hence the surer its basis for planning survival,

The question of the equipment avallable can also, because of our lgnor-
rance, be answered brlefly. There are some 1010 interconnecting nerve cells
in the central nervous system, and quite a large proportion of them must be
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avallable for the task of dealing with the sensory input and bullding up
the model. We are only beginning to determine the properties of these
cells; 1t has been known that thelr long processes transmit information as
all-or-none Iimpulses for more than fifty years, but how information Is
stored Is not yet understood. In what follows I shall be talking about
what the nervous system does rather than how it does It, so our lgnorance
of the method of storage of informatlon ls not too serious. The problem
might be dliscussed abstractly, but for the sake of a definite model one can
think of each nerve cell having "excitatlion laws" which determline the con-
ditions under which it becomes active, and suppose that these laws can be
changed so that it becomes actlve in response to a different set of
patterns of activity in the nerve cells in contact with 1t, The exclitation
laws for all the neurones would then form a store of Informatlion and the
current display would consist of the pattern of nerve cells which are
actually transmitting impulses down thelr long processes at any glven
moment,

With this model 1in mind the problem 1s: what should the excitatlion laws
0of the neurones be, and how should they be alterable, in order that the
display of activity shall help the Individual and specles to survive in
the situation giving rise to the current sensory input? To avoid basing
the argument on uncertain preconceptions of what the brain does, one could
put it in more general terms In this way. The barrage of nervous Ilmpluses
reaching the nervous system seems to be unmanageably large; how should a
selection of thls activity be made for current display and future
reference?

2, ORGANISATION OF THE SENSORY INPUT

The proposition is that the initlal selection is performed according to
those statistical properties of the past sensory messages which determine

~how much Information particular impulses convey. It 1s supposed that the

‘sensory messages are submitted to a succession of re-coding operations
which result in reduction of redundancy and liricrease of relatlve entropy

‘0f the messages which get through. Ideally one might imagine that an

optimal code 1s constructed, so that the output, or "display" of current
input, has no redundancy, relative entropy 1, and carrles all the informa-
tion of the input, This ldeal obvlously cannot be reached, but the re-
coding operations are supposed to tend towards the ideal: that 1s, outputs
are derlved from the input, which have high relative entropy and carry as
much of its Information as possible.

Shannon has shown that 1t is possible in principle to obtaln near
optimal codlng 1f a sufficient number of messages of a given length have
occurred to glve kncwledge of the statistlcal structure of the messages,
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and 1f delays are permitted between Input and output. Fano and Kuffman
(1953, ref.12) have described procedures for constructing such codes, The
first steps are to define what shall constitute a single message and then
to measure the frequency of occurrence of all possible messages of thls
class, Clearly the class cannot be the whole of the sensory input to the
brain up to a particular moment, for this message has only occurred once,
The input must be sub-divided In time, and first consider the operation
required to re-code messages of duration, say, one second, The capaclity of
the Input channel has been shown to be about 3 X 109 bits/sec. which
corresponds to 1O(thousand million) possible messages per second. If one
takes account of the restrictions which reduce the utilised capacity to
some 107 blts/sec., and considers messages of one-~tenth second duration,'
there are still some 10300’000 possible messages, It would clearly be hope-
less to devote neural equipment to the counting of each possible message,
for 1t 1s highly Improbable that any single message will be exactly
repeated and most of such equipment would be unused at death, This s,
essentially, the same difficulty that was levelled against the ldea that
conditional probabllity devices could be served wlth unprocessed sensory
data, but when one considers optimal coding there Is a possible solutlon,
Because the code 1s reversible, no information 1is lost by re-coding small
sections of the sensory input independently, and such preliminary re-coding
will enable the whole message to be passed down a channel of smaller
capaclity, and thus facllitate subsequent steps.

