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SENSORY MECHANISMS, THE REDUCTION OF
REDUNDANCY, AND INTELLIGENCE

by

DR. H.. B. BARLOW

SUMMARY

PSYCHO-PHYSICAL and physiologlical Investigations have shown that the eye
and the ear are remarkably efficlent Instruments: consequently the amount
of information being fed into the central nervous system nmust 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:
therefore some of the incoming information is stored for long perlods.

The argument 1s put forward that the storage and utilization of this
enormous sensory inflow would be made easier 1f the redundancy of the
Incoming messages was reduced. Some physiologlcal mechanisms which would
start to do thls are already known, but these appear to have arisen by
evolutionary adaptation of the organism to types of redundancy which are
always present in the environment of the species. Much of the sensory in-
put is not shared by all individuals of a specles (eg. stimuli provided by
parents, language, and geographical locality) so a device for "learning"
to reduce redundancy 1s required. Psychological experiments give indica- -
tions of such mechanisms operating at low levels in sensory pathways, and
"Intelligence® may involve the capacity to do the same at high levels.

In order to exemplify the operatlions contemplated, a device which
reduces the correlated activity of a palr of binary channels 1s described.

THE usual mechanistic approach to the higher nervous system begins with a
consideration of the factors which can be shown to have an immediate 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. Ifa). The next stage
1s to elaborate this by taking into account other sensory modalities,
inhibition, internuncial neurones, and controlling neurones from elsewhere
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Fig. 1. Diagram showlng approach to higher nervous function frommotor (effector) side.
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in the nervous system, as shown in fig, 1(b).~With all 1ts 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 adaptabllity to new surroundings which 1s charac-
teristlic of the higher nervous system, so the Pavlovian conditioned reflex
1s next Introduced. The principle here is that 1f there are two sensory
stimull (Bell and food in mouth), one of which (food in mouth) always pro-
duces a response (salivation), then 1f they occur jJointly with sufficlent
frequency, the one which, to begin with, did not cause a response, degins
to do so (Bell alone causes salivation). This 1s shown diagrammatically in
Sfig. 1(c), and 1s perhaps the simplest type of learning behaviour that has
been studled in animals, though it has not been investigated in a simple
1sclated preparation as the diagram might suggest. Uttley (1954, refs. 22
and 23) has clarified the princliples of operation of such mechanisms and
bullt conditional probability devices which show the same properties of
learning and inference.

Now the simple feedback diagram in fig. 1{a) has a single input channel,
Sfig. 1(b) and (c) have two inputs, and Uttley's machine has up to five in-
puts; but a human brain has something like 3 x 10° sensory nerve fibres
leading into 1t. If 1t could be supposed that a million or so devices like
that of fig, 1(c) would deal with the sensory inflow one would be well
satisfled with the understanding gained from this approach: but this is not
so. The essentlal operation 1n a conditional probability device 1s to
measure the frequency of occurrence of combinations of activity in the in-
put. Now if the number of binary inputs is increased from two to a million
the number of possible combinations is increased from 2° to 2(m11110n); an
arrangement like that of fig. 1(c) takes one less far than at first sight
appears, I think it follows from this consideration that conditional pro-
bablility machines cannot be fed with raw sensory information, and the
problem of digesting or processing the sensory information entering the
brain i1s an important one. Furthermore, modern electrophysiological
techniques are making it possible to record from nerve cells at various
levels in the sensory pathways, so this is a problem which is becoming
accessible to experimental investigation.

In this paper I have first tried to make rough estimates of the rate at
which information flows into the human brain. It 1s then suggested that an
essential step in organising this vast inflow is to derive signals of high
relative entropy from the highly redundant sensory messages, For this 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. Finally, a modified form of such recoding 1s proposed,
Some evidence that it occurs is brought forward, and it 1s suggested that
the 1dea 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) P?éﬁerties:of Nerve Fibres

We are equipped with sensory instruments of astonishing sensitivity and
versatility which supply information about the environment to the central
nervous system. This information is carried along nerve fibres, and since a
good deal is known about what these fibres can and cannot do, one can derive
an approximate upper limit to the rate at which information enters the
brain. If the simple assumptions are made that (1) the maximum frequency of
impulses is 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 maximum rate at
which 1t can transmit information is 700 bits/sec. Mackay and McCulloch
(1952, ref. 16) point out that the nerve might be used more efficlently 1if,
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 of estimation of intervals of
0.05 msec, (i1) a minimum interval of 1 msec, they give the maximum capacity
as 2880 bits/sec. Thls would requlre a mean frequency of 670 impulses/sec,
but at a mean frequency of 50/sec, such pulse interval modulation still
allows 500 bits/sec to be transmitted. These figures 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 fibre 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 10g
bits/sec, but it 1is certain that nothing 1ike the full capacity is utilised.
The mean frequency of impulses must be far below the optimum; peripheral
nerves appear to use pulse frequency rather than pulse interval modulation,
so that there will be high serilal correlations between the values of inter-
vals; - furthermore, there are generally considerable overlaps in the pick-up
areas of neighbouring fibres, which are therefore bound to show correlated
activity. Finally, the figure for the performance of a nerve fibre given
above might be approximately'Crue for the large diameter fibres, but those
of smaller diameter, which make up a large fraction of the total number,
must have a smaller capacity. It would be pure guesswork to try to allow
for these factors, but one can get indications of the utilised capacity from
two other sources.

{b) éensory Abtlzty

Jacobson (1950. 1951 refs. 13,14) has made estimates of the 1nrormat10nal
capacity of the ear and the eye. For the ear he calculated 50,000 bits/sec
from the number of discriminable pitches (about 1450), the number of discri-
minable Intensities at each pitch (average about 230), and the time required
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to make such discriminations (1/4 sec). This does not make any allowance
for masking - the observed fact that the presence of pne tone interferes
with the perception of other tones. Jacobson calculated that this would-
reduce the information capacity by a factor of about six, bringing it

down to 8,000 blts/sec. Now there are 30,000 nerve fibres from the ear, S0
each fibre must carry an average of about 0.3 bits per sec.

For the eye he calculated from published data of central and peripheray
aculty that there were 240,000 resolvable elements 1n the visual fleld (he
seems to omit a factor of two in the integration, but this is perhaps com=
pensated by the rather high figure for aculty which he uses). He supposes
that each element can be discriminated at two Intensities, wlth an average
temporal resolution of 1/18 sec. These flgures glve 4.3 X 108 bits/sec. In
the optic nerve there are jJust 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 ability to localise a sound by binaural
effect and Judge depth by stereoscoplc vislon., Nevertheless, they are pro-
bably of the right order of magnitude and they are probably good enough to
Justlify the claim that optic nerve flbres carry much more Information than
those of the auditory nerve, This may be significant and will be referred
to later.

These flgures suggest that total sensory inflow along the three million
sensory fibres 1s rather under 107 bits/sec.

(¢) Communication bandwidths

The capacity of the communication channels engineers need to transmit
auditory and visual signals is clearly related to the capaclity of the
sensory pathways. Englneers, In the interests of economy, may be expected
to try to use the narrowest bandwidths which will satisfactorily load up
the sense organs involved, and reciplents 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 ratio.give a good quallty
auditory signal, and has a capacity of 133,000 bits/sec. This is more than
ten times Jacobson's final figure for the capacity of the ear (8,000 bits/
sec), and the discrepancy 1s presumably due to (1) the transmission of
relative phases of the frequency components, which glves Information not
utilised by the ear - at least in the type of discrimination taken account
of by Jacobson; (11) the fallure of the engineer to exploit the loss of
efficlency of the ear which results from masking.

A satisfactory 400 line television picture requires three megacycle
bandwidth at about 10 d.b. signal-nolse ratio, and this corresponds to
1.2 x 107 bits/sec. One 1s much more aware that such a television picture
falls short of one's normal visual signals than one 1s in the case of a

(94009) 541



10 k.c. 40 d.b, auditory signal because 1t does not f1ll the visual field,
and lacks detall and colour, but it 1s still more than double Jacobson's
estimate of the eye's capacity. In this case the most notable matching
errors are the fallure to exploit (i) 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 bits/sec channel capaclty per nerve
fibre to load up our sensory pathways, but the discrepancies between this .
figure and those obtalned from direct estimates of sensory abllities can
probably be attributed to poor matching.

(d) Timé of storage

Not only 1s the Input to the nervous system enormous, but some, at
least, of the messages received 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 lImpressions which cannot be recalled, but which have, none the
less, left thelr mark: we do not remember the successes and failures by
which we acquired the correct usage of 'yes' and 'no', but this correct
usage 1s often retained beyond the retiring age. If one allows for fifty
years of waking 1ife, the total sensory input is something like 1016 bits,
Complete storage of all this Information Is neither likely to be possible
nor, of course, 1s it what is needed.,

(e} Fate of Sensory Information

The rest of this paper 1s about a suggested plan of storing and display-
ing this enormous sensory input, but one must first have some 1dea of the
use that 1s made of the sensory information and the neural equipment which
1s 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 1s most likely to
lead to the survival of the individual and his species. That is 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
basis 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 10’ blts/sec.? Cralk's answer would probably have been
that the greater the sensory input the more complete and accurate the
model, and hence the surer 1ts basis for planning survival,

The question of the equipment avallable can also, because of our ignor-
rance, be answered briefly. There are some 1010 interconnecting nerve cells
in the central nervous system, and quite a large proportion of themt 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; it has been known that their long processes transmit information as
all-or-none impulses for more than fifty years, but how information 1is
stored 1is not yet understood. In what follows I shall be talking about
what the nervous system does rather than how 1t does 1t, so our ignorance
of the method of storage of information 1s not too serious. The problem
might be discussed abstractly, but for the sake of a definite model one can
think of each nerve cell having "excitation laws® which determine the con-
ditions under which i1t becomes active, and suppose that these laws can be
changed so that 1t becomes active In response to a different set of
patterns of activity 1n the nerve cells in contact with 1t, The excitation
laws for all the neurones would then form a store of information and the
current display would consist of the pattern of nerve cells which are
actually transmitting Iimpulses down their long processes at any given
moment, )

With this model in mind the problem is: what should the excitation laws
of 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? Tp avold basing
the argument on uncertain preconceptions of what the braln does, one could
put it in more general terms in this way. The barrage of nervous Iimpluses
reaching the nervous system seems to be unmanageably large; how should a
selection of this activity be made for current display and future
reference?

2, ORGANISATION OF THE SENSORY INPUT

The proposition 1s that the inltial 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 increase of relative entropy
of 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 carries all the Informa-
tlon of the input. This ldeal obviously cannot be reached, but the re-
coding operations are supposed to tend towards the ideal: that is, outputs
are derlved from the input, which have high relative entropy and carry as
much of its information as possible. .

Shannon has shown that it is possible in principle to obtain near
Optimal coding if a sufficient number of messages of a glven length have
occurred to glve knowledge of the statistical structure of the messages,

(94009) 543



and.1f delays are permitted between input and output. Fano and Huffman
(1953, iref. 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 capacity of
the input channel has been shown to be about 3 x 10° bits/sec. which
corresponds to 1o{thousand milllon) ,oss1ble messages per second. If one
takes account of the restrictions which reduce the utilised capacity to
some 107 bits/sec., and considers messages of one-tenth second duratlon,
there are still some 10300’OOO possible messages., It would clearly be hope-
less to devote neural equipment to the counting of each possible message,
for it is highly improbable that any single message will be exactly
repeated and most of such equipment would be unused at death. This l1s,
essentlally, the same difficulty that was levelled agalnst the idea that
conditional probability devices could be served with unprocessed sensory
data, but when one considers optimal coding there 1s a possible solution.
Because the code 1is reversible, no information is 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
capaclty, and thus facilitate subsequent steps.

The 1dea is best illustrated by considering the order in which different
types of redundancy might be encountered, and eliminated, during the
successive re-coding operations., First there 1s the very large amount which
results from the inefficient utilisation of peripheral nerve fibres. Look-
ing only at the nerve impulses as they arrive, it 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 commnication
channels 1s a form of redundancy, but for reasons discussed later (Section
4) 1t may be less important to eliminate then other forms: for the moment
one can conslder the capacity of a nerve fibre as determined, not by maxi-
mum frequency of impulses, but by the mean frequency at which they occur.

Next, 'still looking only aﬁ,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 carried by fewer
impulses. In addition 1t would be found that certaln groups of nerve
tibres tended to become active at the same time. These would be fibres
whose receptive flelds on the sensory surface overlapped, so that thil$ ‘
particular form of redundancy results from the anatomical properties of
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tibres and sense organs, just as the serial correlations in time result from
the fact the Intensity 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 eliminated, so can that resulting from the charac-
teristics of the environment which 1s providing these stimuli. For instance,
1t will often happen that a stimulus covers more than a single point on the
sensory surface and therefore causes activity In a group of fibres larger
than those whose receptive fields 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 excitation in sequences of nerve fibres. Such repeated, ordered,
sequences of activity would be a form of redundancy which could be reduced
by suitable re-coding. In fact, any pattern of stimuli which represents a
departure from complete randcmness.— such as simultaneous stimuli at different
polnts on the sensory surface, stimull which are maintained for long dura=-
tion of time, ordered sequences or cycles of stimull - present an cpportun-
1ty of reducing the magnitude of the sensory inflow Ry sultable re-coding.
It 1s clear that many of the complex features of our environment will come
into this category. For Instance, the stimull which result from an animal‘'s
parents or its habitat are repeated frequently, and economles could .be
effected by reducing the space in the sensory representation occupied by
these familiar stimull and allowing more space for the infrequent and
unexpected stimuli,

It 1s suggested, then, that the processing or organisation of sensory
messages 1s carrled out by devising a succession of optimal or near—opt;mal
codes adapted to the messages which have been received. 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 be
re-mixed, possibly with the addition of delayed inputs (as utilised by
Uttley in conditional probability devices) to allow detection of movement
and other ordered sequences of activity, and then will be sub-divided again
Into small sections. Thus in the later stages the nerve messages being
re-coded may be derived from more and more remote parts of the sensory in-
flow and may also come from sensory stimull 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 1s required in order to construct the
optimal code, and thus the code 1tself 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 belng assoclated sense
Impressions, and of causality corresponding to invariant succession of
sense impressions. Behaviourists have emphasised the Importance of
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assoclation, and Gestalt psychologlsts talk of ordering sensation according
to certaln .schemata (though here there seems to be some confusion as to
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 widely recognized, First, -
the detection of redundancy enables the sensory messages to be represented
or displayed In a more compact form; and second, the reduction of redundancy
1s a task which can be subdivided and performed in stages. Figure 2 shows
dlagrammatically how the suggested scheme of storage and display compares
with more othodox representations of memory and consciousness. It will be
seen that In the present scheme a large part of the storage of information
occurs before the display - that is before the level of re-coding which
might correspond to consclous awareness of sensory stimulil. The re-coding

1s supposed to continue at conscious levels, so some of the information
reaching consclousness 1is also stored, but-'thls would only be suffi-

clent, first, to enable the proc2ss of buillding up the code to continue,

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

Sensory Messages. | Sensory Messaqges
Various filters (
transformaticns etc )
| | & | Recoding subdivided
2
Consciousness g{ and in stages.
)
Memory \

Display.

Fig.2. Diagram contrasting memory after consciousness in orthodox scheme with
storage bdefore display in optimal coding scheme.

5
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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 the firm path of sensory physlology instead
of through the shifting sands of conscious introspection and philosophy.
And conceptually it shows a way in which complete mental acts, which seem
appalling in their complication and perfection, may be sub-divided into a
succession of much simpler operations; this 1is clearly a prerequisite for
gaining an understanding of the physiologlcal basis of mental function.

It 1s worth noting that the possiblility of sub-division rests on
Shannon's proof of the possibility of near-optimal coding; 1f the early
transformations of the sensory information were not reversible, redundant
features which are detected later might be lost: and 1f the earlier trans-
formations did not increase the relative entropy of the messages, they
would not faclilitate the detectlion of higher order redundancy.

3. DESIRABILITY OF OPTIMAL CODING

In the last section an outllne scheme for dealing wilth the enormous
sensory inflow was suggested., In thls section some reasons for the desir-
abllity of optimal coding are put forward. It will be argued that 1t is
desirable on the grounds of accessibility, stabllity, and economy,  and
because 1t requires storage of information sufficlent to form a model of
the animalt's environment. Of course, such arguments for 1ts desirability. are
not sufficlent reasons for believing that it actually occurs.

(a) Accessibility.

Optimal coding will improve the accessibility of information in two ways.
First, the capaclity of the display required for the current sensory input
will be decreased. This simplifies the task of finding useful assoclations
Just as reducing the size of a haystack simplifies the task of finding
needles, The second way 1s less obvious. In messages of high relatlive
entropy, the probabllity of a given message occurring 1s close to the pro-
duct of the probabllities of the individual signs which make 1t up. Now a
dog feeds once or twice a day, and when looklng for sensory correlates of
salivation 1t would not be worthwhile to search among combinations of
individual signs whose probability of Joint occurrence was s0 low that they
would be expected only, say, once a week, nor amongst those whose probability
was so high that they would be expected, say, once an hour. If the input to
a conditional probabllity device is known to be of high relative entropy,
great economles of design are possible.
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(b) Stability

It 1s sometimes argued that redundancy 1s a good thing because it pro-
tects a message from noilse. There may well be random effects inside the
nervous system against which the storage and display of sensory information
needs protection, but the redundancy of the internal representation which
would achleve this i1s not in general the same as the redundancy which
occurs in the sensory input. When driving at night the internal representa=-
tion of a pedestrian crossing the road requires as much protection as the
representation of the blinding glare from an oncoming car, but in the 1in-
coming sensory message the former may be represented by a barely signiflcant
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.

(¢) Economy in transmission and storage.

Sensory information has to be transmitted from place to place ih 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 is
the connection between the eye and the brain, It would clearly interfere
with the moblility of the eye i1f the optic nerve was very much larger than .
1t 1s, and according to Jacobsen's estimates 1t would have to be fifteen
times larger 1f the nerve fibres were utilised as inefficlently as they are
in the ear, The attainment of this 15-fold economy may, as Jacobsen
suggests, be the main function of the nervous layer of the retina which
links receptors to optic nerve fibres. Squids and octopuses form an inte-
resting comparison, for they have eyes which are comparable optically to
those of vertebrates, but their retina i1s much simpler with no synaptic
layer - the optic nerve comes direct from the receptor cells., It is bulky,
containing a vast number of fibres, and seems likely to be a factor res-
tricting the mobility of their eyes. ,

The same argument might be applied to storage of information, since it
18 clearly more economical to store messages after their redundancy has
been reduced. Here, however, there 1s a complication. The devising of a
redundancy-reducing code requires storage of certain properties of the
sensory message, arid it has not been shown that more capacity would be
saved by storing messages after re~-coding than would be utilised in devis~
ing the code. The condition that this should be so depends upon the number
of the times that the code, once devised, is 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 section is that
the coder itself stores sufficient 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 Informatlon was used to form a model of the
animal's environment. By a model one does not mean a simple copy of those
aspects of 1t which have given rise to sensory stimull: 1t must also mimic
the structure of the environment, so that an operation performed on the
model will give the same result as the analogous operation performed on
the environment. When the schoolboy turns hils model engine round, he
receives visual stimull similar to those he would have received 1f a real
engine had been turned round in front of him. The model 1mposes restric-
tions on the sensory stimull which are received in certailn situations, thesec
restrictions belng the same as those inherent in the properties of the
objJect modelled. Now 1t 1s-precisely these restrictions - the departures
from complete randomness of the sensory input - which the coder utillses to
increase the relative entropy of the slgnals., The particular code adopted
1s related to the particular restrictions of past sensory inputs and 1is
therefore, in a sense, a model of the animal's environment. In the example
above, the model was static, but the restrictions must often be dynamic;
sets of sensory stimull frequently follow one another in a repeated
sequence, and such repeated sequences will also be reflected in the parti-
cular code adopted. Thus the code contains a working model of the environ-
ment.

If the code stores sufficient information to form a model of the environ-
ment, i1ts potential use in alding survival 1s not confined to the provision
of a more compact display of the sensary input. But to make full, predic-
tlve, use of these potentialities some additional facllity for getting at
this stored information seems to be needed. To return to the earller
example, what facility do we have for turning round the model engine Iin our
brain so that we can look 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 1s the smallest number of
binary signals capable of carrying the information of the input. At first
sight this seems to be what is needed in the nervous system, for nerve
tibres transmit all or nothing impulses and thus seem to use a binary
system., However, it has already been pointed out that the mean frequency of
impulses is 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 1f the Shannon type of re-coding was occurring, one
would expect to find the sensory pathways becoming more and more compact as
the sensory information was coded on to fewer and fewer elements. This does
occur In the retina, where some 108 sensory elements are connected to 108
nerve filbres, but as one follows the optic nerve into the brain there is no
evidence of further compression on to a smaller number of nerves, but rather
the reverse, The striate reglon of the cerebral cortex which 1s mainly,
perhaps exclusively, concerned with vision, contains some 108 nerve cells;
in other regions of the cortex there are about 6.5 x 10° cells (Sholl 1958,
ref. 20) many of which must be partially concerned with visual information.
Galambos (1954, ref.6) glves striking figures showing how the number of
nerve fibres avallable for auditory information increases as one follows
the sensory pathway from ear to cortex.

These facts do not fit in with the 1dea 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 1s not in the form of
binary signals at the optimum frequency for information transmission.

For an englneer designing a cormunication 1link, the capacity 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 avallable 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 suit-
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 available 1s prob-
ably determined genetlcally, the number of impulses in the nerve cells 1s
not, and some of the advantages of optimal coding would apply if the incom=
ing Information were coded - not onto the smallest possible number of nerve
fibres each working at its optimal mean frequency - but into the smallest
possible number of impulses in a relatively fixed number of nerves. This type
of coding can be epltomised as economy of impulses: the nervous system will
tend to code sensory messages so that they are represented, on the average,
by the smallest number of impulses In the nerve cells avallable., There is
an important di fference 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 sighs of
the input message, and that which 1s caused by correlation between signs.