The idea 1s best 1llustrated by consldering the order in which different
types of redundancy might be encountered, and eliminated, during the
successive re-coding operations., First there Is the very large amount which
results from the Inefficlent utilisation of perlipheral nerve flbres. LooOk-
ing only at the nerve impulses as they arrive, 1t would be found that

“impulses occurred at different mean rates in different fibres and in all
of them at rates well below the optimal frequency for informatlon trans-
mission. This type of Inefficient utilisation of a set of cormunication
channels {s a form of redundancy, but for reasons discussed later (Section
4) 1t may be less ilmportant to eliminate than other forms: for the moment
one can consider the capaclity of a nerve fibre as determined, not by maxi-
mum frequency of impulses, Dbut by the mean frequency at which they occur.

Next, still looking only at the impulses as they reach the central
nervous system, 1t would be found that Impulses do not occur completely at
random in time but tend to follow one another in sequences and bursts: the
first re-coding operation might be a mechanism which reduced the serial
correlations so that the same amount of Information was carrled by fewer
impulses. In addition 1t would be round that certain groups of nerve
fibres tended to become active at the same time, These would be fibres
whose receptive flelds on the sensory surface overlapped, so that thls
particular form of redundancy results from the anatomical properties of
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fibres and sense organs, jusﬁ as the serial correlations in time result from
the fact the Intenslity of a stimulus 1s coded as frequency of impulses at
the sense organs.

These first steps, then, would reduce the orderliness in the sensory
messages which results from characteristics of the sensory apparatus, But if
thls orderliness can be ellminated, so can that resulting from the charac-
teristics of the environment which 1is providing these stimull. For instance,
1t will often happen that a stimulus covers more than a single polnt on the
sensory surface and therefore causes activity in a group of fibres larger
than those whose receptive flelds overlap. Advantage could be taken of this
to reduce the number of impulses required to convey information about such a
stimulus. Agaln, a stimulus will often be moved across a sensory surface
causing excltation in sequences of nerve flbres. Such repeated, ordered,
sequences of activity would be a form of redundancy which could be reduced
by sultable re-coding. In fact, any pattern of stimull which represents a
departure from complete randomness - such as simultanecus stimull at different
points on the sensory surface, stimull which are maintalned for long dura-
tion of time, ordered sequences or cycles of stimull - present an ¢pportun-
1ty of reduclng the magnitude of the sensory Inflow by sultable re-coding.
It 1s clear that many of the complex features of our environment will come
into thils category. For instance, the stimuli which result from an animal's
parents or its habltat are repeated frequently, and economies could be
effected by reducing the space In the sensory representation occupled by
these familiar stimull and allowing more space for the infrequent and
unexpected stimull.

It Is suggested, then, that the processing or organisation of sensory
messages 1s carried out by devising a succession of optimal or near-optimal
codes adapted to the messages which have been recelved, In the early stages
the total Inflow will be sub~divided Into many small sections, presumably
taking in each section the messages coming along nelghbouring fibres during
a short interval of time. In the later stages the coded outputs will Dbe
re-mixed, possibly with the addition of delayed inputs (as utllised by
Uttley in conditional probablility devices) to allow detection of movement
and other ordered sequences of activity, and then will be subt-divided agaln
into small sections. Thus in the later stages the nerve messages belng
re-coded may be derived from more and more remote parts of the sensory in-
flow and may also come from sensory stimuli more and more separated from
each other in time of occurrence, It will be seen that at each stage storage
of some of the sensory information is required in order to construct the
optimal code, and thus the code itself forms a kind of memory.

Now the idea that our brains detect order in the environment 1s not new.
Empiricist philosophers have talked of percepts Deling assoclated sense
impressions, and of causality corresponding to invariant succession of
sense Impressions. Behavliourists have emphasised the Importance of
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assoclatlon, and Gestalt psychologlists talk of ordering sensatlion according
to certaln schemata (though here there seems to be some confusion as to VY]
whether the ordered schemata are derived from sensations or imposed upon
them). Thus the fact that our higher centres are much concerned with the
redundancy of the sensory messages has often been pointed out, but two
aspects of this fact have not, I think, been so wldely recognized. First,
the detectlion of redundancy enables the sensory messages to be represented
or dlsplayed in a more compact form; and second, the reduction of redundancy
i1s a task which can be subdivided and performed In stages. Figure 2 shows
diagrammatically how the suggested scheme of storage and display compares
with more .othodox representations of memory and consciousness, It will De
seen that in the present scheme a large part of the storage of Information
occurs before the dlsplay - that 1s before the level of re-codlng which
might correspond tc consclous awareness of sensory stimull. The re-coding

is supposed to continue at consclous levels, so some of the Informatlon
reaching consciousness is also stored, but this would only be suffi-

clent, first, to enable the process of bullding up the code to contlinue,

and second to enable "useful" assoclatlon to be made Detween motor acts and
features of the current sensory input (e.g, between salivation and bell).

.
i,

l\//

Sensory Messages. Sensory Messages

1

Various  filters
transformations etc

Recodﬁng subdivided
and in stagqes.

Consciousness

Storage.

Memory

Display.

Flg.2. Diagram contrastlng memory after consclousness in orthodox scheme with
storage before display in optimal coding scheme.
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It seems a help to conslder the processing of sensory information as
optimal or near-optimal coding for two reasons. Practically, it enables the
subject to be approached along tne firm path of sensory physiology instead
of through the shifting sands of consclous Introspection and phllosophy.
And conceptually it shows a way In which complete mental acts, which seem
appalling in their complicatlon and perfection, may be subt-divided into a
succession of much simpler operatlons; this is clearly a prereguisite for
galning an understanding of the physiological basis of mental function,
It Is weorth noting that the possibility of sub-division rests on
Shannon's proof of the possiblllity of near-optimal codlng; 1f the early
transformations of the sensory information were not reversible, redundant
features which are detected later might be lost: and if the earlier trans- . X
formatlons did not increase the relative entropy of the messages, they
would not facllitate the detection of higher order redundancy. ;

3. DESIRABILITY OF OPTIMAL CODING

In the last sectlon an outline scheme for dealing with the enormous
sensory inflow was suggested. In this section some reasons for the desir-
abllity of optimal coding are put forward. It will Pe argued that 1t 1is ‘ h~
desirable on the grounds of accessibility, stability, and economy, and B
because 1t requlires storage of information sufficlent to form a model of
the animal's environment, Of course, such arguments for 1ts desirability are
not sufficlent reasons for belleving that it actually occurs,

(a) Accessibility. P

Optimal coding will improve the accessibllity of information in two ways.
First, the capacity of the display required for the current sensory input
will be decreased. This simplifles the task of finding useful assoclatlons

» Just as reducing the size of a haystack simplifies the task of finding

needles. The second way !s less obvious. In messages of hlgh relative
entropy, the probabllity of a given message occurring ls close to the pro-
duct of the probabllities of the Individual signs which make 1t up. Now &

dog feeds once or twice a day, and when looking for sensory correlates of
salivation it would not be worthwhile to search among combinations of
individuel signs whose probabllity of jolnt occurrence was so low that they
would be expected only, say, once a week, nor amongst those whose probablllity
was so high that they would be expected, say, once an hour., If the input to

a conditional probability device is known to be of high relatlve entropy,
great economles of design are possible.
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(b) Stability

It 1s sometimes argued that redundancy !s a good thing because 1t pro- YY)
tects a message from nolse, There may well be random effects inside the
nervous system agalnst which the storage and display of sensory Information
needs protecticn, but the redundancy of the Internal representation which
would achleve thls 1s not In general the same as the redundancy wnhich
occurs In the sensory input. When driving at night the {nternal representa-~
tion of a pedestrlan crossing the road requires as much protection as the
representation of the blinding glare from an oncoming car, but in the Iin-
coming sensory message the former may be represented by a barely signlficant
disturbance in the pattern of nerve impulses, the latter by high frequency
volleys of Impulses in many fibres. Stability of storage and display
require, at least, a re-adjustment of the redundancy of the sensory
messages.,