If Impulses rather than nerve fibres are economised, mean impulse frequen-
cles of the output will be as low as the rate of inflow of information
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 1is described In the appendix which decreases
the frequency of occurrence of a palr 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
Information would be desirable have been glven, arguing from the enormous
quantity of Information pouring in.and from rather vague ideas about what
the brain does with it. In this section some of the evidence in favour of
the view that 1t does actually occur 1s sketched, but this is intended to
show the kind of consequences of optimal coding which may be found experi-
mentally, and 1s nelther a claim that 1t has been proved to occur, nor a
critical review of the evidence for and agalnst 1t. The evidence comes
from a number of sources. .

(a) Introspection of sense impressions

This 1s a notoriously unreliable way of obtalning scientifically valid
evidence, but 1t 1s immediately'accesslble to everyone, so it comes first,
If the hypotheslis 1s correct, the sensory messages reaching consciousness
will have been partlally 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: if, however, somebody did not agree I don't think
I could persuade him by verbal arguments. More objJective evidence can be
obtained by looking at some messages which do not reach consclousness but
which are known to be impressed on the sense organs., Examples of this 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 dlstortion or Iinversion;
adaptation to the curlous tone quality imposed on all sounds by the average
domestic wireless set and so on. In all of these examples there are features
of the sensory messages which 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 thls re-coding does take place before
sensory messages reach consciousness,

An experimental approach to this 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 hypothesis they should
tend to possess the highest possible relative entropy of a binary slgnal
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after the physical limitations of the stimulus and of the sense organs
have been taken into account, and they should show ‘a tendency to retain
this property in a great diversity of stimulus conditions.

(b) From sensory neuro-physiology.

,buring the past thirty years various types of relation have been
observed between an applied physical stimulus and the resulting pattern of
nerve impulses. Physiologlsts 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 is lower than it would be with other, more
straightforward, relations. '

(1) Adaptation. When a sustalned physical stimulus is applied to a
sense organ the nerve fibre often responds with a brief burst of impulses
which rapidly decreases in frequency and is not sustalned for the duration
of the physical stimulus. In the left half of fig. 3 comparison of the
trains of impulses shows the economy brought about by adaptation. But 1t
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, adaptation would lead to economy of 1lmpulses
and Adrian (1928, ref. 1), suggested that 1ts function might be to prevent
an excessive number of impulses reaching the nervous system.

(%) Inversion. It can be seen from the right half of fig. 3 that an
adapting nerve fibre fails to signal the end of a sustained stimulus. Thls
defect could be remedied by having one which discharged 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 fibres discharged
when a light was switched on and another group of fibres discharged at
1off', A similar, but rather more complex, situation 1s found in the
vertebrate eye (Hartline 1938, ref.8 Oranit, 1947, ref.?)..This arrange-
ment might be thought of as making good some of the loss of information
caused by adaptation.

(iii) Lateral inhibition. Adaptation increases the relative entropy of
the nerve message by preventing many impulses being used to signal a physi~
cal stimulus which 1s constant in time. It 1s clear that physical stimull
will often be applied to many neighbouring receptors simultaneously, SO
there 1s 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 his co-workers (ref. 10),
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gSti mulus.
No odaptqtion. l l l l [ “ I I I “ “

Adcptdiibn. " ” l

Inversion. o "“ I l

Fig.3. Diagram showing that adaptation leads to economy of impulses when a
physical stimulus 1s of long duration, and that inversion replaces
iInformation lost by adaptation.

Apparently each receptor in the array exerts an influence, graded accord-
ing to the number of impulses it 1s itself producing, which reduces the
number of impulses given by nelghbouring receptor units. It will be seen
that the effect 1s to decrease the number of impulses coming from a
uniformly i{lluminated area, while the number coming from the borders ot
the area are relatively unaffected. A similar situation exists in the frog
(Barlow 1953, ref.2) and cat retina (Kufrler, 1953, ref. 15) and it has
also been described in the auditory (Galambos 1944, ref.5) and tactile
(Mountcastle, 1957 ref. 17, Amasslan, 1958, ref.21) pathways.

One feature of lateral inhibitlon in the mammalian retina is of special
Interest: 1t 1s found when the retina ls adapted to a uniform background
light, but 1s absent after complete dark adaptation (Barlow, FitzHugh, .
and Kuffler, 1957, ref.3). Now it 1s only when the uniform background 1s
present that the correlated discharge of nelghbouring receptors will tend
to occur, so it looks as though lateral inhiblition 1s not an invariant
feature of the retinal organisation, but develops in the conditlions where
i1t can increase the relative entropy of the optic nerve signals. Perhaps

(94009) 553



Distance across eye.

Incident light intensity.

No lateral
Inhibition.

Inhibition

Impulse Frequencies from receptor units.
With lateral

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

it 1s a simple example of "learnt" re~coding adapted to the redundancy
which 1s present.

Adaptation, inversicn and lateral inhibltion may thus be devices used in
the peripheral parts of sensory pathways to obtaln signals of higher rela-
tive entropy. It 1s now possible to record the activity of more centrally
placed neurcnes, but the nervous system has outwitted the bhysiologist who
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 operation on two binary inputs, but 1t would be a diftficult
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 it may be better matched to
the subtlety of the nervous system than the simpler hypotheses at present
entertained in physiology.

6. INTELLIGENCE

This word was added to the title in an incautious moment, but there are
reasons Justifylng its inclusion. If it is accepted that the large size of
the sensory Inflow precludes 1ts direct utilisation in the control of
learnt motor actlons, then the mechanism which organises this information
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 1s a striking parallel with the two types of reasoning
which underlie Intelligence. -

The outputs of a code can be thought of as loglcal statements about the
input, and, 1f the code 1s reversible, these logical statements, taken
together, are sufficlent to determine the exact input. Forming these state-
ments and ensuring that they fulfil this condition are straightforward pro-
blems of deductive logic. If the code 1s optimal, the output statements
must be chosen so that they fulfil the additlonal condition that, on the
average, they are the smallest possible number which suffices to determine
the input (for the type of modifled optimal code suggested in Section 4,
the additional condition is 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 condi-
tions 1s not exactly inductive reasoning, but it i1s closely related to it,
for both depend on counting frequenclies of occurrence of events, Having
been presented with 1000 white swans and no black ones, the relevant parts
of a code would say "henceforth regard all swans as white unless told
Otherwlse". Inductlvely one would say "all swans are white". The tools of
loglcal reasoning appear to be the same as those needed for optimal coding,:
SO 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 impulses to useable proportions.

Finally 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 coding: Information must be lost, and the final
"display" must still contaln redundancy. However, the fact that the 1mage
cast on the retina 1s not always sharp does not mean that the focussing of
light by the eye 1s unimportant, and the suggestion 1s 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 this conjecture
1s correct, the means by which 1t is achleved, and such matters as the
classes of redundancy which are easily and naturally utilised, and the
classes which are not, remain largely undetermined.

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

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

Principle used. The information carried by the inputs will, in general, be
less than the capacity of the 1rput 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) # 3). The principle used 1s 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 (4) than one, or both, of the inputs,
The outputs carry the same information as the Inputs, so that if such a pair
can be found, the redundancy due to correlation between them must be less

than 1s present in the inputs.

Possible Codes. There are four possitle Input states (4B, AB, AB, and AB),
and four possible output states (XY,XY, Y, and XY). If the code 1s rever-
slble 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 pair of output states
(XY + 133, the condition for activity in X must be the occurrence of either
of a palr of the po§§1b1e 1nput_§tatg§. and llkewlse £9r Z&_Thg;e are six
such pairs:~ AB+ AB=A, AB+ AB= A4, AB+ AB=DB, AB+ AB= B AB + 4B =
(A and B the same), and AB + 4B = (4 and B different). In additlion, for
reversibility, the two pairs chosen must have a common member, for 1f this
was not so X would always be active when Y was not active, and vice versa.
After a little cogitation 1t will be found that there are 24 possible
codes, which fall into 3 groups each contalning 8 codes, the groups differ-
ing from each other in the respect which Interests us, namely the division
of redundancy between correlation-type and non-optimal-frequency-type. One
group does not differ from the input in this respect. The other two groups
do differ, and they are made up of those 18 codes for which one or other of
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the outputs corresponds to either A8 + 4B (4 and B alike) or A5 + 1B (4 and
5 different).

Condition for success, then, 1s that elther P(4B'+ 4B), or P(45 + A3), should -
differ from 4 by more than one or other or both of P(4) and P(B). This is
not, of course, the same as the condition that A4 and B are correlated, so
the recoding does not always reduce correlation redundancy when this Is
present. Successful recoding occurs for the smallest departures from zero
correlation when either P(4) or P(B) 1s close to 4. .

Method, The device 1s made up of 6 similar units each of which compares two
probabllities and operates a relay according to which is greater (see cir-
cult dlagram, fig. s5).
(a) Probabilitles are measured by charging a leaky condenser when 4 (or
B etc.) £ 1; hence they are welghted for recent events, the welghts
“ decreasing exponentially with lapse of time., These time welghted probabi-
litles are called P’(4), P'(AB_+ AB), etc. _
(0) P'(4) 1s compared with P’(A) P'(B) with P’B} and P'(AB + AB) with
P'(4B + A5). In each case a signal corresponding to the smaller of the
pair is selected. Call these signals K, L, M.

BtABRA p, | ) "
N L\ . @:ammx —+
tor. of .("‘_ "t
+ I—W:;#)_ ? w YGE) n.
I (AB + Ag):A - ] i
P K o>
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Fig.5. Circult diagram of recoding device.
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(c) P'(K) 1s compared with P’(L), P'(L) with P'(M), and P'(M) with
P'(K). switching is performed according to the result of these compari-
sons so that

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

Result, The result of these operations 1s more specific 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 specificity results
from the fact that we have chosen outputs which occur least frequently, not
most frequently, and have arranged that P(X) shall be less than P(Y).

Note that 1f there 1s any logical relation in the inputs (e.g. AB = 0),
then the outputs become_mutually exclusive (P(XY) = 0). If there is a
double relation (e.g. 458 =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 logical relations, if any, are obeyed by its
fnput. If two such relations are found, one output channel is not used;
if one 1s found, the two outputs become mutually exclusive; 1f none 1s
found, but there 1s statistical correlation between the inputs, it will
sometimes find outputs which are less correlated.
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DISCUSSION ON THE PAPER BY DR. H. B. BARLOW

DR, I. C. WHIfFIELD: This 1s a very interesting hypothesls about the way
the apparently large information 1nput into sensory systems 1s hagdled.

1 think I am possibly one of the people referred to who does not agree
with the estimates, which Dr. Barlow quotes, of what the informatlonal
intake 1s, The assumptlons involved in obtaining such estimates appear to
me to be unsound, There certalnly 1s however a very large potential
informational input, and I think we would agree that thls must be handled
in some way in the system, elther by selecting the information which is
going to be used, or else by re-packing it as Dr. Barlow suggests, with
the reduction of redundancy.

The central problem seems to be in this question of unreliability in
the units of the system. My own feeling is that there may be 1n the sensory
pathway a selection of information at any given time, so that the avallable
channels, effectively reduced in number through unrellability, can be
utilized to concentrate on scme particular aspect (which may well vary
from time to time) of the stimulus situzation. The smaller amount of
information thus handled could be represented as a statistical picture in
the response and one would have the observed result that any particular
neurone does not respond in the same way to the same stimulus applied on
successive occaslions.

On the other hand, it may be, as I think Dr. Barlow suggests, that the
differences are due to a continuous rearrangement of the coding, in which
case we would have to look at a particular unit in terms of 1ts relations
to a large number of other units from instance to instance., I would like
to have his view on what he thinks about this optimal coding system in
relation to the apparent unreliabllity of operation of a particular unit,
because it does seem to me that his hypothesis would argue a much more
precise ability of the neurone to produce a particular pattern of impulses,
than is required by the statistical hypothesls where the requirement may
be no more than to fire or not to fire.

MR, J. T. ALLANSON: I think that Jacobson must have been one of the

people to whom Dr, Selfridge referred when he sald that whenever people
reach the right conclusion, they have invariable done so from wrong
premises. 8,000 bits/sec. may be the right sort of figure for the informa-
tion capacity of the auditory nervous system, but, as far as I can see,
the experiments which show that a man can discriminate so many frequencies
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or so many amplltudes are not ones in which a man has been faced with one
out of 1428 frequencles and asked which one of them 1t 1s, Leaving that on
one side, because 1t 1s very difficult to find alternative ways of getting
an accurate figure, the second point that I would like to make is In
relation to the interpretation which Dr. Barlow puts on the'data, in his
section on the evidence from sensory neuro~-physiology. It seemed to me,
for instance, that Dr. Uttley could make a perfectly strong case in
relation to his machine, that all the evidence here cited 1s evidence for
economy not in terms of impulses, but in terms of the number of active
units. If one postulates, for instance, that 1t is desirable to convert
signals from a temporal pattern into a spacial one, regardless of the
existence or not of an Uttley machine, then fon' and 'off' units have
essentlally 1dentical functions when thought of in spaclal terms, One
particular small group of fibres are firing or another small group of
fibres are firing, as i1s shown in figure 4 on lateral inhibitlon, and one
can indicate uniform activity over quite a wide reglon, simply by having
those fibres active which mark the boundaries between activity and
inactivity, and all the others inactive., Thus, one could regard this as
evidence for quite a different type of economy, and I would 11ike to ask
whether Dr, Barlow can think of any sort of experiment which would enable
one to discriminate between his hypothesis and some alternative one., It
seems to me to be this 1s what we really require in this situation 1f any
theories of this kind are to have value,

MR. J. WILSON: One of the suggestions in Dr. Barlow's paper was that
coding mechanisms reduce orderliness in the sensory input by removing any
departure ‘from complete randomness. The coded message would be determined
by the input, but 1t would look random and therefore be more efficlently
coded, : ' ' , '

I want to suggest an alternative way of looking at the same process,
From my point of view, the sensory input is apparently not orderly but
randem, and the coding mechanisms are required to convert this apparently
random signal into an orderly and understandable message. If the mechanisms
have become adjusted to the statistics of the input signals, they can
Introduce this order by identifying familiar patterns in the input and
glving as output a signal representing the comings and goings of these
patterns, The output is objectively more random than the sensory input,
but 1t’is_subject1ve1y more orderly because its components have an
established meaning in terms of past experience, ‘

For Dr. Barlow, the detection of redundancy enables the sensory messages
to be represented in more compact form; the suggestion here 1s that this
compression of the message could alternatively be regarded as an insertion

of meaning into an apparently random signal., Perhaps Dr, Barlow will
comment on this,
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DR. JOHN BROWN: Dr, Barlow suggests that there 1s recoding to reduce
redundancy in the input. This seems highly probable but it also seems
highly probable the recoding not merely compresses but also loses an
enormous proportion of the information present in the sensory Inflow. His
suggestion that a signal 1s accepted 1f 1t has redundancy seems to be
important and true, For example, 1f you look at a loaf of bread, the
contour has quite a lot of redundancy but the microstructure of its surface
has very little: what you tend to see 1s the outline and not the
microstructure.

DR, A. M. UTTLEY: There 1s just one point In this paper which worries me
greatly. Dr. Barlow has referred to the varlous papers at this symposium
which were embarrassed by the same thing - that the number of units
required for discrimination is impossibly large = 2% 1s too large., None of
these systems are embarrassed at all by the number of impulses arriving,
and Dr, Barlow's proposal provides an economy in the number of impulses,
but none at all in the number of channels. In the nervous system too,
Impulse frequencies are low compared with the capabllitles of nerve
fibres, It is in units and not in impulses that the nervous system must be
economical,

DRs D. M, MACKAY: The reduction in the number of impulses might have
another reason. If perception is a progressive Internal matching-process
(ref. 1) then what Dr., Barlow has described may represent the stage-by-
stage reduction of the input to a null=-detecting system., If so, it would
not be so much the order or disorder In the impulses, but simply their
presence or absence as an Indication of mismatch, that would be opera-
tionally significant,

I would suggest that in order to make sense of perception we need not
S0 much the quantitative notion of redundancy, as the qualitative idea of
redundant features, also mentioned by Dr, Barlow. Perception 1s concerned
solely with features that are in some sense redundant, to which the
perceptive process can develop a matching response.

May I say in passing how good 1t was to hear mentlon of Cralk (ref. 2)
who was one of the most stimulating thinkers on brain-modelling, His book
should certainly be read by all who are entering this field,
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DR. W. K. TAYLOR: There 1is Just one point which I would like to ralse
about the transmission of information along nerve fibres, I do not think
that 1t can be usefully separated from the Information that can pass
through the other elements in the nervous system. In other words we must
also know how much can pass from a fibre through a synapse to a cell and
how much can pass from a fibre to a muscle and be recovered as overt
behaviour., To give a simple example, 1f we have the system shown in fig. 1.

<O
'. L
Rec‘cptor / Neuron
L ) Synapse
INPUT PRESSURE x(t)

Musclé

J

OUTPUT TENSION y(t)

Fig. 1

supplied by an input x(t) consisting of a sine wave superimposed on a
steady level the output y(t) 1s a tension that resembles the input. The
intermediate nerve impulses have a high rate at the peaks of the input and
a low rate at the troughs. The impulses are demodulated by the muscle,

each impulse developing a tension of the form te t. The overall channel
capacity 1s limited by the effective bandwidth since 1f the imput frequency
1s Increased the variations in tension get smaller., A second limitation 1s
the modulation noise which is superimposed on the output sinusoldal
component in* an unpredictable way so that the input cannot be determined by
looking at the output; we can only look at the fundamental and use the
formula for continuous information transmission which depends on bandwidth
and signal/nolse ratio. |

DR, M. L. MINSKY: I will try to make some remarks about what éan be done

to reduce N. I fear that I cannot say these things with sufficient
precislon in the limited time but I will outline the 1dea briefly. The
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model that Dr. MacKay has in mind is very important here--this is the
notion of a machine matching the input against some concept of hypothesis
inside the machine and then saylng 'yes' or 'no' according to the match,
(Cf. MacKay ref. 1), It seems clear, Introspectlvely, that our hlgher
thinking 1s concerned with relatively small numbers of highly significant
symbolic expressions, symbols, or the llke, and that the large N of the
neural point events in input stimull is not handled directly in our
abstract thinking.

Now we have been talking about the Input informatlon and it seems clear,
agaln introspectively, that the huge quantity of receptor informatlon must
be reduced by the brain nets between the sensory organs and the higher
centers--yet information relative to particular hypotheses is retalned.
How can a net do this--i.e., compute the appropriate functions of the
input, Now when we talk about 'information' we are all Indebted to
things C. E. Shannon has said clarifying the notions of channels, sources,
and capacities, I want to call attentlon to another plece of work by that
same Shannon which may be at least as Important to us as the channel
capacity 1dea —this 1s the work on the size of a relay-net required to
realize an arbitary n-variable Boolean function (ref. 2). It turns out
(by use of methods similar to those in the proof of the channel capacity
theorem) that 'almost' all Boolean functions of n variables require
numbers of the absurdly large order of 2'/n contacts in a reallizing relay
network and that the number of functions which can be realized with
smaller nets 1s insignificant numerically. But these relatively few,
pecullar, functions probably contaln almost all the 'interesting' or
meaningful' ones,’ They are essentlally the functions which are made up of
simpler functions by composition and other relatively simple connections,
(See also McCarthy and Ashby, refs. 3 & 4). On the mysterlous but
compelling hypothesls that these are indeed the important functions, we
can expect to find, I think, that the significant nets will be composed,
In some sense, of layers, representing the levels of compositlon,

One kind of layer or processing level would be the kind that
distingulshes between active and passive areas, e.g. handling functions
0f accommodation and gradient detection. Thls alone would yleld a hugh
reduction in ¥ for pictorial information., But perhaps the most important

REFERENCES

1. MACKAY, D.M. The Epistemological Problem for Automata. Automata
Studles, Princeton (1955).

2, SHANNON, C. E. Synthesis of two-terminal swltching networks,
Bell System Technical Journal, 1949, 28, 59.

3. MCCARTY, J. Automata Studles, Princeton (1955) p.177

4. ASHBY, W.R. " " " " De R32

(94009) 565



kind of tlayer', from this point of view, would be those responsible for
what we call 'attention'. The higher braln centers may have an 1dea about
some part of the stimulus and so they send down a-slgnal to a 'herizontal'
net which says 'just let through thé signal from such and such a region'.
Thus we can turn our mental eye on some particular small part of the
stimulus, and perhaps match 1t as Dr, MacKay has proposed, You see that
then N 1s ‘greatly reduced, not by any clever processing net which performs
some herolc redundancy-elimination feat, but by only treating those

parts of the signal which have some a priorl interest with respect to the
staté of mind of the rest of the system, ’

DR, A.' M. ANDREW: I would l1lke to ask Dr, Barlow what sort of time scale
he has in mind for the adaptive changes in the type of coding. If the
changes are reasonably rapid, and 1f the coding 1s to be reversible, 1t
1s necessary to Inform the central nervous system of the changes In code,
In fig. 1 the sense organ 18 represented by the box marked "coder". The
requirement of reversibility impllies that another device to decode and
recover the original signal 1s possible in principle, and in fig.. ! there
1s an auxillary channel to signal the changes In type of coding.