{c) Economy in transmission and storage,

Sensory information has to be transmitted from place to place In:the

central nervous system and the reduction of redundancy before thls 1s done

would enable the number of .Internal connecting fibres to be reduced. An

example where the economy so effected seems to be particularly desirable s ,
the connection between the eye and the braln. It would clearly Interfere D\
with the mobllity of the eye 1f the optlc nerve was very much larger than

it 1s, and according to Jacobsen's estimates 1t would have to be fifteen N
times larger 1f the nerve fibres were utilised as Inefficiently as they are

in the ear. The attalnment of this 15-fold economy may, as Jacobsen

suggests, be the main function of the nervous layer of the retina which

1inks receptors to optic nerve fibres. Squlds and octopuses form an inte-
"resting comparison, for they have eyes which are comparable optically to

those of vertebrates, but their retina is much simpler with no synaptic

layer - the optic nerve comes direct from the receptor cells, It 1s bulky,
contalning a vast number of fibres, and seems likely to be a factor res-

tricting the moblllty of thelr eyes,

The same argument might be applied to storage of Information, since it

is clearly more economical to store messages after thelr redundancy has

been reduced. Here, however, there !s a compllication, The devising of a
redundancy-reducing code requires storage of certain propertles of the

sensory message, and 1t has not been shown that more capaclty would be

saved by storing messages after re-coding than would be utilised in devis~

ing the code. The conditlon that thils should be so depends upon the number

of the times that the code, once devised, s subsequently utilised, but a
discussion of this point cannot go far without knowing what parts of the

sensory Inflow are In fact stored: the argument of the next sectlion ls that

the coder 1tself stores sufficlent information to form a working model of
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the animal's environment, and therefore represents a large fraction of the
total storage the animal needs.

(d) Modelling the Environment.

Cralk suggested that sensory information was used to form a model of the
animalt's environment. By a model one does not mean a simple copy of those
aspects of it which have glven rise to sensory stimuli: 1t must alsoc mimic
the structure of the environment, so that an operation performed on the
model will give the same result as the analogous operatlon performed on
the environment. When the schoolboy turns his model engine round, he
recelves visual stimull similar to those he would have received 1f a real
engine had been turned round in front of him. The model imposes restric-
tions on the sensory stimull which are recelved in certaln situatlions, these
restrictions being the same as those inherent 1n the properties of the
objJect modelled. Now 1t 1s preclsely these restrilctions - the departures
from complete randomness of the sensory input - which the coder utillses to
increase the relative entropy of the signals. The particular code adopted

" 1s related to the particular restrictions of past semsory inputs and is

therefore, in a sense, a model of the animal's enviromment., In the example
above, the model was statlc, but the restrictions must often be dynanmic;
sets of sensory stimull frequently follow one another In a repeated
sequence, and such repeated sequences wlll also be reflected In the parti-
cular code adopted, Thus the code contalns a working model of the environ-
ment.,

If the code stores sufficient information to form a model of the environ-
ment, 1ts potentlal use in alding survival 1s not confined to the provision
of a more compact display of the sensary input. But to make full, predic-
tive, use of these potentlalities scme additlonal faclility for getting at

thls stored information seems to be needed, To return to the earlier

example, what facility do we have for turning round the model englne Iin our
brain so that we can 100K at the other aspect?

4, MODIFIED RE-CODING

So far the type of optimal coding envisaged has been that described by
Shannon, Fano, and Huffman, in which the output is the smallest number of
binary signals capable of carrying the information of the Input. At first
sight this seems to be what s needed 1n the nervous system, for nerve
fibres transmit all or nothing impulses and thus seem to use a binary
system. lowever, 1t has already Deen pointed out that the mean frequency of
impulses 1s well below the optimal for Information transmission even in
peripheral nerve fibres, and there 1s some evidence which suggests that the
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mean frequency 1s even lower in the more central neurones {Galambos, 1954,

ref.6). Furthermore If the Shannon type of re-coding was occurring, one P }
would expect to find the sensory pathways becoming more and more compact as ‘
the sensory information was coded on to fewer and fewer elements. Thls does
occur Iin the retina, where some 108 sensory elements are connected to 106
nerve fibres, but as one follows the optlc nerve into the braln there !s no
evlidence of further compression on to a smaller number of nerves, but rather
the reverse. The strlate reglon of the cerebral cortex which Is mainly,
perhaps exclusively, concerned with vislion, contains some 108 nerve cells;
In other regions of the cortex there are about 6.5 X 109 cells (Sholl 1958,
ref. 20) many of which must be partlally concerned with visual informatlion,
Galambos (1954, ref.6) glves striking figures showing how the number of
nerve fibres available for auditory Iinformation Iincreases as one follows

the sensory pathway from ear to cortex.