AUXILIARY  CHANNEL

N \\4
INPUT CODED OUTPUT
—>— CODER > DECODER f——>—
SIGNALS
Fig. 1

It 1s possible to dispense with the auxillary channel; as in fig. 2,
1t the changes in code are such that they could have been determined by
statistical information collected from the output signals of the coder,
as represented by the broken lines in fig. 2, These signals are avallable
to the decoder, so 1t can produce corresponding changes in 1ts system of
decoding.
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INPUT - OUTPUT
> DECODER f——>—
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Lo __

Fig. 2

A coding device operating In the above fashion could operate so as to
remove redundancy completely, provided the redundancy remains unchanged in
type and amount for a sufficlent time. In that case, however, the operation
of both coder and decoder would depend on quantitles which were integrated
over all past experience, and consequently the decoder could get out of
step with the coder 1f there was a temporary break In transmission between
them. A more robust kind of system could be made by arranging that the
coder does not entirely eliminate the redundancy, but allows 1ts coded
slgnals to retaln some redundancy of the same kind as was present in the
original signals, In this way 1t 1s possible to have a coder and decoder
which will automatically come back into step following a disturbance,

These considerations give a neat explanation of the behaviour commonly
shown by sense organs, 1llustrated in fig. 3. In this 6 represents some
input quantity affecting a sense organ (e.g the angle between two bones
of a jJoint, as in Boyd and Roberts, ref. 1) and f the discharge frequency
of the organ, plotted on the same time scale. The form of the upper
curve can be explalned by supposing that during AB the form of coding is
that produced by a sustalned low value of &, When & changes to a higher
value, the change in f 1s large at first, since the form of coding 1s not
altered until f has been at a higher value for sufficlently long. Then
as the new type of coding comes to be applied, the value of f falls away,
but never quite comes back to the value during AB, Following the change
at C the inverse effects are seen,
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The theory is fairly trivial when applied to a simple sense-organ, but
I think it can be extended to other kinds of redundancy, and in particular
to redundancy between channels,

MR, D. Wo DAVIES (written contribution): The coding device described by
Dr, Barlow can be extended, in principle quite easily, to any number of
channels.

Given n channels, we first require a decoding tree with 2" outputs A .
Each of these outputs is associated with a probability P Also we requlre
recoding network with 27 Inputs B and n final outputs. A reversible
(1.e. non~information=-losing) coder will be constructed by connecting the
2% outputs A; to the 2" inputs B; in a one-one correspondence.

To optlmise this coder for a given set of probabilities P we proceed
thus: 11st the 27 output terminals Az in order of increasing probability
and list the 27 input terminals Bz in order of decreasing 'weight', where
the welght 1s the number of 'ones' in the output combination on the n
final outputs, Associate corresponding members of the two lists,
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There are (2%)! different reversible codes, and most of these, for n
not small, are impossible to produce without almost the full decoder-
recoder arrangement. However, for any glven set of probabllitles there are
many equally good coders, because the 2" input terminals Bi have only
n + 1 possible welghts, so that the 1ist in order of decreasing welght is
not unique. In any case, exact optimization 1s not important. In conse-
qQuence reasonably economlcal coders mlght be possible. .

It might be supposed that these more complex optimum coders could be
constructed by joining together sets of smaller optimum coders. In at
least one case thls can be disproved. The optimum coders for two channels
cannot be jolned together to make any required optimum coder for three
channels.

All the reversible coders for two channels are 1linear, that 1s to say
the outputs are sums of the inputs, modulo 2, with a possible constant
term (+2 1). Any network of these coders will also be linear.,

There are 8! reversible codes for 3 channels, For a glven set of
probabllities pi. the permutation of those terminals Bi which have equal
weights gives 1! 3! 3! 11 = 36 different codes, all optimum. There
are therefore 8 1/36 = 1120 classes of codes such that all the members of
a glven class are cptimum together,

There are 168 non-singular 3 x 3 matrices composed of 0s and is,
addition belng modulo 2, These, allowlng for presence or absence of a
constant term (+2 1) in each of 3 equations, glve 168 x 8 = 1344 rever—
sible codes. The six different codes obtained from one of these by permu-
ting the output variables all belong to the same class, because they have
equal welghts for any given input combination. Therefore, linear reversible
codes are found in at most 1344/6 = 224 classes, .For all the other classes
there Is no linear optimum code, and hence none can be constructed from
assemblies of reversible two channel coders,

An interesting question 1s: Are there reasonably economical codes in
each class? By economical, we mean less equlpment than a full decoder-
coder needed to produce them.

DR, H. B. BARLOW (in reply):To Dr, Whitfield. The figures I quoted in the
section on Sensory Inflow are estimates of the capacity of the sense organs,
and I agree that 1t 1s misleading to regard them as estimates of the actual
rate of flow of information into the central nervous system.

I have not thought much about the reliability of the components, They
Seem to be much more reliable when your physiologlcal preparation is in
really first class condition, and I suspect that thelr unrellabllity is
Usually overestimated. I agree that one needs some redundancy of the
internal representation of sensory information to protect 1t from disast-
rous changes as a result of whatever degree of unrellability is present,
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but the type of redundancy required for this 1s not necessarily the same
as that in the incoming messages, so you will certainly need to Jjuggle
around with redundancy, even 1f you don't eliminate 1t altogether.,

Unreliabllity of the components, or intrinsic noise, 1s sometlmes
lumped together with unrellability in the messages themselves, or extrin-
sic noise, but it 1s important to distingulsh them, both because the
methods of dealing with them are different, and because we are uncertain
about intrinsic nolse whilst we know that extrinsic noise must be a
constant problem in sensory discriminations,

To Mr. Allanson., I think I shall leave the point about the capacity of
the input, except for remarking that Jacobsen approached the problem as
1f the eye and the ear were simple physical instruments. This 1s probably
Jjustifiable 1f you are interested only in the perlpheral organs, but it
would of course be wrong to assume that the whole auditory and visual
pathways had the same capacity.

With regard to the types of economy, I would say that economy of active
units 1is economy of impulses, not of units, Because you have elimlnated
the impulses from all but a small group of units, you cannot conclude
that the inactlive units themselves could be eliminated, for they may be
required for the response to a dlifferent sensory stimulus, I may have
misunderstood the question, but I would say that, 1f you succeed in
confining the activity to a small number of units, that is a good example
of economy of impulses, and it is exactly what I had in mind with regard
to adaptation, the existence of 'on and off' units, and lateral
inhibition,

The final question was whether there 1s a cruclal test of a hypothesls
like this, and of course I have been trying to think of one, I think one
could devise experiments to see the conditions under which one gets
lateral inhibition, and the conditions under which it falls to develop in
the eye, to see whether they fitted in or not. Lateral inhibition in the
vertebrate eye is not constantly present——it 1s only present after light
adaptation, Light adaptation means that in the recent past you have
activated together a large number of the retinal units; you put correlated
activity on to those units, and the result 1s the development of lateral
inhivition. This all fits in very nicely with the hypothesls, but that 1s
hardly surprising because I Knew the phenomena before I put forward the
hypothesis, It would be interesting to see what happened 1f the eye was
light-adapted by a "nolsy", non-uniform field, so that activity in neligh-
bouring regions was less correlated, and by other means define the
conditions for the appearance of lateral inhibition more preclsely.

Another possible point for attack would be the thalamlc and cortical
sensory neuron2s which people are beginning to record from successrully.
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One can tickle the skin, flash lights, make nolses, and so on, and thus
determine the sensory stimuli to which activity in a partlicular neurone .
corresponds. Now 1f the hypothesis 1s correct, 1t should be possible to
change the correspondence between the two by changing the redundancy of
the previous sensory stimull. There are, however, great technical diffi-
culties in getting physioclogical preparations which are stable for long
enough periods, are free from the effects of anaesthetics, and so on,

To Mr. Wilson. I think I agree with what Mr. Wilson has sald. It appears
paradoxical to talk of "eliminating redundancy" and producing a more
"random" output, when we are all agreed that the redundancy of the input
1s cruclally important, and that what one wants to do is to bring order to
the Incoming sensory messages. But as Mr, Wilson polnts out, objectively
random corresponds to subjectively ordered so the paradox 1s resolved.
However, to talk of the compression of messages as "the insertion of
meaning into an apparently random slgnal", though illuminating in one
sense, might be misleading in another: 1t rather suggests that the mean-
ings being inserted are imposed from outside, whereas 1n fact they are
derived from previous sensory messages.

These thoughts on the slgnificance of decreased orderliness (objective)
of sensory messages were partly started by observing the gross ilrregular-
ity of impulse discharges recorded from more central points 1n sensory
pathways, When you are recording from peripheral nerve fibres you usually
get trains of impulses which are rather regular, and indeed 1n the early
days such regularity was one of the principle means of making sure that
one was recording from a single unit, When you record from more central
pathways this regularity i1s often missing. For instance, 1f you are
recording from a ganglion cell in the retina, which is the third link of
the chaln of excltable cells connecting photosensitive substance to the
brain, you might find a mean frequency of Impulses of 40/sec; on measuring
up the intervals, which average 25 msec, they might vary between 3 and 300
msec. There 1s an enormous scatter of Impulse intervals, and the discharge
looks very irregular. Before Jumpling to the concluslon that some nolse has
been added, I think one should consider the possibllity that some skilful
coding has gone on In the retina, so that the output looks more irregular,
but simply because the order pas been detected and removed.

To Dr. Brown. I agree that a lot of information must be lost in coding.
I feel sure that this 1s so, and for this reason it may be preferablg to
talk of *"increasing the relative entropy of the signals", rather than
"optimum coding", since the former does not exclude the loss of informa-
tion, whereas true optimal coding does.

In the paper I suggested that such recoding was as important in the
organisation of sensory information as the formation of the image was in
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the function of the eye; you obviously cannot begin to understand vision
until you understand how the eye focusses light, But there may be this
important difference, that whereas the eye 1s optically quite efficlent,
considering the size of the pupll, the recoding operations are almost
certalnly grossly inefficlent by absolute standards. But this does not,
of course, mean that they are unimportant,

To Dr. Uttley., I think this is an important polnt, but I don't agree that
economy of impulses is no help, so I first want to put the polnt In another
way. One of the limits to the capacity of a nerve fibre 1s the maximum
sustained frequency of impulses that it can carry. The mean frequency it is
actually carrying defines another capacity, lower than the first, and
economy of impulses reduces this utilised capacity still further, The
number of possible states of the system 1s 2m", where m 1s the capacity of
each of the n channels, so a reduction in the ‘channel capacity 1s as
effective as reduction in their number in reducing the number of units
required for complete discrimination. The important question 1s whether one
1s justified in using the utilised, rather than the maximum, capacity; I
do not feel certaln about this, but economy of impulses will at least make
each individual fibre declare 1ts utilised capacity to the reciplent
apparatus,

Secondly, I want to show one immediate benefit of economy of impulses
in economlsing units required in a conditional probability machine (see
also section 3(a) of paper). If the input is uncoded, a combination of
many inputs may occur frequently because they may be correlated, and the
frequency of 1mpulses may be high, After coding to economise 1mpulses,
combinations will occur with a frequency tending towards the product of
the probabilities of the individual inputs, so for combinations of many
iInputs 1t becomes exceedingly low., A legitimate economy In designing a
conditional probabllity machine to be fed by such an input would be to
omit units responding to simultaneous activity in many inputs, and units
for such high order comblnations form the vast maJorlty of all units
required for complete classification,

If there 1s sufficlent redundancy in the input, economy of impulses
might convert a set of m inputs in which all combinations of activity
could occur into a set of n outputs which do occur only singly, one at a
time; the outputs have been made mutually exclusive, As a result the
number of units required for complete discrimination is reduced from .
2" ton -— but of course we have not counted up the units required for
recoding,

To Dr, Mackay: I think I have been a bit slow in apbreciating that
Dr. Mackay's internal matching process 1s closely related to the reduction
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of redundancy. The development of lateral inhibltion could be nicely
described as a matching response: first you impose uniformity on the
retina; the retina learns to "match" the uniformity, and thereafter signals
lack of uniformity. This is all done 1n the retina 1fself, by the<yay,
because 1t occurs after the higher centres have been destroyed.

Although the 1dea of a matching response gives a vivid plcture of how
a particular redundant feature can be tackled, I feel that the reductlion
of redundancy, or the increase of the relative entropy of the signals, 1s
a more fundamental description of the process we are Interested in., Also
1t suggests how perceptual tasks can be broken down into small scale
operations performed in serles and parallel (though limltations may appear
if 1t 1s so broken down -- see Dr, Minsky's reference to Shannon's work on
switching networks, and Mr. Davies's contributlon). Such small scale
operations might be performed by single neurones or a small group of them,
and 1t one could catch them at 1t one would be a step nearer to under-
standing perception.

To Dr, Taylor., Yes, one would be badly astray 1f one based an estimate of
the informational capacity of a muscle-controlled movement upon the number
of nerve fibres used and their maximum Impulse - carrying capacity, 1
expect there are bottlenecks to Information flow in the sensory pathways,
analogous to the demodulation effect of a muscle which Dr, Taylor has
polnted out, but they do not seem to have the same fixed character. It is
as 1f they were deformable and moveable (though perhaps always of the

same cross-sectional area): this plasticity makes It difficult to Investi-
gate them,

To Dr., Minsky. I agree that Dr, MacKay's matching responses are relevant,
though I prefer a description in terms of coding to reduce the redundancy,
for the reasons already given (see answer to Dr. MacKay, above).

I am not sure that the suggestion of a varlable fleld of attention adds
very much, except that 1t emphasises that information may be lost in parts
of the sensory Inflow not attended to. What are the criteria for shifting
the attention? If 1t 1s to search for something matched by an internally
stored concept or hypothesis, then shift of attention corresponds to the
execution of a particular tactic in the search for signals of high relative
entropy. If the criteria are different, then we must know more before the
ldea is helpful. Words and phrases, such as "attention", "mental eye",

"a priorl interest", and "states of mind", are not easy to correlate with
€xperimental facts in psychology, neurology, or physiology, because they
refer primarily to our subjective experience of the workings of our minds.

I believe one should use an objective terminology, and 1f you translate

Dr, Minsky's two proposals for reducing ¥, I think they both turn out to be
methods of reducing redundancy.
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The reference to Shannon's work on switching networks seems to be highly
relevant to the problem of reducing redundancy in stages. May 1t be that
we can only grasp compllcated logical functions 1f they are separable
furictions? This should be susceptible to experimental testing,

To Dr. Andrew. First the time scale of adaptlve changes In coding. A large
part of the change in sensitivity of the eye assoclated with light and
dark adaptation occurs within a few seconds of changing the mean level of
11lumination, and I would think that part, at least, represents a rapld
change of code, It takes about 1/2 minute exposure to a moving field of
vislon to cause the appearance of reverse movement of stationary objects.
To adapt to inverting spectacles takes about 10 days. To "adapt" so
thoroughly to the stylistic pecullarities of, say, Vivaldl, that a work of
his could be instantly discriminated from those of his contempories, might
require experience that could not be attained in less than a month or two,
and in the case of a musically naive person, much longer, There seems, 1n
fact, to be a vast difference in the time scale of adaptatlon to simple
and more complex features of sensory stimull.

The point about transmission of the code, as opposed to the messages,
1s an interesting one, and I 1lke the idea that a residue of redundancy is
left in the messages in order to signal what has been removed, It would be
a nice explanation of the type of result exemplified in Dr. Andrew's fig. 3.
But sometimes you find that the malntalned change of discharge rate 1s in
the opposite direction to the transient change. This can be observed in the
cat's retina (ref. 1. Also, from the tact that one gets illusions, that
i1s, false impressions, following the cessation of adapting stimull one
suspects that the more central parts of the nervous system are not always
kept adequately informed about code changes at lower levels, I don't
understand thls: when one stops walking, the after image of the movement
of the ground should give one the impression of moving backwards, but I
have never experienced this myself, nor heard it reported, Is it the
absence of other sensory correlates of movement during the exposure that
allows one to see the after image of movement after looking at a waterfall,
when sitting in a train, or after gazing at a rotating epiral in the
laboratory?

To Mr. Davies, Mr., Davies has gone further than I have in considering the
limits of assemblies of two channel coders, If recoding in the nervous
system 1s done serially and in small stages, then analogous 1limitations
would be expected, and might be detectable as breakdowns of perception.

REFERENCE

1, KUFFLER, S. W.,, FITZHUGH, R, and BARLOW, H. B. J.-General Physiol.,
1957, 40, 683,

(94009) 874



(94009)

SESSION 4A

PAPER 2

STIMULUS ANALYSING MECHANISMS

by
DR. N. S. SUTHERLAND



(94009)

BIOGRAPHICAL NOTE

Dr. Sutherland read Creats at Oxford before taking
a second honours degree In the newly established
school of Psychology. He was elected to a Fellow-
ship by examination at Magdalen College, Oxford,
(1954-58). At present he is engaged on a project
on stimulus analysing mechanisms financed by the
Nuffield Foundation at the Institute of Experi-
mental Psychology, Oxford. His main interests in
psychology are in the mechanisms which underlie
perception and learning.

- 576"



STIMULUS ANALYSING MECHANISMS

by

Dr. N. S. SUTHERLAND

SUMMARX.

TWO distinct approaches to the problem of stimulusanalysing mechanisms in
organlsms are outlined. The first, often adopted by engineers, 1s to assume
that there 1s a very. general analysing system at work for each modality
which in principle 1s capable of categorlising stimull in all possible ways.
The second approach 1s to assume that specific analysing mechanlsms are at
work and that stimull can only be categorised In a limited number of ways
by these specific mechanisms,

If the first sort of system were correct 1t would be Impossible to make
predictions about how stimull would be categorised based merely on the
system: such predictions could only be made from a knowledge of previous
Inputs to the system. Evidence is produced to show that 1t is highly
probable that some stlmulus analysils 1s performed by speciflc mechanisms,
at least In sub-mammallan organisms where many categorisations seem to be
innate. The evidence for mammals 1s 1nconclusive, but suggestlons are made
for how 1t would be possible to test for the exlstence of the general type
of analysing mechanisms in mammals. The exlstence of speciflc analysing
mechanisms would not only be economical In terms of the number of nerve
cells required, but 1t would account for many facts of animal and human
behaviour, particularly 1f we envisage the possibllity that the same speciriic
analysing mechanisms may actually .be used in different ways of categorlsing
stimuli in one sensory modality and that some of the analysing mechanisms
may be common to more than one modallty. Thus competition for specific
analysing mechanisms would explain why the human belng seems to functlon as
a single Information channel, it would glve a rationale for recent neuro-
logical findings on the peripheral blocking of incoming stimull, and it
would account for findings on animals which suggest that animals learn not
merely to attach a response to a stimulus but also learn which analysing
mechanisms to switch In on a glven occasion. Some of the difficultles in
using behavicural evidence to set up hypotheses about specific analysing
mechanisms are discussed, and the difflculty of decldlng what sorts of
coding mechanisms are at work in the central nervous system ls discussed
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with reference to a particular example of a simple discrimination. It 1s
suggested that engineers might profitably turn thelr attention to the
design of specific analysing mechanisms Intended to account for some of the
ways In which animals are known to classity stimuli.

INTRODUCTION

THIS paper will Dbe concernedt: with the problem of how 1deas based on
englneering concepts can best be applied to help solve some of the problems
which arise when we consider how patterned stimull are classified by
organisms. The paper will deal mainly with visually presented patterns.

There are two different kinds of theoretical mechanism which have been
proposed to explain what organisms do. The first kind is one which
attempts to give a very general explanation of what organisms do by postu-
lating a broad model or type of connectivity, and then pointing to some
very general features of the model's behaviour which are said to be shared
by animals. Examples of this type of theory are those of Hebb (1949,
ref.20), Uttley (1956, refs.-63, 64), Taylor (1956, ref.-61), Ashby
(1952, ref.-1). The second kind of theory is of a more specific sort and
1s designed to explain a limited range of behaviour by putting forward a
model whose parts are highly differentiated: examples of this kind of
model are those put forward by Deutsch (1955, ref.-10), Dodwell (1957,
ref.-11), and Sutherland (1957, ref.-55) to explain certain features of
shape recognition, or by Tinbergen (1951, ref.-62), to explaln certain
features of instinctive behaviour. In the specific type of mechanlsm,
the parts are arranged in a highly systematic way. In this sort of mecha-
nism, information contained in the 1nput can be selectively lost so that
this sort of system is potentlally more economical than general analysing
mechanisms, This gain in economy 1s offset by a loss in flexlbillity.
Wherever the classification of stimull can be shown to be innate, the
exlstence of a specific analysing mechanism is impllied. Specific analysing
mechanisms could, however, arise out of an initially randomly connected
network as a result of learning: a small initlal blas in part of the
system could in theory lead to a highly specific system belng developed
out of an initlally randomly connected network. For example, Sutherland
(1957, ref.- 55), has suggested that the tendency of the octopus to move
1ts head up and down while viewing shapes could lead through a learning
process to the development of a visual analysing system in which the
vertical extents of shapes are counted at different points on the horizon-
tal axis, while other information 15 lost.

In what follows the two types of theory will be dilscussed in detail.
and an attempt made to speciry their characteristics. The rather general
type of system will be considered first, and 1t cught to be sald at the
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outset that I am perhaps prejJudiced against this type of system. The
rationale of this prejudice will be made clear later, In general 1t 1s
typlcal of the first sort of system that 1t 1s put forward by englneers
who know 1ittle about psychology, 1t 1s typical of the second sort that
1t i1s put forward by psychologlsts who know little engineering: Hebb is
an exceptlon to thls rule. -

CHARACTERISTICS OF GENERAL ANALYSING SYSTEMS

If the peural mechanisms medlating stimulus classification are highly
unspecific, thls sets a severe limitation on the possibility of discover-
ing what the. neural mechanisms are and working from knowledge of the
mechanisms to predictlions about what animals will actually do. This can
be 1llustrated with reference to Hebb's theory of shape recognition.
According to Hebb the connections from the primary visual projection area
In the brain are initlally random: thresholds at synapses will presumably
vary In a random way from moment to moment according to such factors as
how recently the post-synaptic nerve cell has fired. This means that when
a glven shape 1s flrst projected onto the retina, 1t 1s Impossible to pre-
dict what output the system will glve: 1nitlally any shape is as likely
to produce a glven output as any other., However, once a shape has glven a
certaln output the chance of 1ts giving the same output on the next
occasion of presentation will be increased (provided it stimulates the
same retinal cells), since it 1s postulated that the probability of a
glven synaptlc connection being used increases every time it is in fact
used. Moreover, glven that a glven shape falling on a glven part of the
retina excites a given cell assembly as a result of an increase in the
probability of transmission at speciflc synapses, any shape projected
onto the retina in close temporal contigulty with the initial shape should
come to exclte the same cell assembly through the mechanism of spatial
summation in the nervous system: of the random connections which the new
shape might excite the ones 1t will be most llkely to excite are those
already excited by the initial shape. Thus the two shapes will come to
have a cell assembly 1n common - they will tend to give a common output.
Since the same shape will be constantly belng shifted across the retina
from moment to moment, this means that the same shape projected to
different parts of the retina should come to give the same output.