These facts do not fit In with the idea that coding In the higher nervous
system compresses Information Into a smaller number of nerve fibres, and
‘suggest that, 1f optimal coding occurs, the output is not In the form of
binary slgnals at the optimum frequency for Information transmission.

For an engineer deslgning a communication link, the capaclty of the
channel 1s one of the factors under his control, and he can effect economles
by coding hls signals so that they require a smaller capacity. In the ner-
vous system the number of nerve fibres available for a particular task must,
to a large extent, be determined genetically. One may expect evolutionary.
adaptation to have performed part of the engineer's job in selecting sult- y )
able codes for the sensory signals, but such inherited codes obviously :
cannot be adapted to the redundancy of sensory input which 1s pecullar to
each Individual. Now although the number of nerve cells avallable 1s probt-
ably determined genetlcally, the number of Impulses In the nerve cells 1s
not, and scme of the advantages of optimal coding would apply 1f the incom
Ing Iinformatlon were coded - not onto the smallest possible number of nerve
fibres each working at its optimal mean frequency - but Iinto the smallest
possible number of Impulses in a relatively fixed number of nerves. This type
of coding can be epitomised as economy of impulses: the nervous system will
tend to code sensory messages so0 that they are represented, on the average,
by the smallest number of impulses In the nerve cells avallable. There 1is
an important difference between this type of re-coding and the Shannon -

Fano - Huffman type; the latter does not distingulsh between redundancy
caused by non-optimal frequency of utilisation of the individual signs of
the Input message, and that which 1s caused by correlation between signs.,
If impulses rather than nerve fibres are economised, mean Impulse frequen-
cies of the output will be as low as the rate of inflow of Informatlon
permits, and will thus possess maximum redundancy of the first type and

minimum redundancy of the second type.
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A reversible coding device 1s described In the appendlx which decreases
the frequency of occurrence of a pair of binary output signs by getting
rid of some of the redundancy caused by correlations between a palr of
binary input signals,

5. EVIDENCE

So far some grounds for believing that the optimal coding of sensory
informatlion would be desirable have been given, argulng from the enormous
quantity of Information pouring in and from rather vague ideas about what
the braln does with it. In this section some of the evidence in favour of
the vliew that 1t does actually occur s sketched, but this 1s intended to ‘
show the kind of consequences of optimal coding which may be found experi-
mentally, and 1s nelther a claim that it has been proved to occur, nor a
critical revliew of the evidence for and against 1t. The evidence comes
from a number of sources.

(a) Introspection of sense impressions

This 1s a notoriously unreliable way of obtalning sclentifically valid
evidence, but 1t Is immedlately accessible to everyone, so it comes first, N
If the hypothesls 1s correct, the sensory messages reaching consclousness k~
wlll have been partially re-coded, and will therefore have higher relative
entropy and lower redundancy than the raw sensory messages. This seems to
me likely to be true of the furniture of my own consclousness, and others
may feel 1t Is true also: 1f, however, somebody did not agree I don't think
I could persuade him by verbal arguments. More objective evidence can be
obtalned by looking at some messages which do not reach consclousness but
which are known to be impressed on the sense organs., Examples of thls are
the shadows of the blood vessels which run on the retina In front of the
sensitive elements; the fact that 1f distorting or Inverting spectacles are
worn, after some days one ceases to be aware of the distortion or inverslion;
adaptation to the curlous tone quallty Imposed on all sounds by the average

o

- domestic wireless set and so on. In all of these examples there are features

of the sensory messages whlch are constantly repeated and are therefore
redundant; a code which Increased the relative entropy of the messages
might be expected to reduce thelr promlnence, and the fact that we cease to
be conscious of them suggests that this re-coding does take place before
sensory messages reach consclousness,

An experimental approach to thls problem may be possible through the In-
vestigation of threshold sensations., These are perhaps the simplest ele-
ments of our consclousness, and according to the hypothesls they should
tend to possess the highest possible relatlive entropy of a binary signal
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after the physical limltations of the stimulus and of the sense organs
have been taken Into account, and they should show a tendency to retalin )M
this property in a great diversity of stimulus condltions. -

(b) From sensory neuro-physiology.

During the past thirty years varlous types of relation have been
observed between an applied physicel stimulus and the resulting pattern of
nerve Impulses. Physlologlsts have perhaps got used to these transforma-
tions and no longer think of them as something requiring further Interpre-
tation, but possibly they can be looked upon as examples of the principle
of economy of impulses: the relation between the physical stimulus and the
occurrence of impulses 1s such that the number of impulses used to convey
information about the stimulus 1s lower than it would be with other, more
stralghtforward, relatlions.

(1) Adaptation. Wnen a sustalned physical stimulus s applied to a
.sense organ the nerve fibre often responds with a brief burst of Impulses
which rapldly decreases In frequency and 1s not sustalned for the curation
of the physlcal stimulus. In the left half of fig. 3 comparison of the
tralns of 1mpulses shows the economy brought about by adaptation. But it
can, of course, only be thought of as an economy when compared to a non- -
adapting ending, and even then only when the physical stimull naturally [
applied to the sense organ are frequently of a long~sustained type.
Nevertheless, where 1t occurs, adeptation would lead to economy of ilmpulses 0) )
and Adrian (1928, ref. 1), suggested that 1ts functlon might be to prevent '
an excessive number of impulses reaching the nervous system, -

(ii) Inversion. It can be seen from the T'ight half of fig.3 that an
adapting nerve fibre falls to signal the end of a sustalned stimulus. This
defect could be remedled by having one which dlscharged as shown in the
bottom line, and such nerve fibres are found. In the eye of the scallop
(Pecten) Hartline (1938, ref,9) showed that one group of flbres discharged
when a 1lght was switched on and another group of fibres discharged at
tofft, A similar, but rather more complex, slituatlon is found in the
vertebrate eye (Hartline 1928, ref,8; Granit, 1¢47, ref.?). This arrange-
ment might be thought of as making good some of the loss of Information
caused by adaptation.

(111) Lateral inhibition. Adaptation increases the relative entropy of
the nerve message by preventing many I1mpulses belng used to signal a physi-
cal stimulus which i1s constant In t!me., It 1s clear that physical stimull
will often be applied to many nelghbourling receptors silmultaneously, SO
there 15 a place for a spatial analogue of adaptation. The best worked out
example of this occurs in the lateral eye of Limulus, where the arrangement
shown in fig. 4 has been deduced by Hartline and hls co-workers (ref. i0).
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Time. N

Stimulus.

No adaptation. ” ”””H”' i

Adaptation. ”H -

Inversion.

Fig.3., Dlagram showing that adaptatlion leads to econory of Iimpulses when a
physical stimulus 1s of long duracion, and that inversion replaces
information lost by adaptation.

Apparently each receptor Iin the array exerts an Influence, graded accord-
ing to the number of Impulses 1t 1s itself producing, which reduces the
number of impulses given by nelghbouring receptor unlits. It will be seen
that the effect 1s to decrease the number of iImpulses coming from a
unlformly 1lluminated area, while the number coming from the borders of
the area are relatlvely unaffected. A simlilar situation exists in the frog
(Barlow 1953, ref.2) and cat retina (Kuffler, 1953, ref.15) and 1t has
also been described In the auditory (Galambos 1944, ref.5) and tactile
(Mountcastle, 1957 ref. 17; Amassian, 1958, ref.21) pathways.