An interesting paradox arises. When Hebb's theory was first put for-
ward 1t was hatled as showing how 1t might be possible to account for
behaviour in terms of plausible neurophysiological mechanisms: 1t was
thought that Hebb had demonstrated the possibility of explaining the find-
ings of psychology in physloclogical terms, However, a moment's reflection
shows that, 1f he 1s right, what he has really succeeded in dolng 1s to
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demonstrate the utter 1mpossibllity of glving detailed neurophysiologlcal
mechanisms for explalning psychological or behavioural findings. According
to Hebb the preclse circults used in the braln for the classiflcatlon of
a particular shape will vary from individual to Individual with chance
variation 1n nerve connectivity determined by genetlc and maturational
factors, they wlll vary within the individual with chance variations in
the threshold at synapses at times when a glven shape 1s first seen and
during the succeeding presentations, and they will vary according to the
frequency and temporal order of shapes proj)ected onto the retina when
learning is occurring. This means that even if we knew the preclse sequence
of shapes an animal has been subjected to in 1ts previous history, it
would be 1mpossible to translate the effects of that sequence into actual
brain circuitry and then work from the brain circultry to predictions about
subsequent behavlour: the circults will be so complex, SO scattered over
different parts of the brain and, above all, they will vary so much from
individual to individual that trying to take the Intermedlate steps for
translating the effects of early experlence of shapes into actual brain
clrcultry becomes an impossibility. Different individuals will achleve the
same end result in behaviour by very different neurological clrcults. If
we wish to make predictions about indlvliduals we must concentrate on
correlating differences in early environment with differences in later
behaviour, and translating these differences in early environment into
differences in brain circultry and then working from there to predictions
about subséquent behaviour becomes impossible. If Hebb's general system
is right, 1t precludes the possibility of ever making detalled predictions
about behaviour from a detalled model of the system underlying behaviour.
Thls seems to me a most unfortunate consequence since the explanation of
complex phenomena in terms of a simpler system 1s something which is
intellectually satisfying, and which 1s In some ways more excitlng than
the working out of statistical correlations between early stimulus
sequences and subsequent behaviour. This is clearly not a reason for
reJecting the account given by Hebb, but 1t 1s certainly a good reason
. for loeking to see whether 1t 1s possible that the initlal system 1s less
randomly organised than Hebb supposes. ’

The same sort of consideration would apply 1f Taylor's model for classi-
fication were correct or 1f Uttley's were. Taylor 1s In fact trying to
dilscover whether a system of the general sort Hebb proposes would have the
properties Hebb attributes to it, by actually bullding a model of 1it., This
1s one of the cases in which bullding a physical model of a system 1s
useful, because 1t 1s Impossible to predict whether or not Hebb's system
will have the propertles he attributes to 1t, and it would be impossible
even 1f some of the variables in the system were preclsely specifled
because the equations necessary for a solution would be too complex to
solve, Thus as more and more shapes occur together on the retina 1t seems
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possible on Hebb's system that all cells willl ultimately be connected

up with all other cells so that any shapes will eventualliy fire all cell-
assemblies: Mllner (1957 ref. 34) has recently proposed a most ingenious
solution to this problem, but In order to do so he has to assume con=-
<lderably more specificlty In the arrangement of cortical cells than Hebb
envisaged. ‘ B

In the discussion of Hebb's theory so far, no account has been taken
of the specific mechanisms which he alleges may be present from birth.

The most important of these 1s the alleged tendency of animals to fixate
successively the corners of figures, which in the case of rectilinear
figures would result In the scanning of the contours., This mechanism would
result In the equivalence of figures of different sizes since i1f corners
are successlvely fixated the successlve patterns at the fovea will be
identical for the same shape irrespectlve of size and also eyemovements
wlll occur In the same directlons though they will be of different lengths.,
Unfortunately Hebb never bridges the gap between recognitlon occurring in
this way and recognition occurring without eye movements and when shapes
are projected to different parts of the retina, although 1t is quite certain
that human belngs are capable of recognition under both these conditions
(Colller 1931, ref.?). It should be noticed that in order for the eye move-
ments to occur at all there must be a specific mechanism in the brain for
reading off the position of a point relative to another in order to send
the appropriate message to the eye muscles, and this 1s already a con-
slderable limitation on the randomness of further connections from the
primary projectlon area. If such a specific mechanlsm exists then logically
i1t might play a part in shape recognition without the eye movements
occurring., Since this 1s a limitation on the operation of a general
mechanism which could according to training discriminate any shape from
any other shape, and since evidence about the role of eye movements 1in
shape recognlition 1s almost entirely lacking, 1t will not be further dis-
cussed here. The possiblility of using the way Information is coded to
determine some primitive response (such as fixatlion) to thruw light on
possible coding mechanlsms 1n use to perform more complex functions (such
as shape discrimination) will, however, be further discussed below.

Uttley (1956 refs, 63 & 64) has proposed a system of classificatioq
based on the principles of set theory. Input units are connected to cutput
units in such a way that each possible combination of input units is
connected to one output unit: whether or not a given combination of input
units is firing can then be detected by reading off whether the appropriate
outpus unit Is firing. With:some limltatlions, the same result can be
achjeved with an initially random connection of input and output units., Such
a system will not medlate generalisation where the generalisation involved
Is not from a given input pattern to a pattern of which it 1s a subset.
Uttley postulates a further system which works out conditional probabilities
0of one unit firing given that another unit has fired: connections between
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units are altered in such a way as to represent conditional probabilities.
Such a system could account for generallsation occurring between patterns
one of which was not a subset of the other. Once again, the detalled model
would be of 1little use In prediction: we could predict only by knowing

the detalls of the previous inputs to the system, and our predictions would
not involve following transformations of an input through a mechanism to
arrive at an output, but merely consldering previous inputs in terms of
their class relationships of inclusion and exclusion and the working out of
conditional probability relationships between different sets.

It should be noticed that all three theories make the assumption that the
actual classificatory mechanism used by animals arises wholly as a result
of learning. This 1s not accidental: 1n any general system of this kind
where Initlal connections are random or are arranged in all possible ways,
it would be very hard to account for any innate classification. For example
on Hebb's system it cannot be determined at birth what cell assembly will
be used for what classification: thus 1t would be impossible genetlically
to specify any connections which would lead to a glven response being given
to a given stimulus. Even 1f some such system as Hebb, Taylor and Uttley
suggest 1s at work in parts of the brain - and from the degree of per-
ceptual relearning that can occur in human beings as evidenced by studies
with distorting lenses Kohler (1951, ref, 24), 1t seems likely that a
system of this sort may operate - it would be extremely Interesting to
discover what 1ts limitations are: these limitations indicate non-random=-
ness of connections and therefore suggest analysing mechanisms of the
specific kind at work which will explalin and predict behaviour and which do
not vary from individual to individual In a given specles. It 1s important
therefore to examlne the evidence for stimull innately producing specific
reactions since any examples of thils must severely limit the applicability
of the general systems I have been describing, and open the way to the
postulation of more specific systems.

EXPERIMENTAL TESTS FOR GENERAL ANALYSING SYSTEMS

Innate Stimulus-Response Connections

Evidence has been accumulating that at least 1in many sub-mammalian
organlsms there 1s a considerable degree of specificity in the classifi-
catory mechanisms at work. The studles cited by Tinbergen (1951 ref.: 62)
on innate fright reactions of gallinaceous birds to a—figure moving in the
direction of the short arm, and on other lnnate releasing stimull often
of a complex configurational kind are well known. Unfortunately, there is
still some doubt about thelr valldity because often these reactions were
not studied under strict laboratory conditions and in only a few cases
were precautions taken to exclude the possibility of the reaction coming
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into beling as a result of early learning. However, more recent studles

are not open to these obJections and have confirmed that some classifi-
cation can occur without learning. Thus Fantz (1957, ref. 15) has shown
unequivocally that dark reared chicks exhiblit a preference in their peck-
ing behaviour for round objects as opposed to square or triangular ones,
under conditions where the preference could not have been influenced by
rewards and punishments. Wells (1958, ref. 66) has shown that newly hatched
Seplaa have a very specific preference for attacking Mysis, a small
crustacean with a complex and specific form: although unrewarded for
thelr attacks, the latency of attacks decreased with the number of attacks
made, and 1t was difficult to persuade them to attack any other shape.
Rhelngold and Hess (1957, ref. 43) have shown that chicks' preference for
water 1s determined by 1ts visual properties, and that chicks' rely upon
the same visual properties before and after experlence with water.

By fitting chicks' with prisms, Hess (1956 ref.:21) has demonstrated
that the direction and distance at which a chick will peck to a stimulus
are both innately determined. Some years ago Sperry (1942-4, refs.-51, 52
4 53) demonstrated that fly catching behaviour In the newt was determined
by a -highly specific neural organisation: 1if the eye ball was rotated
through 180° and the optic nerve severed and allowed to regenerate,
reactions to objects moving in the visual fleld were made to a position
180° from the position of the stimulus In the visual fleld. If the
severed optic nerve can re-establish connections with such precision
despite thelr blologlical uselessness to the animal, thls suggests that
the original connections may have had the same degree of specificlity.
Thus there can no longer be any question but 1n many submarmallan specles
there 1s a degree of speclficity present in the arrangement of the
connections In classificatory mechanlsms which means that theoriles of the
general type cannot satisfactorily account for stimulus classificatlion in
these animals.

Perceptual Deprivation

The situation with regard to mammals 1s still not resolved. Several
investligators-- Rlesen (1949-51, refs.- 44, 45 & 46), Rlesen, Kurke. and
Mellinger (1953, ref.-u47), Rlesen and Mellinger (1956, ref.-48), Chow and
Nissen (1955, ref. 6) have demonstrated that some mammals (cats and
chimpanzees) discriminate less well between visually presented shapes if
they have been brought up without prior experlence of patterned light.
Although this 1s sometimes taken to mean that these animals have to .
learn to classify stimull or more .specifically to bulld up $pecific.
connections out of initlally random ones, .this conclusion is far
from forced upon us by the evldence. Thus there are at least four

alternative explanations for why animals brought up without pattern
vision should learn a given -visual discrimination :less-:readlly
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than a normally reared animal. These are: (1) Possible degeneration in
the system due to lack of use: 1t 1s Impossible to know whether this has
been eliminated even where animals have been brought up in diffuse light
rather than total darkness. . (2) The dlsruptive effects on learning of
emotlional responses given to completely novel stimuli: Miller (1948,
ref. - 33) found that rats brought up in the dark and trained on a maze hablit
in the dark actually performed worse when run in the light, (3) The possi-
bility that there are specific connections present initially, but that they
become more specific only with use, and irrespective of how they are used.
Thls possibility 1s underlined by the experiments of Wells (1958, ref.- 66)
and Hess (1956, ref.-21): Hess found that the pecking response increased:
in accuracy with use, even in the case where because of distortion intro-
duced by a prism in front of the eye the Increase In accuracy merely led
to the chick pecking consistently in the wrong spot. It is also suggested
by an experiment of Chow and Nissen (1955, ref.-6): they found incomplete
interocular transfer where chimpanzees had been brought up with one eye
recelving pattern vision, the other diffuse light: this suggests that the
anatomical overlap of flbres from opposite eyes 1s at first incomplete,
but that it becomes complete with use. The conditions necessary for its:
ccmpletion, however, do not include knowledge of results since it 1s com~
pleted 1f patterned light 1s given alternately to elther eye., Riesen and
Mellinger (1956, ref.-48) obtained a similar result with cats. (4) The
possibility that Increased learning time for a visual dlscrimination 1s
brought about because animals have learned to switch In analysing mechanlsms
for other sensory modalitles through previous experlence: animals might’
switch off the input from vision when 1t first appeared because 1t could
not initlally be useful in solving a problem and would only interfere with
a solutlon achieved through some other sensory modality. Recent results on
the peripheral blocking of sensory input from a modality to which the
animal 1s not attending (e.g. Sharpless and Jasper 1956, ref.- 50) underline
this possibility. These results will be referred to In more detall below.
The upshot of this 1s that at the moment there 1is no rellable evidence
on the éxtent to which the classificatory system 1s of the extremely general
sort suggested by Hebb and others in mammals, and on how far the actual
classificatory system used in later life develops only as the result of
learning. If mammals have few innate responses to stimull and 1f the type
of experiment which has been performed on perceptual learning to date 1s
- Inconclusive, 1t must be asked whether 1t would be possible to obtaln
evidence which would help to declde how far the classificatory mechanlsms
at work in mammals were of the very general sort proposed by Hebb, how far
they were more speclific.
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Further Tests for General Analysing Systems

It seems to me that 1t 1s possible to perform experiments designed to
test thls, and we are planning such experlments as part of a programme on
stimulus-analysing mechanisms at Oxford financed by the Nuffleld Foundatlon.
A number of different possible approaches to this problem are outlined
below:

(1) If the classes of shapes which wlll be categorised together are
determined as a result of learning, we mlght expect that animals brought
up without visual experience will elther exhiblt very different kinds of
transfer from adult animals or will exhiblt no transfer to new shapes at
all. For example 1f the equivalence between rectangles in different ,
orlentations 1s determined through learning, we would expect that an animal
brought up without pattern vision and then tralned to discriminate between
a square and a horlizontal rectangle would show no transfer to a vertical
rectangle. Simllarly we would expect no transfer from a trilangle In one
orientation to a triangle in another orlentatlon. Such experiments must,
of course, be very carefully controlled: 1In particular 1f an approach-
avoldance hablit 1s belng learned 1t 1s necessary In transfer to prevent the
animal performing correctly by avolding or approaching the figure which
remalns constant (l.e. the square in the first example). The method of
successive discrimination avolds this difficulty slnce only one shape 1s
shown on one trial and the animal learns elther to approach or avoid 1t.
Agaln 1t 1s necessary to be certaln that what 1s transferred 1s a method of
classifying the shapes and not the habit of attending to the shapes: this
possibility can agaln be eliminated by proper controls (e.g. comparing trans-
fer to a series of different shapes only some of which bear any resemblance
to the original: the degree of transfer to shapes bearing no resemblance
to the orlginal then gives a base line for measuring genulne transfer due
to a method of classifying the shapes). If the order of ease of transfer to
different shapes were markedly different from that found in an adult
animal, this would provide very good evidence for the lmportance of learn-
Ing in determining the ways In which shapes are classifled and hence for
the more general type of mechanlsm: 1t would be impossible to explain such
changes in order of transfer by means of any of the four possible alterna-
tive explanations listed above, because although they might reduce all
transfer there 1s no reason to suppose that they would reduce transfer to
different shapes differentially. Although many experiments involving bring-
ing animals up without pattern vislon have been performed, there has been
no attempt made to investigate how such animals transfer to new shapes..

(2) 1If a very general mechanism is at work, it should be possible to
alter drastically the discriminability of shapes and the ways in which
transfer will occur by glving animals unusual perceptual environments,
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Gibson and Walk (1956, ref.17) performed an experiment of this kind in
which they showed that rats which has been kept In cages in which black
circles and triangles were exposed were subsequently better able td dis-
criminate these shapes than a control group brought up in cages without
these forms being exposed. Unfortunately, the experimental animals may
have learned to orient themselves In thelr cages by means of the exposed
forms so that in the discrimination learning situation they may have
transferred a habit of attending rather than a method of classifying,
This could be controlled against to some extent by keeping the shapes
exposed in constant movement round the cage, and also by finding out
whether the superiority of the experimental gronp on shape discrimination
was confined!just: to the pair of shapes to which they had been exposed
by testing both groups on other shape discriminations.

It might be worth trying a different method of producing perceptual
learning. If equivalence relationships are determined by the time sequence-
of shapes on the retina then 1t should be possible to builld into animals
very unusual equivalences. Thus animals could be brought up in a cage
with a shape in view which was constantly distorting to another shape:
for example 1f animals were allowed to view a triangle distorting into a
circle during the early part of their 1ife, 1t would be predlicted that the
triangle and.circle would thereafter be equivalent figures for them.
Discrimination between these flgures would presumably be more difficult
for such animals on a general mechanism and much more transfer from one to
another should be exhibited than in normally reared animals.

(3) A third possible way of discovering how far specific mechanisms
are involved in shape discrimination is by testing for lnterocular trans-
fer under conditions where the animal has never experienced the same shape
simultaneously on the two eyes. In a mammal because there are both crossed
and uncrossed fibres in the optic pathways corresponding parts of both
eyes project to the same hemisphere: because of this, results of experi-
ments using this technique are inconclusive since the interocular transfer
found may be due to the same excitation belng set up in the primary pro-
Jection area irrespective of which eye is stimulated. For what it is

“worth, Chow and Nissen (1955, ref.6) and Rlesen and Mellinger (1956,

ref. 48) have found almost complete interocular transfer in animals which
had had alternating pattern vision on both eyes, but had never had pattern
vision with both eyes simultaneously. It would be possible to overcome
the difficulty in interpreting these experiments by cutting the optic
chiasma before any pattern vision was given: this would mean that the
left eye projected only to the left hemisphere and the right eye only to
the right hemlsphere. If under these conditlions interocular transfer were
found with previous experience limited to pattern vision alternating on
the two eyes, then it would be established that further connectlons from
area 17 were highly specific and that classification of shapes was not
effected by growth processes in initially random connections.
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Myers (1955, ref.36) 1n fact has found that Interocular transfer occurs
after severing the optic chiasma, but hls animals had had normal pattern
vision and hence the chance to establish equlvalence between the same
pattern projected to the two hemlspheres since durlng the animals' previous
binocular experience the same patterns had been belng transmitted simul-
taneously to the two hemlspheres.

Before leaving general systems 1t 1s perhaps worth making two further
poinps.‘#irstly, it 1s-sometimes supposed that because classifying systems
setin to reflect the probability of environmental events, therefore they
must have come into existence as a result of learning in the individual.
For example a varlety of animals - monkeys (Harlow 1545, ref.19), rats
(Lashley 1938, ref.27), octopuses {(Sutherland 1959, ref.$59) = have been
found to classify richt-left mirror lmages together more readlly than up-
down mirror images. Thils might arise because In an anlmal's normal environ=-
ment 1f the animal goes behind a given shape 1t will receive a right-left
mirror image of the same shape, whereas 1t would have to stand on 1ts head
to recelve an up-down mirror image Of a shape: clearly the former happens
more frequently so we might expect animals to classify right-left mirror
images together more frequently than up-down mirror images. This cannot
be used as an argument for a general type of system 1n which equivalences
develop as a result of learning on the part of the individual organism
because we would expect a specific system to exhiblt the same features
since it will have come into being as a result of an evolutionary process.
A specific system which treated right-left mirror images as the same would
clearly be useful to an anlmal since they often are given by the same
object whereas a system which treated up-down mirror lmages as the same
would be less useful to an animal because in general they will emanate
from different objects. Thus 1t might be expected that specific mechanisms
built Iin as a result of evolution would be adaptive 1In much the same way
as the actual classifications that come to be made in a general mechanism
as a result of learning.

Secondly it 1s sometimes supposed that 1t might be possible to work out
the number of discriminations an animal can make and to correlate this
with the total number of possible connectlons In the brain or in some part
of the brain. In this way 1t might be posslble to work out what were the
neural elements = involved in a general system, and to make a correlation
between some form of neural connectivity and the number of things an
animal can discriminate. Unfortunately it 1s completely Impossible to set
any upper 1limit to the number of discrimlnations an animal can make by
means of behavioural experiments. The literature of the subject 1s strewn
with assertions that a particular animal could not perform this or that
discrimination when all that was justified by the data was that the animal
could not perform a particular discrimination within the limits of the
particular experimental situation used. Thus In 1930 Munn (ref, 35) wrote
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"The inabllity to learn the discrimlinations was due not to the
characteristics of the apparatuses per se, but to a deflclency In the rat's
abllity to discriminate visual detall": Lashley was shortly to demonstrate
that the discrimination between the shapes Munn used with his rats (that
between a cross and a square) was in fact one of the easliest pattern dls-
criminations for the rat in the jumplng stand situation (Lashley 1938,

ref.- 27). Yet there 1s no guarantee that the Jumplng stand 1s Jtself the
optimal learning situation for shape discrimination In the rat, and 1t
would be as misgulded to claim that the limits of the rat's capaclty for
shape discrimination found with the Jumping stand represented the upper
1imit of the rat's capaclty as it was to claim that the rat has no capaclty
for detail vision on the basls of experiments wlth a modified Yerkes
apparatus as used by Munn. Apart from varlations in the experimental sltua-
tion used to train animals in visual shape discrimination, a second factor
may contribute largely to what limits are found for thelr discriminatory
capabilities, This factor 1s the extent to which anlmals are pretralned on
shapes exhibiting gross differences along the same dlmensions as the

shapes they will ultimately be required to disctiminate. Thus Lawrence
(1952, ref.-30) found a group of rats trained to discriminate black and
white cards and then transferred gradually to more and more similar shades
of grey reached a much better criterion of learning on the two closest
shades of grey used than a group given the same total number of trials on
the two closest shades of grey from the outset of training. Saldhana and
Bitterman (1951, ref.-49) found that whether or not rats learned a glven
serles of discriminations depended on the order in which they were
presented. Thus the approach of arriving at the number of switches in the
brain by analysing the total number of discriminations an animal can make
1s one which 1t 1s not possible to follow, though 1t 1s an approach which
might suggest 1tself to the englneer interested 1in applying Information
theory to organlsms.

EVIDENCE FOR SPECIFIC ANALYSING MECHANISMS

Economy of Specific Analysing Systems

Some of the evidence which has already been presented suggests that
specific analysing systems must be at work at least 1n the case of certain
submammalian organisms which exhibit innate responses to some classes of
stimuli., Although the cruclal experiments have not been performed on
mamnals there 1s evldence from other directions that some speciflc classi~
tying mechanisms must be at work even here. Both behavioural and physlologl=
cal evidence indicate that part of what 1s involved in discriminating shape
1s the switching in of an approprilate analysing mechanism. In what follows,
I shall argue that within any sensory modality, there are probably different
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specific ways of processing incoming information: these different methods
correspond to different ways of classifying incoming information. Probably
part of what an animal faced with a discrimination task learns 1s to switch
in the correct analysing mechanism: a second part 1s to attach a response
according to which output the mechanism switched in is giving. Thls general
idea has some plausibility on the grounds of economy. Presumably many of the
operations to be conducted on incoming data will be the same from one

sense to another and also for different ways of classifying information
from any one sense, though here the sequence of operations may differ from
one method of classifying to another. If thls 1s the case 1t would presumably
be most economical to use the same actualanalysing mechanisms in a varlety
of different classifications rather than to have a separate analysing
mechanism for each classification (the latter 1s implicit in the general
type of theory put forward by Uttley). Thus In the use of computers it 1s
most economical to have one computer capable of carrylng out operations on
different kinds of data and of varylng the sequence of the operations

it carries out according to the way in which it 1s programmed, rather than
to have different computers for every varlety of information which is to

be fed 1n and for every variation in the sequence of operations to be
carried out. To summarise this crudely, In the model envisaged the brain
1s being viewed as containing at least three different boxes: (1) A
number of different analysing mechanisms., (2)_A control centre which
determines which of these mechanisms shall be switched in on any given
occasion and in what sequence they shall be switched In. (3) A further

box which 1s responsible for selecting the response to be attached to the
output from the analysing mechanisms. This 1s obviously a gross oversimpli-
fication and in practice the boxes may turn out to be not so very.discrete,
but 1t 1s worth seelng how far avallable evidence supports this conception.

Evidence for Specific Analysing Mechanisms

One consequence of this crude model 1s that the nervous system wouldi
not be able to process information in two different ways at once, since
there would then be competition for the common analysing mechanlsms.
There 1s plenty of evidence to suggest that this 1s in fact the case. Thus
Mowbray (1953 refs. 37 ¢ 38) found that when the eye and ear are presented
with complex stimull at the same time, the information presented to one or
the other 1s made effective in the response but not the information presented
to both: Mowbray points out that thils finding 1s against the type of theory
put- rorward by Hebb. Broadbent (1954, ref.-2) shows that diglts simul-
taneously presented to the two ears are not accepted by the analysing
mechanisms in thelr temporal order of presentation but all digits presented
to one ear are accepted and then all presented to the other ear; he has
extended this finding to digits presented simultaneously to ear and eye
(Broadbent 1956, ref . 3). To explain the finding that information presented
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simultaneously on two channels can be accepted although 1t 1s accepted
succesgively not simultaneously he postulates a short term memory store in
which Information can be stored until the central analysing mechanisms are
ready to recelve 1t. The ldea that the same central analysing mechanisms
may be used In processing Information from different modallities gives a
rationale for the finding that 1t is not possible to accept information .
from two channels at once. Davis (1958/7 refs. -8 & 8) has shown that where
two stimull requiring different but perlipherally compatible responses are
presented with Intervals of less than about 200 milli-seconds, the response
to the second one 1s delayed: 1n an Ingenious serles of experiments
involving different modalities, he has shown that the amount of delay 1s
approximately the same as the amount of overlap between the time the

tirst stimulus occuples central pathways and the time the second stimulus
would have occupled central pathways 1f 1t could have been accepted
immediately: this suggests that the second stimulus cannot get access to
central analysing mechanisms until the first one 1s cleared.

A second line of evlidence suggesting the same general conception of the
working of the central nervous system is .that provided by recent studies
on the recticular formation and on the peripheral blocking of input on
sensory pathways. Since there have been a number of recent reviews of this
evidence (e.g. Lindsley 1957, ref.-31), 1t 1s unnecessary to go into it in
detall here. Hernandes-Peon, Scherrer, and Jouvet (1956, ref.-23) found
that a click glven to a cat's ear evokes a markedly reduced potentldl
at the cochlear nucleus 1if the cat 1s simultaneously shown a mouse or
given a whiff of fish, This suggests that stimull unimportant for the
animal can be blocked at a peripheral level 1f more important stimull are
belng recelved: the blocking is 1tself under central control possibly
mediated by the reticular formation (Hernandos-Peon and Scherrer, 1955,
ref.- 22). Once again the rationale behind this can only be that central
analysing mechanlsms can only be set in one way at a time, and if
different stimull were glven access to them slmultaneously thelr efficlency
in dealing with any one stimulus would be impaired. In addition to glving
support for the exlstence of speciflc analysing mechanlsms used for a
variety of stimull, such experiments suggest in themselves a considerable
degree of speciflicity in the Innate organlsation of the central nervous
system and thus: constitute evidence agalnst the very general systems pro-
posed to carry out stimulus analysis. It should further be noted that the
existence of analysing mechanisms which although specific could be used
for a variety of purposes 1s 1in line with the findings on mass action, 1.e.
the fallure of lesions outside the primary sensory and motor areas of the
cortex to produce loss of some specific functions only. In addition the
1dea that the same analysing mechanisms might be used 1n processing
information from different sensory modalities may account for some
examples of synaestheslia,
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Learning to Switch in Analysing Mechanisms

The degree to whilch the same analysing mechanisms actually function when
incoming Information 1s belng processed In different ways 1s of course
extremely speculative, and 1s almost Impossible to test at the moment: 1t
would only become possible to test the idea when we had begun to work out
in detall for the different senses what the specific analysing mechanisms
at work were, The main point of Importance for our present purpose is that
it 1s 1l1lkely that there are specific analysing mechanisms at work irres~ "
pective of the degree to which these are used in common when stimuli are
belng categorised In different ways. There 1s excellent evidence to support
this more general point drawn from another realm of experimentation. This
evidence Indlcates that in learning to make a discriminatory response
animals both learn how to analyse the stimull and also learn to attach a
glven response to differential outputs from the analysing mechanism once
found. This 1s one explanation for results which support non-continulty
theory as opposed to continulty theory of discrimination learning. Non-
continuity theorists as represented by Lashley (1942, ref. 28) and
Krechevsky (1932, ref. 25) maintained that animals only learn to attach a
response to cues to which they are attending, continulty theorists
(e.g. Spence 1945, ref,  54) that they learn to attach a response to any
differential cues impinging upon the organism,

Farly attempts to test between these two possibllities were not very
successful since the experiments ylelded conflicting results (Krechevsky

"1932 ref,  26), McCullogh & Pratt 1934, ref. 32, Spence 1945, ref. 54,
Ehrenfreund 1948, ref.- 13, etc.): these experiments sought to discover
whether animals learned anything about the relevant cues during the first
few trials of tralning In a discrimination during which they tend to react
more in terms of spatlal position than in temms of the differential shapes.
Since the results of these experiments are amblguous they will not be
further discussed here, though 1t should be noticed that the finding that
some learning does occur In early trials 1s only agalnst an extreme non-
continuity theory position, because even In a sequence of trials where
animals are attending on most trials to spatlal position, they might on
scme trials be attending to shape (or on the model here proposed, be
switching in the approprlate analysing mechanism) and therefore some effect
of early training on later learning would be demonstrable.

Lashley (1942, ref.-28) trled to solve the problem by giving animals a
set to solve discrimination problems in terms of one sort of categorisation
(size) and then demonstrating that they learned little or nothing about
other aspects of the stimull to be discriminated provided they could con-
tinue to solve the problem in terms of the original way of categorising.
Unfortunately, Lashley used an insensitive test of the amount of learning
Of other aspectsoof the stimull - he used transfer tests rather than
relearning, and the results of his own experiment can be disputed.
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Lawrence (1950, ref.-2$) in an extremely well controlled experiment
trled a different approach to the problem: he'gave animals a set to
respond In terms of one cue, subsequently another cue was made relevant
to the discriminatlion. When tested with the cues in 1solatlion animals
performed better when the original cue was relevant than when the addi-

‘tional cue was relevant. More important however, was the finding that when
the original positlive stimulus was made negativewand the original negative
was made positive animals learned to reverse thelr responses quicker than
when they had to learn to reverse thelr responses to the additional cue.
Unless some other learning had occurred than learning to attach a glven
reponse to all cues present 1t 1s Impossible to explaln this finding. It
can, . however, readily be explained 1f the group reversed on the preferred
cue had learned to switch in the appropriate analysing mechanism and
merely had to learn to attach responses differently to the outputs from
that mechanism, whereas the group reversed on the less preferred cue would
be more likely to switch in the wrong analysing mechanism and so take
longer to switch in the less preferred one and also learn to reverse
responses to that one.

A number 0f experiments have recently confirmed this type of finding.
Thus Reid (1953, ref.-u2), Pubols (195€, ref.-40), and Capaldl and
Stevenson (1957, ref.-5) have all shown that the more training is glven on
a gilven discrimination the more readily rats learn to reverse thelr
responses on the same discrimination. This finding is unintelligible 1f we
assume animals are merely learning to attach a response to a glven output
from stimulus analysing mechanisms since we are faced with the paradox
that the better the response 1s attached the easier it 1s to reverse 1it.
It becomes intelligible, however, 1f we suppose animals have learned to
switch in a glven analysing mechanism: animals which have leamed this
most thoroughly will presumably continue to switch this mechanism in when
thelr responses begin to give the wrong results and so will have a chance
to learn to reverse thelr responses to the outputs of that mechanism.
Animals which have not learned so thoroughly may switch in other analysing
mechanisms and hence take longer to relearn since they will meanwhlle not
learn anything about the relationship of correct response‘to the outputs
from the orlginal analysing mechanism.

Bruner, Matter and Papanek (1955, ref. 4) demonstrated that the obverse
of this 1s true: rats were given different amounts of training on one cue.
They were then given 20 trlals training with a second cue added to the
first. They then had to learn to respond in terms of the second cue only
(1.e. the first was removed). The more training they had had on the initlal
cue, the less they learned about the new cue during the training with both
cues present. This agalin suggests that the more thoroughly they had
learned to switch in the analysing mechanism which would detect the
original cue, the less they switched in different analysing mechanisms when
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both cues were present and therefore the less they learned durling this
period about the second cue.

It has been known for some time that 1f an animal is repeatedly con-
ditioned and extingulshed on the same hablt, the length of time necessary
for successive conditioning and extinction becomes less and less. More
recently it has been shown by Harlow (1944, ref.-18) that 1f monkeys are
trained on a discrimination and then the correct response 1s reversed
successively they will eventually come to reverse thelr response in one
trial: Pubols (1957 ref.  41) has demonstrated that rats also are capable
of learning to do this. Again thils suggests that animals do not learn simply
to attach a response to a stimulus, though In order to explain these find-
ings it 1s necessary to suppose an extra complication in the crude model
here put forward., Not only must there be a control mechanism for switching
in analysing mechanisms which medlates the learning of which analysing
mechanism to switch in, but there must be a further control mechanism
which can switch the relationship between the outputs from the stimulus
analysing mechanism and the response.

THE PROBLEM OF SPECIFIC ANALYSING MECHANISMS

I have now reviewed some of the evidence for supposirng that .there

are specific analysing mechanisms at work and that on different occasions
different analysing mechanisms may be switched In, This ralses a serlous
.obstacle to working out in detail what the analysing mechanisms used for
any stimulus modality are. The technlque which I have used with octopuses
(Sutherland 1957/8, refs. 56, 57 & 58) 1s to try to discover by experiments
which shapes they can most readily discriminate and also what are the pro-
perties of the shapes they are analysing when they do discriminate between
them by running transfer tests with new shapes. in which the properties of
the original shape are systematically altered. For example (Sutherland 1958,
ref.  57) 1f an octopus 1s trained on & circle and a square of equal area,
discrimination 1s unimpalired by altering the size of the original figures
and this establishes that octopuses were not discriminating originally in
terms of absolute length of outline or absolute breadth or helight; on the
other hand theywillnot transfer from the square to a dlamond (i.e. a square
rotated through 45°) and this establishes that they were not originally
discriminating the properties of having stralght lines and corners as
against the propertles of not having stralght lines and not having corners.
On the basls of this sort of work i1t 1s possible to suggest hypothetlcal
analysing mechanisms which would account for one's results, and to draw
predictions from such analysing mechanisms about the discriminablility of
further pairs of shapes. Unfortunately, though, in the case where animals
succeed 1n discriminating shapes which on the original analysing mechanism
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should not be discriminable one does not know whether thls 1s because one's
original guess at the analysing mechanlsm at work was wrong or whether it 1s
because a second analysing mechanism 1s at work which 1s switched 1n where
the original one does not gilve differential outputs for different pairs of
shapes (for an example of this v. Sutherland 1959, ref. 60). This means that
where one predicts that an animal cannot distingulsh shapes the finding that
1t cannot distinguish them 1s some confirmation for the exlstence of the
original analysing mechanism, while the finding that i1t can dlscriminate
them is not complete disconfirmation. On the other hand where one predicts
that a pair of shapes should be readlly discriminable the finding that they
are 1s only partial confirmation of the theory, whereas the finding that
they are not would be a complete refutation of the theory. However, possibly
because of the existence of different possible analysing mechanlsms it 1s
difficult to discover pairs of shapes which are not discriminable. Although
the existence of independent analysing mechanisms makes lnvestigation of the
specific analysing mechanisms at work difficult, it does not make 1t
impossible: one approach to this problem which has not been tried would be
to preset the analysing mechanisms in a given way by training on shapes
whose discrimination involves this or that type of analysing mechanism, and
then to test for whether when animals are trained on further shapes the ways
in which they transfer to new shapes are altered by the way in which the
analysing mechanisms have been preset,

A further problem which confronts investigators who are trying to make
hypotheses about the specific analysing mechanlsms at work 1s to declde
in what ways the nervous system is most likely to code information. Thus
coding in terms of intensity of firing (l.e. rate of firing) and positlion of
firing certainly occurs in the peripheral nervous system: 1t 1s difficult to
know how far the nervous system may operate at more central levels on a
coding in terms of time. Since peripheral response mechanisms would appear
to work only in terms of the position of impulses and thelir Intensity of
firing decoding Into these methods of carrying information would be
necessary before the effector system was reached. A concrete example may
help both to make this clear, and also to 1llustrate how far our 1gnorance
of speclific mechanisms goes.

Suppose we tell a human being that we are going to present two lights to
his eye, one of which will be brighter than the other and he 1s to respond
by pressing one of two keys to his right and left: = if the bright light is
to the left of the dim light he 1s to press the left hand key, 1f it 1s to
the right of the dim light he 1s topress.thre right hand key. If we now
control the subject's filxatlon and flash the lights on different parts of
the retina, one would expect him to press.the correct key for any retinal
position occupied by the otwo lights provided their separation ls greater
than the minimum separable for the part ,of the retina on which they are
projected., If we take the minimum separable to be 3 minutes or better out
to a peripheral angle of 60° (Polyak, 1941, ref.-  39) this means that each
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light can occupy over 1,000, 000 discriminably different positions on the
eye and the two lights could occupy over 10 * dilfferent positions., We glve
the left hand response for half of these possible input states, and the
right hand response for the other half, MNow, on Uttley's theory of how the
equivalence for each group of 10 /2 input states has arisen, there would
be one unlt to represent each of these 101 /2 states and all these units
would be connected to one further unit which 1s common to all of the
1012/2. We would In fact require more units than there are neurons in the
central nervous System to cope with thls one very simple discrimination.
This In 1tself suggests that some specific mechanism of a more economical
kind 1s operating, and 1t 1s the purpose of the example to throw light on
the difficultlies which arise In specifylng the more specific nechanisms.

Despite the simplicity of the problem, there are as far as I know no
discussions In print of what sort of analysing mechanism could mediate this
generallsation or even this type of generallsation. The problem 1s to get
rld of the informatlon about the actual spatial poslitions occupied by the
two lights and preserve only the information about thelr relationship to
one another along the horlzontal axls, One way of doing this would be to
convert spatlal positions Into a time serles: for example points on. the
cortex representing retinal points from left to right might fire
successively Into the same channel: the two lights willl now be represented
by a small excitation and a large exclitatlion and a detector mechanism could
sort out whether the large light vas on the right or on the left by whether
a large excitation was succeeded or preceded by a small one. Roth Deutsch
(1955, ref. 10) and Dodwell (1957, ref.-11) have proposed mechanisms for
shape recognition which get rid of spatial position occupled on the retina
by coding position in terms of time. The trouble with this sort of system
i1s that we have to assume some sort of pacing mechanlsm which-must operate
In a very regular way, and also that the central nervous system 1s capable
of detecting very small differences In time. There 1s evidence that the
nervous system can decode very small time dlfferences produced by external
stimuli (e,g. time differences of 30 microseconds can be detected In
auditory localisatlon, Wallach, Newman, Rosenzwelg (1949, ref. 65), but
here the time differences are produced by an external stimulus and this
does not show that the nervous system can 1tself recode information in
terms of time with such accuracy.

Another possible method of recoding the information would be to code
position on the retina in terms of intensity: successive posltions say to
the right of the fovea would be represented by greater and greater inten-
slties. We now need a second mechanism for associating the brightness of
the 11ght with the Intensity of firing assoclated with 1t in the system
representing 1ts spatial position in intensity terms, and to respond merely
to the spatlal position of the light we have to detect whether the intensity
assoclated with the bright one In the system representing horizontal retinal
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position is greater or less than the Intensity assoclated with the dim.
one. This sort of recoding at least for visual discrimination is
possibly more plausible than recoding 1in terms of time, since 1t does
not involve any sort of regular pacing mechanism. Moreover, 1t 1s already
known that at one stage the nervous system does recode spatial informa-
tion on the retina in terms of intensities. Thus one primitive response
we make to objects stimulating the retina is that of fixation movements:
one palr of muscles (lateral and medial rectl) are malnly responsible for
the horizontal components of eye movements,while two further pairs
(superlor and inferior rect!i and superior and inferior oblique) are mainly
responsible for the vertical components of eye-movements., The immediate
efferent control of these muscles must be In terms oOf intensity of firing
in efferent nerves. Moreover there 1s some evldence that there are
separate efferent tracts for the vertical and horlzontal components of eye
muscles: thus 1t seems likely that the efferent tract for lateral eye
movements runs through the pons, whereas that for vertlcal eye movements .
runs through the superior colliculus (Duke-Elder 1949, ref.-12). If infor-
mation about the positlon on the retina of a point to be fixated has to
be divided into the two coordinates vertical and horizontal in order to
be fed over efferent pathways onto the eye muscles, it might represent
some economy 1f the same system were used for analysing the position of
stimulated points on the retina relative to one another, Such a system
could be developed to account for shape recognitlion irrespective of retinal
position, and would make many predictions in common with the theory put
forward by the present writer (Sutherland 1957, ref. 55 for recognition
of shape and orientation in the octopus, The approach of discovering how
information from a given modality must be coded in order to govern some
primitive response in order to galn suggestions for analyslng mechanisms
which govern more complex responses is one which might be used more than
it has been in the past.

There {s (e further point which may be worth making about specific
systems of shape recognition. It seeis llkely that any such system must
operate by comparing relatlive quantities somewhere in the nervous system
rather than by taking into account any absolute quantity at any given
stage. This 1s indicated not only by the fact that In all specles tested
1t has been found that having learned to discriminate between shapes of a
glven size they will transfer the discrimination readily to shapes of
different sizes, but by more general considerations about the operation
of the nervous system. Any discrimination task which necessarlly involves
the storage of {nformation about absolute quantities 1s in fact very
poorly performed in terms of the information which can be extracted on
any one presentation of the stimulus. Thus Carner (1953, ref. 16) showed
that where human beings were asked to make judgments of absolute loudness,
Judgments were most accurate as measured by the amount of information
transmitted per judegment where only five categories were used: Increasing
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the number of categories led to a decrease in accuracy which was not com-
pensated for in terms of extra Information transmitted by means of the
additional number of categorles used., Similarly Ericksen and Hake

(1955, ref. 14) found that where subjects were asked to judge the slze of
squares, increasing the number of categorles used above flve did not lead
to any increase in the amount of information transmitted per Judgment:

it led to a decrease in the accuracy of judgments which was partlally ccm-
pensated for by the Increase in number of categorles used. In both studles
about 2.1 blits: of Information per stimulus were transmitted. It is obvious
that in human belngs and many animals very much more Information per
stimulus can be transmitted where visual patterns are belng classifled,
particularly if there are no severe limitations on the length of time the
stimulus 1s exposed or the length of time within which a response must be
made. This can only mean that the nervous system performs more efficlently
in terms of information transmitted where 1t 1s analysing relationships
between quantities simultaneously present in it, than where 1t 1s analysing
one absolute quantity. The explanation of this feature of the nervous
system may have to do with changes In states of adaptation: 1t may be im-
possible to analyse accurately absolute quantitles due to changes In states
of adaptation of parts of the nervous system, but the changes in states of
adaptation might be such that the relation between different quantities of
excitation 1s preserved provided they are transmitted over the same parts
of the nervous system. A mechanlsm for distingulshing shapes which depends
upon an analysis of relative quantities 1s therefore more plausible than
one which depends upon an analysls of absolute quantitles.