' One feature of lateral Inhibition In the mammalian retina is of special
interest: it 1s found when the retina 1s adapted to a uniform background
light, but is absent after complete dark adaptatlon (Barlow, FitzHugh,
and Kuffler, 1957, ref.3). ¥Now it 1s only when the unlform background 1is
present that the correlated discharge of nelghbouring receptors will tend
to occur, so it locoks as though lateral Inhibition 1s not an invarlant
feature of the retlnal organisation, but develops In the conditlons where
1t can Increase the relative entropy of the optlic nerve signals. Perhaps
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Incident light intensity.

No lateral
Inhibition.
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Impulse Frequencies from receptor units.

Fig.4. Dlagram showing that lateral inhiblition leads to economy of impulses in a
uniformly 1lluminated area.

it 1s a simple example of ";earnt“ re-coding adapted to the redundancy
which 1s present.

Adaptation, Inverslon and lateral Inhiblition may thus be devices used 1in
the peripheral parts of sensory pathways to obtain slgnals of higher rela-
tive entropy. It is now possible to record the actlvity of more centrally
placed neurones, but the nervous system has outwltted the physliologist whoe
has so far been unable to determine the function of the cells whose nervous
responses he has recorded. The model described in the appendix does a
simple re-coding operatlion on twe binary inputs, but 1t would be a difficult
task to relate the output to past and present Inputs without some hint
about the purpose of the device. The reason, then, for putting forward the
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-optimal re-coding hypothesis 1s the hope that 1t may be better matched to

the subtlety of the nervous system than the slmpler hypotheses at present
entertained in physiology.

€. INTELLIGENCE

This word was added to the title in an incautious moment, but there are
reasons Justlfying 1ts inclusion, If it 1s accepted that the large size of
the sensory inflow precludes its direct utilisation in the control of
learnt motor actions, then the mechanism which organises this informatlion
must play an important part in the production of intelligent behaviour.

In addition, when one considers the two maln operations required for
optimal coding there ls a striking parallel with the two types of reasoning
which underlie intelligence.

The outputs of a code can be thought of as logical statements about the
Input, and, 1f the code Is reversible, these logical statements, taken
together, are sufficient to determine the exact Input. Forming these state-
ments and ensuring that they fulfll this condltion are stralghtforward pro-
blems of deductive logic. If -the code is optimal, the output statements
must be chosen so that they fulfil the additional condition that, on the
average, they are the smallest possible number which suffices to deternine
the input (for the type of modifled optimal code suggested In Section 4,
the additional condlitlon 1s that a fixed number of possible statements are
chosen for the output In such a way that the smallest number, on the
average, are asserted as true). The fulfllling of these additional condl-
tions 1s not exactly Inductive reasoning, but it 1s closely related to 1t,
for both depend on counting frequencles of occurrence of events. Having
been presented with 1000 whlte swans and no black ones, the relevant parts
of a code would say "henceforth regard all swans as white unless told
otherwise", Inductively one would say "all swans are white". The tools of
loglical reasoning appear to be the same as those needed for optimal coding,
8o perhaps they can be regarded as the verbal expression of rules for
handling facts which our nervous system uses constantly and automatically
to reduce the barrage of sensory lmpulses to useable proportions.

Filnally 1t should be made clear that the transformations of sensory
messages taking place In the nervous system must, in fact, fall a long way
short of true optimal codling: Information must be lost, and the final
"display" must still contain redundancy. However, the fact that the lmage
cast on the retina 1s not always sharp does not mean that the focussing of
light by the eye 1s unimportant, and the suggestion ls that optimal coding
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plays a part in the organisation of sensory information comparable with
image formation In the working of the eye. However, even 1f thls conjecture
Is correct, the means by which 1t 1s achleved, and such matters as the
classes of redundancy which are easlly and naturally utilised, and the
classes which are not, remaln largely undetermined,

APPENDIX
(In collaboration with P, E. K. Donaldson)

Object of device. To code reversibly and without delay a palr of blnary
inputs (4 and B) onto a palr of binary outputs (X and YJ so that the redun-
dancy of the output due to correlations is less than the same type of
redundancy in the Iinput.