CONCLUSION

It has not been the purpose of thls paper to examine in detall any
specific theories of how the nervous system classifles shapes. I have trled
to show that the very general type of analysing system which englneers
have tended to propose for pattern recognition may not correspond to the
way in which the nervous system works, and to glve reasons for supposing
that there are in fact more speclfic and more economical analysing systems
at work. I have also tried to suggest ways of testing between the two
alternatives, and ways of working out what the more speclfic analysing
mechanisms are. The englneer could obviously be of enormous help to the
physiologist and the psychologist in setting up hyp05h¢ses about specific
analysing mechanisms, but to do so he would have to start by taking into
account the known facts about which shapes are classifled together and
which are classified apart, and to develop theorles about analysing
mechanisms in collaboration with experimentalists who could test the
specific predictions made from this type of theory.
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DISCUSSION ON THE PAPER BY DR. N. S. SUTHERLAND -

DR. CROSSMAN: Dr. Sutherland appears to be concerned that the braln might
not make use of specific mechanlisms for stimulus analysis, and that
generalized ones with learning properties might prove difficult or impos-
sible to study. But up to date no single specific mechanism has been
elucidated neurologically, with the possible exceptions of one in the
frog's retina (by Barlow) and the octopus tactual system (by Wells).
Therefore 1t does not seem to be at all obvlous that speclfic mechanlsms
are easler to elucidate than generalised ones such as have been proposed,
for example, by Hebb and Uttley., The latter might even be easler, if it
proves possible to use a statistical approach on large assemblies of
identical units, as is done In statistlcal mechanics with notable success.,

DR. JOHN BROWN: In hls very Interesting paper, Dr. Sutherland argued that,
1f a general analyzing mechanism underlles classification in the nervous
system, then the actual circults for particular classification will vary
from Individual to individual and that, 1f this 1s so, all we can do 1s

to try to establish correlations between earlier stimulus sequences and
subsequent behaviour. This seems too pessimistic. The same kinds of
circults will probably be established In different orains even if
different cells are involved in each case. And from hypotheses about
circul ts we may well be able to deduce functional propertles such as the
speed with which classifications of a glven complexity will be performed.
It 1s important to be clear on the difference between a general analyzing
mechanism and a specific one. Even the general mechanism must have 1ts
1imitations since no mechanism can have infinlte capaclty and a worthwhile
Job 1is discovering what these are, What distingulshes a specific analyzing
mechanism 1s that it only handles iInformation of certaln sorts or at least
handles certain sorts more quickly and efficliently. It Is of Interest that
the nervous system seems to be poor at handling order Informatlion, whether
spatlial or temporal, as I have suggested in my paper (paper 7).

PROF, J. Z. YOUNG, CHAIRMAN: It 1s quite true that the specific
characteristics of wiring will not be what we are looking for, but there
are other relevant things which unfortunately, at present, we anatomlsts
have not told you. For example, there are very few data Indeed about the
variance of characteristics of neurones. Even such simple things as
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whether the gross cell size varles during lifetime, or in tissue which has
learned or not learned would be interesting to know, There are all sorts
of things to be found out about numbers of boutons and other synaptic
points, numbers of branches and connections and the varlances of all these.
Discussion such as the present stimulate us to look for things which we
have not thought about before. ‘

DR. N. S. SUTHERLAND: Dr. Crossman's main point 1s that specific systems
have not been discovered, but you can hardly use thls as an argument
against thelr exlstence, unless you are also golng to use the argument
that general systems which work have not been discovered either, and that
i1s an argument agalnst general systems. In fact, specific systems have
been proposed and have led to a lot of experiments and, heurlstically at
least, they have been extremely useful. I proposed a specific system about
shape recognition in the octopus, which has led to 20 or 30 experiments,
and so far I have not succeeded in disproving 1t, although 1t does make
fairly precise predictions. I do not say that it is right, but at least it
has uncovered quite a lot of evidence about the animal., On the point about
treating systems statistically, I do not want to suggest that because
specific systems are at work they do not function in a probabilistic way.
This 1s not an alternative In any way at all. On Dr. Brown's points, I am
not sure that I have grasped them very well. He sald does 1t matter 1if
speciflic cells are involved in different members of the same speclies, I
think 1t certainly does, and 1f they are involved that is something which
we ought to know about. Hls second point was that even on general systems
you may get the same kind of circults in different brains. This may be
true, I think 1t would be nicer to find specific systems, but I do not
want to use that as an argument for the fact that they are there - only as
a reason for looking to see., My arguments in favour of specific systems
are based on a whole lot of evidence, which I think 1t 1s very difficult
to explain given general systems. In particular, I think 1t 1s almost
impossible to explaln by a general system how any animal can have a built=-
in response, which must be attached to some output from a classificatory
mechanism. If you postulate a general system and all shape recognition
comes from learning, I just do not see how you can specify the connectlion
between a way of categorising patterns and a way of responding, It does
not seem possible to specify this connection genetically, unless the
classificatory system 1s also specified genetically.

On the question of the limits of performance, which Dr, Brown ralsed, I
tried to show in my paper that I did not think that was a very useful way
of talking. I think that any experimentalist will tell you that it just is
not possible to specify the 1limits of performance, at the moment., It
depends so much on the experimental situation: 1f you get a better
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experimental sltuation you get better performances. I quoted in my paper
something that Munn sald in 1930, that he found rats were unable to dis-—
criminate between squares and crosses In a particular apparatus, and he
came to the conclusion that the inablllty of the rat to discriminate
between squares and crosses was a defect of 1ts visual mechanism, and that
1t was not a defect of the apparatus he used. Two years later Lashley
found that thls was one of the easlest pattern dlscrimlnations for rats to
perform using a different apparatus, so In view of all this it 1Is almost
impossible to set limits to what animals can do

DR. A. J. ANGYAN: I would like to ask Dr. Sutherland whether he finds 1t
possible to explaln specific analytic mechanisms on the basls that there
are some Innate mechanisms in animals. For instance, observations on newly
hatched birds show the action of three specific stimuli: mechanical stimu-
lation of the nest; pitch of volce which 1s speclfic for thelr parents;
and alr vibrations caused by the wings of the parents. I would suggest
that 1f any speclfic mechanisms are involved In discrimination, they can
develop on the basis of these Imnate stimulation patterns. The conditional
probablility system of learned discrimination mlght, therefore, be bullt on
this baslis,

Another question concerns the fact observed in most young animals,
particularly rodents, that highly speclfic pltch sensitivities evoke
unconditioned motor responses. If these are the starting polints for
stimulus analysing mechanisms In the sense that the so-called specific
mechanisms may only develop on the basls of innate automatised behaviour,
we have to deal with automatic analoglcal sequences conditioned by a
system which behaves 1ike a 'conditional probabllity computer', We might
assume that both the above mechanlsms must be Involved in any acquired
behaviour. I would be very glad to hear his opinion about this hypothesis.

Facts of psychology and physlology seem to indlcate that one must deal
with a combination of speciflic and non-speciflc mechanisms and model them
analogically. If we accept the example shown by the preceding speaker, a
correct analysls of the stimulation may only be obtained i1f both mechanisms
act together., For Instance, colour discrimination as tested by conditioning
1s a very difficult, if not insoluble, task for animals, If these cells are
to be supposed to fire In a random way the stimulus resulting at the output
would only be a probabilistic one., In consequence, dlscrimination of
stimulus intensities can be more refined than discrimination of quallty.

To find common elements as they are brought together In objects reflecting
coloured light or simply colours, analoglical feedback mechanlsms must be
supposed to act upon them. Facts show by experiments of Sperry, and
especlally by more recent work of Dr, Sznetogathal and Szekely in Hungary,
on the example of the opto—-kinetic reflexes indicate that 1f we suppose

the cells to be coupled In a sequence in a negatively fed back manner, then
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we have to deal with given fixed relations as.a basis for stimulus analysis.
Something of this kind must occur in the analytic-synthetic dlscrimination
of the stimull, about which we have common concepts.

MR. B. L. M. CHAPMAN:? I would like to say that I am in agreement with

Dr. Sutherland that we should try to spend our time studylng specific
systems at tlils stage of our present knowledge of the nervous system, I am
glad that he ralsed thls particular point about discrimination between
lines of different lengths for it 1s one which, I think, may be very
important to a proper understanding of visual processes, However, I do not
think that thls 1s a satisfactory explanation of discrimination of line
lengths in human belngs, although I am not prepared to argue about the
octopus.

Consider these two lengths which Dr, Sutherland has marked off repre-
senting Images on the human retina. He has sald that there 1s a mapping
from a 1ine of cells on the retina on to a block of cells and that there
1s a sequential mapping of the two Images from the retina on to that same
block of cells, If that were so, then one would expect that, this being
essentlally a dlgltal system, human belngs would have a very accurate
discrimination not only of difference in length but of the actual ratio of
this difference to the origlnal length of one llne. We ought then to be
able to look at two lines and say; "Yes, this line is 12.7% longer than
the other", I think a more likely explanation of this problem 1s that line
length 1s Judged by means of eye movements.

If two llnes of different length are placed parallel and especlally 1if
one end of each 1s on an imaginary line perpendicular to them, it is
possible, by means of eye movement 1n one plane only, to move the eye at
a falrly constant speed and Judge time intervals. By moving the eye along
each line in turn one is able to compare the two time intervals taken to
scan them., The farther apart that these two lines are, the longer the
interval between successlive scannings, and during that 1nterval our
memory of the time taken to scan the preceeding line will decay as we move
the Image across the visual field. Further, if two lines are placed in
random orientations in the visual fleld then our two scanning processes

? wr. Chapman's comments arise out of a point made by Dr. Sutherland in his cpening
remarks but not made in his paper, Dr. Sutherland drew attention to the following
phenomenon: 1f two parallel lines of unequal length are presented to the human
eye, the difference 1n length 1s much more readily discriminated 1f the lines
either start or finish together (l.e. 1f the line joining together one of the two
palrs of ends of the original lines 1s at right angles to the original lines)
than 1f the lines neither start nor finish together. Dr. Sutherland pointed out
that this fact 1s so obvious that it has hitherto escaped experimental investipa-
tion, and that by considering what sort of machine for recognising line lengths
would have this property, light might be thrown on how the stimulus analysing
mechanlsms for visual patterns operate in man.
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are not made with the same set of muscular movements wilch will make their
comparison more difficult.

DR, W. K. TAYLOR: I will o some way with Dr. Sutherland in hls postulation
of specific mechanisms because obviously there 1s sufficient genetic
information to determine the organization of the retina and the system
responsible for vertical tracking. I would go a 1ittle further and suggest
that there is a speclfic mechanism for glving size generalization, In the
case of humans, however, when i1t comes to learning the names of objects, I
think it extremely Improbable that there 1s a speclflc mechanism that gives
a French baby an Initlal preference for learning the French names for
objects rather than thelr English namz2s, In thls case we are obviously
looking for mechanisms that are initlally non-specific.

DR. D. M. MACKAY: There 1s at least one ‘'dlscussion in print' of tie
problem mentioned by Dr, Sutherland on p.595, In the Macy Foundation
conference proceedings of 1951 (ref.1). I should be interested to know
what he thinks of the suggestion I made there, Brlefly, the 1dea was that
filtering the input to extract invarilants entalled needless trouble,
because what 1s wanted 1s to organise an invarlant response to the input.
The alternative 1s to make the abstractive mechanlsm itself part of the
response system, so deslgned that 1t can organlze an Internal matching
response invarlant with respect to position. To show what this means, I
have used (ref.1) the example of a self-gulding trolley, set to drive
around a triangle: wherever the triangle lies in the fleld, the trolley
finds that 1t has to present itself with the same succession of commands,
in order to run round it. My suggestion was that an analogous but internal
matching mechanism could account for position-lnvariance in visual
perception, This general principle of making stimulus classification a
matching task for part of the response mechanlsm seems to me to be rather
more promising In terms of the demand on neural complexlity, than making it
entirely a matter of filtering the input. It does not, of course, solve
all the problems. We do not understand the detalls of the specific neural
mechanism which enables a man, for example, to draw the same figure in
different positions., I think, however, that physiologlsts are rather
happier with that kind of problem than they have been with the problem of
designing a specific neural filter to glve an invariant signal from a
figure anywhere in the visual field.

REFERENCE
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DR. A. M. UTTLEY: We have had a number of mentions of specific mechanlsms
at birth from Dr., Angyan, One thing I can add to that 1s the small bird
crouching. I belleve I am right In saying that a card with four black dots
on 1t will cause crouching, but 1f one 1s removed i1t will not. It seems to
me quite inescapable that there must be a dendritic system somewhere con-
nected to four receptors, or small groups of receptors; and I would like
the anatomists to start looking for one now. Surely the englneers have
convinced them and given them enough falth to start looking somewhere for
some of these speclfic mechanisms?

DR. N. S. SUTHERLAND: I think I am certalnly in agreement with Dr. Uttley
over this, and I think I am in agreement with Dr. Angyan, so I do not

think I need say anything about thelr points. Dr. Taylor's 1s rather
important, because it Involves a misunderstanding of what I was saying.

Of course, one has to learn to make responses to stimull as classified. I
was not suggesting for a moment that Frenchmen came Into the world speaking
French. In this paper I have not really been concerned at all with how the
responses are attached to the outputs from stimulus classifylng mechanisms.
I am just concerned with trylng to find out what are the stimulus analysing
mechanisms. The question of how - given that there are certaln stimulus
analysing mechanisms which have got certaln outputs = an animal attaches a
response to the outputs of these i1s a different question. I would like to
take up Chapman's points on the lines, I think his first point exposes a
confusion about this sort of thing. It 1s not true that, Just because this
a digital system is Involved, animals must be able to respond extremely
accurately. Whether they respond accurately or not depends on what further
mechanism you attach. You cannot make predictions very readlly from just
the first stage of an analysing mechanism. The Information preserved here
might very easily be lost later on, depending on what sort of mechanism
you put on to analyse these differences In the lines, The second point
about the lines 1s that he suggested eye movements were concemed. They may
be concerned normally, btut they certalnly are not always, because 1f you
try exposing lines with a tachistoscopic flash, you will find that you can
still discriminate the lengths of the lines., I am-not sure how much worse
you can do this than 1f you allow eye movements. Dr. MacKay suggested that
the stimulus analysing mechanisms might be part of the response system, and
this 1s something which I agree with and which I have in fact suggested,
myself, in my paper - that the stimulus analysing mechanlsms, the ones that
exist, may very well be based on how you code information in order to get
sone primitive response, like the response of making eye movements. It
would obviously be an economy, 1f you have got to code the Information in
a certain way in order to govern thls primitlve response, to use this way
of coding it as part of an analysing mechanism. ‘
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He suggested thls example of a trolley, say, running round the triangle,
and this is rather like the Hebb system of shape recognition. In Hebb's
system the eye movements, it seems to me, actually had to be made before
he could get shape recognition, and of course you can very readlily show
again that triangles can be recognised without any eye movement at all,
but this does not mean to say that the way the information 1s processed,
in order to make eye movements, may not give you a clue as to what the
stimulus analysing mechanlsm 1s.

DR, D. M. MACKAY: That was not the idea at all., It was an Internal process.

DR. N. S. SUTHERLAND: I reallse that yours was., It 1s Hebb's which 1s
external, I agree with Dr. Mackay that the way in which information 1s coded
for a response may throw light on how 1t 1s coded in the classifylng
mechanism. However, he has discussed the problem only in very general terms:
I am suggesting that we ought to look at how information 1s actually coded
in bullt-in response mechanisms, for example those controlling eye-
movements, 1n order to glve us a clue to the perceptual analysing mechanlsms.
Dr. Mackay did not discuss the specific example I ralsed of a left or right
response glven to the brighter of two lights on the retina In his article in
the Macey Foundation conference on Cybernetics. He thinks this sort of
problem may be solved by an internal matching response which 1s Invariant
with respect to positlon, but this is a far cry from specifylng In detall a
mechanism which will actually achieve this., It 1s this sort of detalled
speclfic mechanism for which I think pyschologists ought to be lookling.

MR. W. LAWRENCE: I wonder 1f I might put in a polnt there? It seems to me
that this 1s very relevant to the question of apprehenslon of speech, where
the response mechanism of being able to speak the same words, oneself, has
a very great bearing on one's abllity to recognlse the stimulus.
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- AGATHE TYCHE
OF NERVOUS NETS - THE LUCKY RECKONERS

by

DR, W. 8. MCCULLOCH

SUMMARY

VENN diagrams, with a jot in every space for all cases In which given
logical functions are true, picture thelr truth tables. These symbols
serve as arguments in similar expressions that use similar symbols for
functions of functions. When jots appear fortultously with glven probabl-
lities or frequencies, the Venn dlagram can be written with 1's for
fixed jots, O's for fixed absence, and p's for fortultous jJots., Any
function 1s realizable by many synaptlic dlagrams of formal neurons of
specified threshold, and the fortuitous Jots of thelir symbols can be made
to signlfy a perturbation of threshold in an appropriate synaptlic dlagram.
Nets of these neurons with common inputs embody hlerarchies of
functions, each of which can be reduced to Input-output functions
pictured in their truth tables. The rules of reduction are simple, even
for fortultous jots, and thus formalize probabllistic loglc. Minimal nets
of neurons are sufficlently redundant to stabilize the logical input=-
output functlon despite common shifts of threshold sufficlent to alter the
function computed by every neuron, and to secure reliable performance of
nets of unreliable neurons. Both types of nets are flexible as to the
cfunctions they can compute when controlled by Imposed changes of threshold.
The neurons, the varlations of thelr thresholds, their excitations and
inhibitions are realistic; and there remains sufficlent redundancy for
statistical control of growth to produce the synapsls of these stable,
reliable and flexible nets.

NEUROPHYSIOLOGISTS are indebted to John von Neumann for his studles of
components and connections in accounting for the steadiness and the
flexibility of behaviour. In speaking to the American Psychlatric
Association (ref.11) he stressed the utility and the inadequacy of known
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mechanisms for stabllizing nervous activity, namely, (a) the threshold of
nonlinear components, (b) the negative feedback of reflexive mechanisms,
(c) the internal switching to counteract changes - "ultrastability" -
(ref. 1), and (d) the redundancy of code and of channel, He suggested that
the flexibllity might depend upon local shifts of thresholds or Incoming
signals to components that are more appropriate to computers than any yet
invented, His Theory of Games (ref. 13) has initlated studles that may
disclose several kinds of stability and has indicated where to look for
logical stability under common shift of threshold. His "Toward a
Probablilistlic Logic" (ref.12) states the problem of securing reliable
performance from unreliable components, but his solution requires better
relays than he could expect in bralns. These, his Interests, put the
questions we propose to answer, His satlsfaction with our mechanisms for
reallzing existentlal and universal quantification in nets of relays
(refs.6,15) limits our task to the finite calculus of propositions. Its
performance has been facilitated by avolding the opacity of the famillar
symbols of loglc and the misleading suggestions of multiplication and
addition modulo two of the facile boolean notation for an albegra that 1s
really substitutive (refs.8,9,10). Our symbols have proved useful in
teaching symbollc loglc in psychological and neurological contexts
(ref.3). Familiarity with them undoubtedly contributed to the invention of
the circults whose redundancy permits solution of our problems.

The finite calculus of propositions can be written at great length by
repetitions of a stroke signifylng the incompatibility of its two
arguments, The traditional five symbols, '™~ for 'not'; 1, for 'both';
ty! for ‘or';. '=2¢' for 'implies'; and '=' for '1f and only {f', shorten
the text but require conventions and rearrangements in order to avold
amblgulties, Economy requires one symbol for each of the sixteen loglical
functions of two propositions. The only necessary convention 1s then one
of position or punctuation,

Since the loglcal probability and the truth value of a propositional
function are determined by its truth table, each symbol should picture its
table. When the place in the table 1s glven, any Jot serves for "true" and
a blank for "false". When the four places in the binary table are indicated
by '%' it 1s convenlent to let the place to the left show that the first
proposition alone 1s the case; to the right, the second; above, both; and
below, neither, Every function is then plctured by Jots for all of those
cases In which the function 1s true. Thus we write A ¥ B for contradiction;
AX B for A*~B AxBforA* B A»BforB*~A AxBfor~A"*"™~BE
A% B for A * (Bv~B); AXB for (Av~4A) * B; AxB for~4"* (Bv~B);
Ax B for (AVv~A).* ~B; AxB for (A*~B) v (vA"° B); AXB forA=5
AX B forB DA} A%B for AvB; AxB for A DB A>B for~a" B);
and A+ B for tautology. The x or chi, may be regarded as an elliptical form

(94009) " 814



of Venn's diagram for the classes of events of which the propositions A and
B are severally and jointly true and false; for in fig.1, the chl remains
when the dotted lines are omitted. Similar symbols can therefore be made,
from Venn symbols, for functions of more than two arguments., Each addi-
tional llne must divide every pre-existing area into two parts. Hence,

for the number of arguments & there are 2° spaces for jots and 2?5 symbols
for functions., (See fig.1.)

324 325
huguriorpbulpdrdylyt s W gl dyippodpuipuien
i K
1" !
ALL e PSALL i
4 i s '
" ]
o H
b L]
0 i H
° I !
NONE NONE
S 4 8 16 32
F: 16 256 65536 4,294,967,296

Fig.i. Venn figures with spaces for all intersections of S classes.
S 1s the number of spaces; F, the number of functlons.

Formulas composed of our chlastan symbols are transparent when the
first proposition 1s represented by a letter to the left of the x and the
second to the right. When these spaces are occupled by expressions for
logical varlables, the formula is that of a propositional function; when
they are occupled by expresslons for propositions, of a proposition;
consequently the formula can occupy the position of an argument in another
formula.

Two distinct propositlions, A and B, are independent when the truth
value of elther does not logically affect the truth value of the other,

A formula with only one x whose spaces are occupled by expresslons for
two Independent propositlions can never have an X with no jots or four
Jots. The truth value of any other proposition is contingent upon the
truth values of its arguments. Let us call such a proposition "a signifi-
cant proposition of the flrst rank."

A formula of the second rank 1s made by inserting into the spaces for
the arguments of 1tsx two formulas of the first rank; for example,

(Ax B) X (A xB)., When the two propositions of the first rank are
composed of the same palr of propositions In the same order, the

resulting formula of the second rank can always be equated to a formula

0of the first rank by putting jots into the X for the corresponding formula
of the first rank according to the following rules of reduction:

Write the equation In the fOrm (sesXqees) Xp (sesXgess) = (ceeXygend);

wherein UK}Zﬁ are chlastan symbols:
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(1) 1f X, has a jJot on 1ts left, put a Jot 1nto x, 1n every space where
there is a jot in x4 and no corresponding Jot in Xz Thus,

(A xB) x (A%xB) = (A xB)
(2) If x, has a jot on its right, put a jot into x, In every space where
there 1s a Jot In Xz and no corresponding jot in xy. Thus,

(A xB) x(AxB) = (AxB)

(3) 1t Xp has a jJot above, put a jot into x, In every space where there

1s a jot in both x; and xz. Thus, (A x-B) X (Ax B) = (A x B)

(4) If x, has a jot below, put a jot into Xy in every space that 1s

empty in both x4 and xz. Thus, (A xB) x (Ax B) = (A x B)

If there 1s more than one Jot in Xs apply the foregoing rules seriatim
. until all jots on Xp have been used. Put no other Jjots Into Xye

By repetition of the construction we can produce formulas for functions
of the third and higher ranks and reduce them step by step to the first
rank, thus discovering thelr truth values. '

Since no other formulas are used in this article, the letters A and B
are omitted, and positions, left and right, replace parentheses,

In formulas of the first rank the chance addition or omission of a jot
prodices an erroneous formula and will cause an error only in that case
for which the Jot 1s added or omitted, which is one out of the four
loglically equiprobable cases. With the symbols proposed for functions of
three arguments, the error will occur in only one of the eight cases, and,
in general, for functions of & arguments, in one of <”cases, If p; 1s the
probab%llty of the erroneous jot and P the probability of error produced,

p. In empirical examples the relative frequency of the case in
question as a matter of fact replaces the logical probability.

In formulas for the second rank there are three x's., If we relax the
requirement of independence of the arguments, A and B, there are then 163

possible formulas each of which reduces to a formula of the first rank.
Thus the redundancy, R, of these formulas of the second rank 1s 16 /16 = 162.
For functions of § arguments, R = ( éﬁ)s.

To explolt this redundancy so as to increase the rellabllity of
inferences from unrellable symbols, let us realize the formulas in nets of
what von Neumann called neurons (3). Each formal neurcn 1s a relay which
on receipt of all-or-none signals either emits an all-or-none signal or
else does not emit onewhich 1t would otherwise have emitted. Signals
approaching a neuron from two sources elther do not 1nteract, or, as we
have shown (refs.5,7), those from one source prevent some or all of those
from the other source from reaching the reciplent neuron., The dlagrams of
the nets of fig. 2 are merely suggested by the anatomy of the nervous system.
They are to be interpreted as follows.

A line terminating upon a neuron shows that 1t excites 1t with a value
+1 for each termination. A line forming a loop at the top of the neuron
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shows that it inhiblits it with a value of excitation of -1 for each loop.
A line forming a loop around a line approaching a neuron shows that 1t
prevents exclitation or inhibition from reaching the neuron through that line.

Each neuron has on any occasion a threshold, 8 measured in steps of
excitation, and it emits a signal when the excitation it receives 1s equal
to or greater than 8. The output of the neuron 1s thus some function of its
input, and wnich function it Is depends upon both its local connections and
the threshold of the neuron. These functions can be symbolized by X's and
Jots beginning with mone and adding one at a time as O decreases until all
four have appeared in the sequence noted in the legend for its diagram in
fig. 2. These are the simplest dlagrams fulfilling the requirement. All
simpler diagrams are degenerate, since they elther fall to add one jot or
else add more than one Jot for some step in 6, Because all 24 sequences (of
which only 12 left-handed are drawn) are thus realized, we can interpret
the acclidental gain or loss of a jot or jots In an Intended X as a.change
on the threshold of an appropriate neuron.

Any formula of the second rank 1s realized by a net of three neurons each
of whose thresholds 1s specified; for example, see fig.3. The formula can
be reduced to one of the first rank whose X pictures the relation of the
output of the net to the Input of the net.

When all thresholds shift up or down together, so that each neuron 1s
represented by one more, or one less, jot In 1ts x but the reduced formula
1s unaltered, the net 1s called "logically stable,"

The redundancy of formulas of the second rank provides us with many
examples of pairs of formulas and even triples of formulas that reduce to
the same formula of the first rank and that can be made from one another
by common additlon or omission of one jot in each x, and the diagrams of
fig. 2 enable us to realize them all in several ways: For example, there are
32 triples of formulas and 64 logically stable nets for every reduced
formula with a single Jot. Even nets of.degenerate dlagrams enjoy some
logical stability; for example X X x = X g0€S TO ¢ x % = X,,

If such nets are embodled in our brains they answer von Neumann's
repeated question of how 1t 1s possible to think and to speak correctly
after taking enough absinthe or alcohol to alter the threshold of every
neuron. The limits are clearly convulsion and coma, for no formula 1is
significant or its net stable under a shift of O that compels the output
neuron to compute tautology or contradiction. The net of fig. 3 1s
logically stable over the whole range between these limits. Let the causes
and probabilities of such shdfts be what they may, those that occur
simultaneously throughout these nets create no errors.

Logically stable nets differ greatly from one another in the number of
errors they produce when thresholds shift independently In their neurons
and the most reliable make some errors; for example, the net of fig.u,
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To include independent shifts, let our chlastan symbols be modified by
replacing a jot with 1 when the jJot 1s never omitted and with p when that
Jot occurs with a probablllity p, and examlne the errors extensively as in
fig. 4, Here we see that the frequency of the erroneous formulas 1s
p(1-p), and the actual error is a deflicit of a jot at the left in the
reduced formula in each faulty state of the net, l.e., In one case each,
Hence we may write for the best of stable nets P, = 272 p(1-p). The factors
p and (1-p) are to be expected in the errors produced by any net which is
logically stable, for the errors are zero when p = 0 or p = 1, No stable
net is more reliable.

No designer of a computing machine would specify a neuron that was wrong
more than half{ of the time; for he would regard 1t as some other neuron
wrong less than half of the time; but in these more useful of logically
stable circuits, 1t makes no difference which way he regards it, for they
are symmetrical in p and 1 - p. At p = 1/2, the frequency of error is
maximal and is Pz = 2=2 1/2(1 - 1/2) = 1/16, which 1s twice as reliable as
1ts component neurons for which P, = 272 1/2 = 1/8.

Anong loglcally unstable circults the most reliable can be constructed
to secure fewer errors than the stable whenever p < 1/2, The best are like
that of fig. 5. The errors here are concentrated in the two least frequent
states and in only one of the four cases, Hence PZ = g8 pz.

Further improvement requires the construction of nets to repeat the
improvement of the first net and, for economy, the number of neurons should
be a minimum. For functions of & arguments each neuron has inputs from &
neurons, Hence the width of any rank 1s 8, except the last, or output,
neuron, If n be the number of ranks, then the number of neurons, N, is
S(n-1) + 1,

Figure 6 shows how to construct one of the best possible nets for the
unstable ways of securing improvement with two output neurons as inputs
for the next rank. The formulas are selected to exclude common errors in
the output neurons on any occasion. In these, the best of unstable nets,
the errors of the output neurons are F% = 2-5p".

{Wnether we are Interested in shifts of threshold or in nolsy signals,
it is proper to ask what improvement 1s to be expected when two or three
extra jJots appear in the symbols. With our nondegenerate dlagrams for
neurons a second extra jot appears only 1f the first has appeared, and a
third only if the second, If the probabllity p of an extra jot is kept
constant, the probabllity of two extra jots is pz and of three is 3,
Examination of the net in fig.6 shows that Pp < Py, 1f p + p2 + p3 < 0.15
or p < 0.13. To match Gausslan nolse the log of successive p's should
decrease as (AD)%, or 1, p, p4, p9 glving P, < P, for p < 0.25. The
remaining errors are always so scattered as to preclude further improvement
in any subsequent rank, ]
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for error in a single case, That 1s only true 1f the nets are composed of
nondegenerate dlagrams alone., With neurcns & = 3, a single degenerate
diagram for the output neuron permits the construction of a loglcally
stable net with PZ = 0, even with lndependent shifts of 6 sufficlent to
alter the logical functlon computed by every neuron, as seen in fig.8.

The same degenerate dlagram for the § = 3 output neuron receiving inputs
from three nondegenerate § = 2 neurons, selected to make but one error

in each case, 1s llkewlse stable and has an error-free output despite
independent shifts of 6, as 1s seen in fig. 5.

None of these nets Increases rellabllity in successive ranks under von
Neumann's condition that neurons fire or fall with probabllity p regardless
of Input; but they are more interesting neurons. They are also more
realistic. In the best controlled experiments the record of a single unit,
be it cell body or axcn, always indicates firing and falling to fire at

Py 25302

Fig.7. Alternating improve-
ment net for X..
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F1g.9. Input & = 2, output degzenerate & = 3 neuron for X .
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near threshold values of constant excitation, whether 1t 1s exclted
transynaptically or by current locally applled. At present, we do not
know how much of the observed flutter of threshold 1s due to activity of
other afferent impulses and how much is intrinsic fluctuation at the
trigger point, We have not yet a reasonable guess as to 1ts magnitude in
neurons in situ, and for excised nerve we have only two estimates of the
range: one, about 2 per cent; and the other, 7 per cent (refs.2,14).

our own measurements on a single node of Ranvier would Indicate a range of
10 per cent. To discover regularities of nervous activity we have
naturally avolded stimulation near threshold. Now we must measure the
intrinsic jitter, for this determines both the necessity of improving
circults and the maximum number of afferent terminals that can be
discriminated, Eventually we will have to take Into account the temporal
course of excitatlon and previous response, for every Impulse leaves a
wake of changing threshold along 1its course.

Despite the increase in reliability of a net for a function of the
second rank some of these nets can be made to compute as many as 14 of the
18 reduced formulas by altering the thresholds of the neurons by means of
signals from other parts of the net, as in fig.10, and even some logically
stable nets for triples of formulas can be made to reallse 9 of the 16, as
in fig.11, Even thls does not exhaust the redundancy of these nets, for
both of them can be made to compute many of these functions in several ways.

The dlagrams of fig.2 were drawn to ensure a change in function for
every step In 8, Actual neurons have more redundant connexions. We are.
examining how to use this redundancy to design reliable nets the detalls of
whose connexions are subject to statistical constraints alone, This is
important because our genes cannot carry enough information to specify
synapsls preclsely.

For the mcment, 1t 1s enough that these appropriate, formal neurons have
demonstrated loglcal stability under common shift of threshold and have
secured reliable performance by nets of unreliable components without loss

of flexibility.

This work was supported in part by Bell Telephone Laboratories,
Incorporated; in part by The Teagle Foundation, Incorporated, and in part
by National Sclence Foundatlion.
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DISCUSSION ON THE PAPER BY DR. W. S, McCULLOCH

MR, E. A, NEWMAN: From the point of view of a computer desligner dealing
with loglical circults, the ideas expressed In Dr., McCulloch's paper seemed
to me brilliant in thelr inherent simplicity and great power. If one uses
a number of two-input devices together, as Dr. McCulloch does, and wants
the overall result of one two-input device, then evidently the redundancy
13 very great, and the overall system can be chosen In a way that gives
great stabillity.

Any complicated data-processing system must store and handle a hlerarchy
of ldeas. Dr. McCulloch's scheme enables such a hierarchy to be handled
in a way that glves little or no redundancy for the mass of non-vital detall,
and hence maximum overall storage efficlency, and at the same time great
redundancy for those basic patterns which are absolutely vital.

DR. GREY WALTER: I should l1ike to comment on the notion that a high degree
of trustworthiness 1s essential and attalnable for a nervous system, even
when 1ts neurons are liable to fallure. In Dr, McCulloch's schemata we see
that this can be so but there are Interesting limits and exceptions. The
story 1s, I belleve, that some of these ldeas occurred to Dr. McCulloch

in a conversation with von Neumann about the latter's abllity to drive hls
car when he had been drinking. To me 1t seems equally surprising that
small quantities of alcohol and other drugs do actually affect behaviour
rather dramatically - in ccncentrations that 1s, that do not affect the
individual nerve cells appreclably. This vulnerability to general assault
by infiltration has to be accounted for as well as the apparent Indifference
of the nervous system to the fate of individual neurcns.

One can concelve of the Input to a nervous system as consisting, among
other things, of a chain or cascade of neurons. Now 1f the passage of an
impulse from one end to the other 1s a question of probablllty, then in
the i1deal normal case when transmission 1is perfect, the probability of an
impulse which enters this chain from the periphery getting to some part
of the nervous system Is unity. In physiological terms thls means that the
impulse from each neuron 1s of supraliminal Intenslty at the synapse with
each succeeding neuron. Now 1f some general Influence - such as alcohol -
1s brought to bear so that the probability of transmisslon for each
synapse 1s slightly reduced, then the probabllity of transmlssion along
the whole chain will be diminished by a greater factor, depending on the
number of links or synapses; the cascade acts as a probabllity amplifier,
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or more preclsely attenuator since the value of the probabllity will
usually be fractional. For example, 1f there are ten neurons in the cas-
cade and the general 1influence, von Neumann's martinis or a sleepless
night or whatever, reduces the impulse passage probabllity from unity to
0.5 for each synapse, then the probability of an impulse getting right
through the ten links will be reduced to (1/2)10. and a chance of a-
thousand to one agalnst means not merely collision but coma. A series
chain of elements 1s therefore very vulnerable and furthermore when 1t
makes up part of a network, the system 1s likely to be anisotropic - 1ts
lengthways probabllity conductance can easlly become quite different from
1ts sideways conductance, which in the example given will still be 0.5,
for impulses crossing the chain through a slngle synapse.

In the type of neuron circuitry schematised by Dr. McCulloch, this
might be a valuable ald to understanding the specific effects of general
influences such as drugs, hormones and the like. It has been shown that
most of the psychotroplc compounds exert their action malnly by way of the
“complex neuron networks In the base of the brain, These reticular forma-
tions control the inputs and outputs of the braln and are known to be
particularly vulnerable also to mechanical disturbance in spite of thelr
situation. If we consider these systems in the terms suggested by
Dr. McCulloch we can see that his schemata allow for individual component
fallure but expose the system to interference by general Influences.

This can account for the variety and Intricacy of the homeostatic mechanlsms
and structural safeguards that support the braln as a whole, while the

fate of the individual neuron is left to chance. The analogles with

computer design and with soclal syétems are obvious.

DR. W. K. TAYLOR: Dr.McCulloch recognises many of the limitations of his
model neurones but I should 1ike to know whether he has considered one
point about them that particularly worries me and which I can demonstrate
with a simple example of two inputs and a threshold of 2. If both inputs
consist of 1 millisecond duration pulses at a steady rate of 200 per
second, the unit will glve 200 pulses per second out 1f the inputs are in
step but no output at all if the pulses are more than one millisecond out
of step, since they will then never summate to reach the threshold of 2.
We know that there is no accurate timing device in the nervous system,

as there is In a digital computer, and that varlable delays can occur

in nerve fibres and at synapses. If the delay 1s more than the pulse wldth
at one input of the McCulloch model neuron unit the output falls from V
200 pulses/sec. to zero In the example given and I suggest that the unit
would be a particularly unlucky reckoner, h )
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DR, W. S. McCULLOCH: I should like to answer those two separately first.
In the first place, the dissimilarity of properties from neuron to neuron,
where we happen to know them, 1s very, very, great. Patrick Wall has been.
working, during the last year, on the afferents to the spinal cord, and
the first relays that ascend in the dorsolateral portion of the spinal
cord presumably destined for the cerebellum., They can be exclted, some
by stretch receptors and some by touching the skin., If you map the area
that any one axon brings into the spilnal cord, you get a reasonable area.
It 1s small. If you map the area of the skin covered by any one of these
cells whose axons go up towards the cerebellum - this 1s the skin I am
talking about = you find it 1s about 25 times as great. Now comes the
curious thing. You can take that animal and soak him in barblturates and
you do not get a change in the area., You can strychninise him till he is
ready to Jump off the table, and you do not get a change In the area.
Exactly the reverse 1s true, of course, 0f the motor neuron. Here you have
two neurons, each of which has dlrect connectlions from the periphery but
they are entirely different in thelr behaviour: one has no subliminal
fringe that we can discover, the other certalnly has. Now<I am well aware
that the behaviour of these cells 1s also quite different in response to
an input. A motor neuron under these clrcumstances, when you give it a
boomp coming in - the typlcal behaviour of these cells 1s to put out a
whole series of impulses when they receive one; and what you change when
you drug that animal 1s you lncrease the length of the barrage with
strychnine and you decrease 1t wlth barblturates, but as long as it will
respond at all 1t will respond to the whole area = qulte a different
organisation from that of motor neurons.

Now my neurons are very far removed from a good Hodgkin-Huxley neuron.
The reason 1s perfectly obvious. I only want to embody in these neurons
a certain iogical aspect of a theory. That 1s all that I propose to do.
I do not think they are particularly reallstlic. I think they are more
realistic than the Eccles-Jordan proposals of mere flip-flops for neurons,
in that they do. Introduce a notion of threshold; and I think it is out of
this notion of threshold that the power of this kind of loglc comes.

Fundamentally, we in blology are famous for our inabllity to handle
mathematics. That 1is certainly true of us, by and large; dbut the other
thing 1s this, that almost all mathematics was made for the physicist and
not for the blologlist. We do not generally have the mathematlics we need,
and we go on to invent it for ourselves, playing with spools of string .
and bits of rubber. What I wanted with my map was to get the rubber in
the right place. I wanted not f(x) where x was probable but where the f
was probable. That is all that those normal neurons are supposed to do.

The next thing I want to say pertalns to the second question. The
second question 1s of thls kind: what a neuron will do under these cir-
cumstances depends on the threshold of the neuron. If the threshold of
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the neuron 1s 2 and there are two afferents to 1t, 1t 1s a coincldence
detector,.and 1f we say one afferent has a rate A and the other has a rate B,
the output will be some constant times the product of A and B (these are
frequencies) = it becomes.a product-taker. All colhcldence detectors will

do this. If the value of the threshold was 1, then you will get the simple
sum, so until you have specifled thresholds of these kind of components,

you do not know what they are going to do.

DR. A. M. UTTLEY: And being a product taker, it will be a very lucky
reckoner 1f you want cross-correlation?

DR, W. S. McCULLOCH: " That 1s right.

DR. F. ROSENBLATT: I would 1like to add just a couple of comments to

Dr. McCulloch's defence of his neurone. First of all, we have made several
observations on the effect of changing thresholds in statistically con-
nected networks in connexion with our work on the perceptron; and one of
the interesting things 1s that 1t makes very little difference 1in such
networks what the threshold is, within rather wide 1limits, provided the
threshold 1s fairly high. Given a threshold sufficiently greater than zero,
then we can practically double this threshold and a network which 1s made
up of essentlally random connections still learns in about the same way,
with a greater or a lesser efficlency. It is also possible to .change the
properties of the neurones in rather drastic ways without serlously -
altering thelr performance. For example, 1f we substitute the model which

I proposed in my own paper the continuous transducer neurone which responds
on a frequency basis, in place of one which responds at fixed time incre-
ments -which I think really takes care of Dr. Taylor's problem rather
nicely in most cases - it turns out that there 1s a negligible difference .
between such neurones and Dr. McCulloch's neurone. As a matter of

fact, the difference is so negligible that it has proved to be no longer
worthwhile to maintain this distinction in our own work because we now'
find we can analyse these circuits much more satisfactorily using something
much more 1like a conventional McCulloch-Pitts neurone and come out with
almost identical numerical results.  The difference between a continuous
transducer neurone and a neurone which responds at fixed time Increments -’
‘makes very little dlfference. However, some non-zero threshold 1s essential;
as soon as the threshold falls to zero the behaviour of the system goes to
pot and we get essentially no leaming out of 1t: at all. ; :

DR, M. L. MINSKY: I.do not quite rollow one of Dr., Walter's remarks. ‘It
seems to me that 1f, under the influence of different drugs, you can find
grossly different local neural behaviors and yet the same functional
behavior, this 1s evidence .that you do have some sort of mechanism of.the
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kind Dr. McCulloch suggests, 1n which the propertles of neurones can vary
without changlng the propertles of larger sub-nets.

In connection with Dr. Rosenblatt's remark, I do not see a direct
connection between that kind of rellabllity and this. If you have a machine
in which the initial propertles of the neurons do not critically affect -
the learning behavior, then indeed early changes in threshold should not
have much effect. But 1t does not follow from that alone that after the
machine has become organized you can go ahead and change thresholds grossly
and expect 1t to maintain the same behavior. I would like to ask him 1if
there 1s evidence for a high degree of this kind of stabllity In a "Per-
ceptron" that has learned.

DR. F. ROSENBLATT: Most of our evidence does concern initial changes in
threshold; this 1s quite true. However, we also have some evidence that we
can change the threshold (within reasonable 1imits) after the system has
learnt, and the performance will not be too serlously affected. There wlll
be some deficit: 1f we lower the threshold we are allowing additional cells
to respond, which would not otherwise have responded and thls does
correspond to some introduction of nolse into the system. However, the
statistical bias which serves as our 'memory' phenomenon tends to be
retained in spite of the introduction of additional noise due to the
changes in threshold. Thls does not have quite the type of stability

Dr. McCulloch proposes, it is true. However, we do have here a system which
is particularly insensitive to threshold changes, even after leamning.

DR. M. B, BARLOW: There 1s one small point - Dr. McCulloch 1s a physiologlst,
and I think 1t would be rather dreadful if everybody thought that all
physiologists would agree with a model neuron like that. I wonder whether

he would stand up and say that he does not belleve real neurons are as
simple as the neurons he 1s talking about.

DR. W. S. McCULLOCH: I thought I had made that very clear. I have no notion
that these neurons of mine are anything more than an embodiment of arith-
metic. I know that a real neuron has an 8th order non-linear differentlial
equation, which I cannot on inspection handle at all. That Is not the

kind of device with which to explaln a logical problem when what you are
really trying to do 1s set up a probabllistic loglc.

PROF. J. 2. YOUNG, CHAIRMAN: Would 1t be better not to use the word
'neuron® then?