Principle used. The Iinformation carried by the inputs will, in general, be

less than the capaclty of the input channels first because of redundancy

due to correlations between them (P(AB) # P(A).P(B)): second because the
frequency of signals in the individual channels 1s not optimum (P(4) # % and
P(B) # %). The principle used Is to Increase the redundancy of the second

type, and so decrease that of the first type. A palr of outputs are sought
which are reversibly related to the inputs, and one of which occurs with
probability further from the optimum (%) than one, or both, of the lnputs. .
The outputs carry the same information as the inputs, so that {f such a pair '
can be found, the redundancy due to correlation between them must De less

than is present in the inputs.

Possible Codes. There are four possible Input states (4B, AB AB and A&U
and four possible output states (XY, XY, XY, and XY). If the code is rever-
sible these must be related to each other in a one-to-one manner, which can
be done _In 24 ways. Now since X corresponds to a palr of output states
(XY + XY), the condition for activity in 4 must be the occurrence of efther
of a palr of the possible input _states, and llkewlse for Y There are six
suchpairs-AB+AB 4, AB+AB A, B+AB-B AB+ AB= BAB+AB-
(4 and B the same), and AB + 4B = (4 and B different). In addition, for
reversibility, the two palrs chosen must have a common member, for if this
was not so £ would always be active when Y was not actlve, and vice versa,
After a 1little cogltation 1t will be found -that there are 24 posslble
codes, which fall into 3 groups each contalning 8§ codes, the groups dilffer-
ing from each other in the respect which Interests us, namely the dlvislion
of redundancy between correlatlion~type and non-optimal-frequency-type. One
group does not differ from the input in thls respect. The other two groups
do differ, and they are made up of those 16 codes for which one or other of
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the outputs corresponds to elther A5 + 4B (4 and B alike) or AB + 4B (4 and
C B dlfferent).

Condition for success, then, is that elther P(4AB + A), or P(AB + ZB}, should
differ from 4 by more than one or other or both of P(4) and P(53). This is
not, of course, the same as the conditlon that 4 and # are correlated, so
the recoding does not always reduce correlation redundancy wnen thls (s
present. Successful recodlng occurs for the smallest departures from zero
correlation when elther P(A) or P(5) 1s close to 4.

Method, The device is made up of 6 similar units each of which compares two '
probabilities and operates a relay according to which 1s greater (see cir-
cult diagram, fig.s5).
(a) Probabilitles are measured by charging a leaky condenser when 4 (or
B etc.) = 1; hence they are weighted for recent events, the welghts
decreasing exponentially with lapse of time. These time welghted probabl-
litles are called P/(4), P'(4B_+ 4B}, ete. _ _
(b) P/(A) 1s compared with P/(A), P'(B) with P'B), and P'(AB + 48) with
P'(4B + AB). In each case a signal corresponding to the smaller of the )
palr 1s selected. Call these signals K, L, M.

C
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Flg.5. Circult diagram of recoding device.
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(c) P'(K) 1s compared with P'(L), P'(L) with P'(}), and P'(Y) with
P'(K). Switching is performed according to the result of these compari- ’”
sons so that N

X = smallest of X, L, M.
Y = next smallest of X, L, M.

Result. Tne result of these operations 1s more speclfic than the original
obJective In that one particular code is chosen from a group of 8, any one
of which would have met the requirements. The added speclficity results
from the fact that we have chosen outputs which occur least frequently, not
most frequently, and have arranged that P({) shall be less than P(Y).

Note that 1f there is any loglical relation In the inputs (e.g. 48 = 0),
then the outputs become mutually exclusive (P(XY) = 0). If there is a
double relation (e.g. A8 = 0 and 4B = 0), then only one output channel
operates (P(X) = 0). The device might be roughly described as one which
determines inductively what loglcal relations, 1f any, are obeyed by 1ts
Input. If two such relations are found, one output channel 1s not used;
1f one 1s found, the two outputs become mutually excluslve; 1f none is
-found, but there is statistical correlation between the Inputs, 1t will
sometimes find outputs which are less correlated.
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