DR. W. S. McCULLOCH: I am sorry. I call them formal neurons because this 1s
the word von Neumann had used and I followed him through on 1it, thats all.
The great point 1s they are not to be confused with ordlnary relays that
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merely close or open a clrcuit. Everyone says, "Oh, 1s this not the same
as Shannon's Hammock net?" No, 1t 1s not. Shannon and I have been over
this problem. It is an entirely different problem. His 1s one of maintaln-
ing or obtaining continuity through a system, and 1ts solution 1s entlrely
different from mine. They do not even map on each other.

PROF. Y. BAR-HILLEL: I should like to call Dr. McCulloch's attentlion to
other existing pictorial representations of the truth-functional connectlves,
especially to the diagonal symbolism of Charles S. Pelrce (of some 80 years
standing), the wheel symbolism of the late Polish logiclan Stefan Lesnlewskl,
and the recent trapezold symbolism of W. T. Parry. Some of these symbollsms
might perhaps be slightly more convenlent for Dr. McCulloch's purposes than
his own. Compare, e.g., the following three notations for materlal impllca-
tion, 1f A then B, the customary Russellan symbolization of which is A B:

McCulloch Pelrce Lesnlewskli Parry
A% B AKX B A Q-B ADB

You will notice that they are all based on the same principle, l.e. the
exploitation of the Boolean expansion (the developed disjunctive normal
form). . ’

For all this, see the two papers by W. T. Parry, (ref.1) and

C. B. Standley (ref.2). The second paper describes an ideographical method
of computation with Parry's trapezoidal symbols which 1s again closely
reminiscent of Dr. McCulloch's procedure. '

MR. E. A. NEWMAN: I would refer to the comments of Dr. Taylor and Dr. Barlow.
As an englneer 1t seemed to me evident that when Dr. McCulloch refers
to, say, an "and" element with two inputs and one output, he is referring

to a generallised element capable of performing the "and" operation. He
could, for example, quite well be referring to a device in-which the two
inputs took the form of pulse trains having a frequency proportional to
the logarithm of the drive, and the output a pulse train having the sum

. trequency - or in fact to any of the hundreds of devices with the same
logical implications. I am very surprised therefore that physlologlists
should think that, when Dr. McCulloch adopts a simple logical notation for
the functional behaviour of his neurons, he should be implying that they
obtain their functional behaviour in precisely the way directly implled
by the dlagrams.

RE FERENCES
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DR. M. B. BARLOW: I was prompted to make my remarks by the fact that -
engineers and others have, 1n the past assumed rather too simple properties
for neurons. As long as they all stop dolng so, I am very happy.

DR. W. S. McCULLOCH: I should like to make one remark, and I should like to
address a question to your chalirman. We expected, from what we thought to
be the dimensions of a node of Ranvier along an axon that we should ~
necessarily run Into a jitter of thresholds of less than one per cent. On
making the measurements under ideal conditions, the actual jitter that we
encounter 1s of the order of ten per cent. Are we over-estimating the area
of the trigger polnt?

PROF. J. Z. YOUNG, CHAIRMAN: I should think very likely. It 1s a technical
point, but the actual avallable membrane surface there 1s extremely diffi-
cult to compute. By electron-microscopy 1t looks very different from by
light microscopy because there are folds of the Schwann cells all over, and
i1t may be many times less than one would suppose from the actual gap seen
in the light microscope.

DR. W. S. McCULLOCH: You see, 1t 1s thils Jitter of threshold which compels
me to look for a probabllistic way of handling 1t, because 1f that threshold
is jJittering - the function that the cell 1s going to compute, 1f that's 1its
striking point 1s certalnly going to be shifting; and unless I'm prepared to
take that Into conslderation I think my Imitations of real neurons In words
or in chalk are very unrealistic.

PROF, J. Z. YOUNG, CHAIRMAN: It is a very striking thing 1f there 1s that
threshold change. Is there other evidence of that?

DR. McCULLOCH: The other evidence goes way back to Blalir and Erlanger in

those early papers. They have about 20 or 30 nodes of Ranvier in series.
They came up with values of the order of 3 per cent.
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MEDICAL DIAGNOSIS AND CYBERNETICS
by

DR. FRANGOIS PAYCHA

SUMMARY

I am golng to analyse briefly, and describe, the logical structure of
Medicine.

On the basis of this study, I shall show how the results thus obtalned
may be wholly applied to other subjects.

Then I shall state in detall how and why certain branches of activity
recognize other forms of loglc.

Lastly, I shall show how one may concelve a general system of loglc,
which 1s normative, but only in terms of the nature and development of each
science, regarded as a speclal case of a general rule.

A convenlent and concise way of introducing to Medicine those versed 1n
various other subjects, 1s to outline its history. This will be brief and
incomplete, giving no names or different stages (which would be too ..
involved), my principal aim being to show the Individual character of
Medicine.

This form of presentation 1s necessary 1n order to make the nature of
Medicine clear to those who have had treatment because the patlent does not
see things in the same light as the doctor.

HISTORY OF MEDICINE

The first man or woman to pour fresh water on a palnful wouhd was per-
forming the first plece of therapy by that act; and the filrst man or woman
to become aware of the approaching demise of a fellow-creature thereby made

~the first prognosis.

The desire to relieve pain is probably as old as the world 1itself, and
concern with suffering undoubtedly dates Just as far back.
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Regarded in this way, on the basls of human surrering, Mediclne 1is
probably the oldest of the sclences.

In the beginning, its alms were unformulated, 1ts activities undlirected,
but 1t has since become a discipline governed by the desire to relieve paln.

Medicine has gradually dissoclated itself - though incompletely as yet =~
from magic, voodoolsm and superstition; 1in short, from a serles of prac-
tices - highly irrational, to say the least - whose exlstence was justifled
by the 1neffectiveness of the drugs which the "doctors" (they must be glven
this name) used.

Some of the first practitlioners turned thelr activities towards the mak-
ing of drugs, but thelr work soon became out of date; the secrecy with which
they surrounded thelr ridiculously ineffective recipes and the nalve
character of those which have been handed down to us -~ llkewlse very ineffec-
tive - now only have an anecdotal value., Nowadays our attention 1s directed
ironically enough, much less to the drugs themselves than to the phials and
bottles which contalned them and which are the dellght of archaeologists.’

Others, more moderate in thelr aims wlshed to know about the diseases of
man before endeavouring to cure him. Today, the nosological framework of
thelr descriptions seems vast, tenuous and shapeless; but the slender thread
0f thelr clinical observation, made two thousand years ago, still remains
valld today and 1s recorded In 1ts entirety in the huge network of innumer=
able subjects and interrelationships forming our present knowledge.

We can already percelve the division which 1s going to take place. Even
in the time of Hippocrates, it was difficult for one brain to know everything,
for one man to do everything, diagnosis as well as therapy.

Gradually .this tendency took hold, and nowadays we have two dlstinct
branches, both equally indispensable: medicine and pharmacy.

In passing, stress must be lald on thls process whereby a single disclp-
line subsequently divides. into .two or sometimes several different parts,
under the pressure of increasing complexity of the relevant data.

In this study, we shall consider Mediclne and Pharmacy as a whole.
Medicine, then, 1s a discipline defined by its particular aim of curing
the sick. It 1s this aim which governs,tne activities of the doctor in terms
of opportunities for action, thus all methods and all technlques are

Justified, o

It must be noted, however, that such definltions, made and presented "a
posteriori®, do not correspond to any logical arrangement within the
discipline,

It 1s the aim which glves 1t 1ts unity, the purpose or Medicine ‘is to
cure,
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HOW IS MEDICINE PRACTISED?

This ancient branch of knowledge 1s represented by the medical prac-
titioner; we shall therefore establish the loglcal structure of Medicline by
studying hls activities.

The point where Medicine and pain come together 1s In the consulting
room, where on the one hand we have the patient and on the other, the
representative of Medicine, the practitioner.

What takes place during the consultation?

There are two indisputable facts: at the beginning of the iInterview
the doctor knows nothing about his patient except that he 1s 111, and at
the end of it the patlient goes out provided with a prescription with which
he obtains the medicaments to cure him, or intended to do so within the
1imits of our knowledge. If we confine ourselves to the traditional system,
the consultation consists of various parts, as follows: the questloning,
the general examination, palpation, inspection, examlnation with instruments.
When these have been carried out, the doctor makes out a case-sheet which,
above all else, must be complete. He makes hls dlagnosis, arranges for
further examinations, perhaps, and prescribes treatment.

It must be stressed that In this description, the part devoted to estab-
1ishing symptoms 1s fully developed, but the part leading to diagnosls,
i.e. to the affirmation that a patient is suffering from such and such a
complaint, 1s skimped. Much emphasis 1s lald upon the value of a proper
examination, a complete record of symptoms, palpation carried out gently
and correctly, but no indication 1s given of the way in whlch all thls
material 1s put together.

Thus is the point to which I would 1ike to draw attentlon. To make the
study easier, we shall transcribe the medical data Into cybernetic language.

This we shall call all the particulars we have about the patlient and the
allments "informatlon™",

We shall call all the actions by which the doctor obtains information
about his patient the "acquisition of information", which thus comprises
the general examination, palpation, questioning the patlent, speclal
examinations: 1in brief, all the semiological and laboratory techniques. In
this connection, we should note that knowledge of a blow on the right slde
1s Just as much a bit of information as a laboratory report stating: induc-
tance 45 Henrles, or a detalled report from the heart speclalist.

We shall call "information processing" all the mental processes whereby
use of the Information acquired leads to the affirmation that "thls patient
1s suffering from such and such a complaint™. _

It must be noted that for the time being I have merely glven cybernetic
names to functions already known for a long time. One may therefore ask
whether introduction of these new terms 1s justified, whether any new con-
tribution 1s made by this simple change in vocabulary.
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. More generally, we must prove the exlstence of a problem in dlagnosis
and of therapy - a problem which is far from obvious, especlally to the
medical practitioner.

The latter In fact regards dlagnosls as a self-evident affirmation; in
most cases he wlll remark that for centuries dlagnoses have been made and
treatments prescribed, without anyone glving thelr attention to the
mechanism, but that the system has, nevertheless, worked. This view of the
problem, which consists in ignoring 1t, 1s assoclated - paradoxically
enough - with the high professional scruples of the doctor.

Let us suppose, in fact, that a practitioner has made a dlagnosls L and
prescribed treatment § for a patient; he has allowed for all contingencles
and all the pathologlical and therapeutic possibllities before arriving at
K and L. Thus in all good faith, he does not think that there can be any
possible conclusions other than these.

However - and In this lies the justification for this study - 1t has
never been shown that the nature of Medicine 1s such that the whole of 1t
can be known by a single doctor.

Indeed, we have already seen, in the brief history glven above, how
Medicine, or the art of tending the sick, 1s already divlded into two
branches: Medicine proper and Pharmacy, and 1t has been so divided for a

‘long time. Now during the last thirty years we have seen Medicine proper
split up in its turn Iinto ophthalmology, neurology, pedlatrlcs, gerlatrics,
obstetrics, gynaecology, oto-rhino-laryngology, and SO on.

And now a new tendency 1s becoming apparent, a kind of super-
specialisation, the result of which 1s that within each speclal fleld, new,
independent branches are tending to form, one making a study of and treating
binocular vision, another, phonation and so on. Fragmentatlion of this kind
1s an excellent thing, 1in the sense that it leads to a good knowledge of
the subject concerned; it is justified --and this 1s the Important thing -
by the multiplicity of data applled.

There 1s an unfortunate corollary to it, however, and that 1is, the
different speclalists are obliged to ignore the rest of Medicine.

Now an allment is never confined to a single organ, and such speclalisa-
tion inevitably leads to a Medicine of organs, a therapy for organs, neg-
lecting the essentlal indivisibility of the human belng.

How could 1t be otherwise? The speciallst has all his attentlon, all his
faculty of memory, all his actions directed towards a tiny sphere of
activity; he cannot multiply himself by a number corresponding exactly to
the number of specilalist flelds.

We thus reach an impasse, with continued progress In the varlous branches
of knowledge on the one hand, and our inability to use them all at once on
the other, while they are all necessary for the proper practice of Medicine.

Although speclalisation may be a means of study, it cannot be the best
way to making cures.
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After all, the problem would be a minor one 1f we could be sure that the
specialist could now somehow or other link up the smallest details in his
own field with the whole of pathology.

Now this 1s by no means the case; already, detalls are escaping the
attention of the doctor within his own speclal fileld, and he 1s finding it
more and more difficult to keep up with ldeas In the wider field.

To express this more specifically, we can consider the fact that there
are some 4,785 periodicals published in the world. If we allow for a monthly
issue, with four articles of interest in each 1ssue, anyone who wished to
keep up to date would have to read - and remember - some 19,140 articles a
month, or 638 a day. This assumes that by previous study he knows all the
basic works and especlally that there 1s no defect in his memory; in
particular, that he never has to re~read a work in order to recall it.

The magnitude of these figures alone shows that a problem exists, but
they are confirmed by experience as well. Errors in diagnosis occur, unfor-
tunately; we all know of such cases.

The doctor i1s thus faced with the problem of dlagnosis, and every day he
sees the difficulties of his work increasing. The loglcian 1s faced with
the problem, as well, when he is searching for rules and conditions. .

Considered in this light, the problem 1s a very general one which, as
we shall see, concerns Medicine solely because it represents a particular
aspect of the problem and 1s really that of many different forms of know-

ledge.
INFORMATION IN MEDICINE. NOTATION SYSTEM

It seems that Medicine 1s "par excellence® a field undergoing continual
change, and 1t seems difficult to reduce 1t to loglical terms. Now 1t is in
no way a question of reducing the very substance of Mediclne, clinlcal
observation and other factors, but very much the opposite procedure of
adapting logical symbols to this complexity.

Here, loglc 1s not conceived as a more or less arbitrary order imposed on
facts, but as a way of transcribing these facts so that by considering them
as a whole, it becomes possible to bring out laws and relationships between
general opinions which have hitherto been hidden.

We can give an arbitrary number - any number - to each pathological
symptom, provided there 1s a 1:1 correspondence. To simpllfy the question,
let us suppose that we choose the following series of natural whole numbers:

(a) 1 2 3 4 5 6 eeeeese

Each of these figures then corresponds to a symptom, and once the conven-
ticnal symbols have been decided upon, writing the flgure 5 corresponds to
writing, for example, "headaches in the vertex".
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On the basls of this conventional system, we can write an allment ¥ of
which a headache in the vertex is one of the symptoms:

(b) M=3 5 8 17 cees.

Thus in thls series In additlion to a headache in the vertex we have other
symbols, 3, 8, 17 sess :

But we can write this ailment ¥ in another way. If we agree to make the
symbol "i® (1,e, the binary symbol 1) express existence so that, for example,
1f there 1s a "1 underneath the number "5n, the symbol "5# 1s by definition
‘present, we can write serles (a) and mark with a n{m underneath, the symbols
which really are present, for example, in the allment M:

(a) 1 2 3 4 5 6 7 8 seees 17 18 19 ceees
(b) ¥ = 1 1 1 1

We can also agree to indicate with an O the absence of a symptom: hence
we get:

(a) 1 2 3 4 5 6 7 8 seesee 17 18 19 coen
(b) M =0 0 1 0 1 0 O 1 eneseee 1 0 O eene

It is then possible to eliminate the (a) series (which can always be
found again easily), the position of each 1 and 0 indicating the pathologl-
cal symptom which they represent. '

We then get

(c) ¥=0 0 1 0 1 0 0 1 +.oe. 1 0O O

With these conventions, which are very simple, if not childish, 1t will
be easy for us to describe, with a code, all the ailments, in the form of
relationships, such as (c¢):

N=0 00011001

P=0 11010111

However, we can describe the patlents themselves, as well:

Mr. K.:.. =0 0 1 1 1 0 0 0 «oes

MPe Hiueo =0 0 0 1 1 1 0 O .ees

For example a person 1n good health will be represented thus:
XY=0 000 00

Are we entitled to write in thils way?

Are we entitled to reduce to logical symbols entities as complex as
pathologlcal symptoms? Are we entitled to put on one and the same footing
symptoms which are obviously not all of the same value?

It seems that we are not - at first sight; and this 1s one of the most
Important arguments put forward.
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Now 1f we study the question more closely, we find that there are various
criteria of the value of pathological symptoms. For example, 1t is perfectly
legitimate for one to glve an extremely limited prognostic value to the
appearance of a pre-auricular ganglion during an ocular neoplasm, or to
attribute great dlagnostic value to photophobla in Weeks! kerato-
conjJunctivitis, AL. the same time, however, 1t must be borne 1n mind that
the appearance of the same pre-auricular gangllion in a case of Parinaud's
conjJunctivitis:ls perfectly normal; on the other hand, 1if revealed in
syphilitic Interstitial kerotitis, the same photophobla would be of no in-
terest for the purpose of diagnoslis.

Thus we see that the notion of the value to be attached to a symbol
depends upon both the criteria envisaged and especially the clinical context
of the symbols; and thils context can only be arranged when the dlagnosls has
been made,

Now we have a strange inconsistency here: we would attribute a value to
the pathological symptoms, knowing that this value depends upon the diagnosis,
and we would use this value to make the dlagnosis.

Such a procedure must be rejected, because it uses the unknown factor in
proof: the assumption is not the symptoms expressed in terms of a diagnosls,
but, of course, the symptoms alone.

For these reasons, therefore, it 1s legitimate to use the above system of

notation.

Introduction of a symbol expressing the absence of information

In addition to the symbols 1 and O about which we have just spoken, men-
tion must be made of the question mark '?'. This third symbol indicates the
pathologlical symptoms about which we have no information at all,

If, for example, the number 6 is used by convention for the wave-recording
system of the electro- encephalogram, and if we have not yet made the EEG
examination of the patient X, we may write the following, 1f we already know
of the exlstence or absence of the other symptoms:

(d ¥ = 11 0 1 0 2071 :

Apart from the role of this Question-mark, we shall see that 1ts presence
characterizes a logical structure which 1s pecullar to certaln disciplines.
The doubtful, non-informative nature of the ? enables us to do without study-
ing the characters with logical validity further on.

Moreover, we shall see that. this does not give rise to any loglical opera-
tion, and that 1t therefore cahnot lead to any erroneous conclusion.
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APPLICATION OF THE NOTATION FOR THE LOGICAL STUDY OF DIAGNOSIS

Conditions for the validity of positive diagnosis

Let us suppose that a doctor has diagnosed the complaint ¥ for a
patlent A

Let us study in detall the mental operations and actions which lead him
to this affirmation.

When the patlent enters the doctor's consulting room, the doctor knows
nothing about him, which we may express as follows: '

fe] A = 2 2 2 2 2 ceeee

The doctor then examines his patient. Let us agree to use-this term
"examlne" to deslgnate the whole of the questioning, the examination proper,
palpation, percussion, auscultation ... in short, the techniques currently
employed by practitioners,

When these actlions are completed, 1f the doctor makes out a complete
record, we find in it detalls of the facts which we write down using the
values 1 and 0, according to a code of equivalence agreed on in advance:

The record for the patient will then be: :

(f) 4 =11 2 010101720 loees

- which is the same as saying that patient A shows the symptoms which we
designate with the numbers 1, 2, 5 7, 9, 12.... and that the patlient does
not have those which are designated by the numbers 4, 6, 8, 11.... the
latter being those for which the doctor's search ylelded a negative result.
For example, he has locked for tenderness in the right 1llac fossa, number 4:
there 1s no tenderness there, so 1t 1s Indicated by O.

The question marks represent the symptcms which the doctor has not speci—
fled, elther because he did not consider it worthwhile to do so, or because
it has not occurred to him. o S

To simplify our reasoning, let us now suppose that the doctor is
thoroughly acquainted with -four aflments only. This 1s admittedly a -surpris-
ing assumption, but it 1s perfectly valid. In.fact the.number of allments is
much greater; 1t could be put at 10,000, for example. But however great the
number 1s, 1t is finite, which means ‘that we can be sure or succeeding in
. drawing up’ a complete, exhaustive 1ist’of all the’ ailments. It 1s. by regard-

ing 4 arid 10,000 as comparable in the sense’ that they are both rinite, that
assimilation becomes possible. the reasoning applied to 4 may by extension
be’ applied to 10,000 and even ‘more. The knowledge which the practitioner has
about the 4 allments’ ‘(which we shall call M, N, P and ) has been acquired
from the books on Medicine, improved by the examination of patients and kept

up to date by reading specialist reviews.
' This knowledge 1s recorded in the doctor's memory. He knows, for example,
that the allment / includes a headache In the vertex, and that In the same
allment A there 1s no tenderness of the right 1llac fossa,.
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Confining ourselves to twelve symptoms, so0 as to make the reasoning
easler, using the above conventions, in comblnation wlth a code, we may
write:

(g} ¥ = 011010011110

- a relationship which represents symbolically the knowledge which the
doctor has of the ailment /. -

We shall see that, If 1t 1s sultable, the arbitrary 1limit (12) which we
have imposed on the number of symptoms retalns all the demonstrative value
required for the argument,

In fact, 1t 1s easy to confirm that, although there may be a large number
of symptoms, they are not infinite in number, However great the number is,
we shall see that 1t in no way Invalidates the argument below.

We may write three more relationships on the lines of f(g).

(k) V = ¢t 1100110 110 1
(1) P =1 100 10 10 1 10 1
() 2 = 11 10 1 0110000

Let us take as an example the patlent who goes Into the doctor's consult-
ing room, Some doctors, who are famous names in the short history of
Medicine, had acute powers of observation which enabled them to see detalls
normally overlooked. However, 1f we ignore these men - who after all, are
exceptional - and conslder the more common cases, then from the very
beginning, after the first words spoken, after the first replles to his
questions, the doctor will generally have some Information - vague perhaps,
but of such a kind as to enable him to direcc his 1nvest1gation along
certain lines. . : :

We shall dwell upon this rirst change in the doctorts attitude. At first,
he 1s passlive and contents himself with recording the data as he finds it,
or which he may even obtain after a single question even though he poses it
without any preconceived. 1dea. During a second perlod, when a working
hypothesls has already been formed, the doctor directs h1s questions and
examinations along definite llnes.

The length, difficultles and methods of the initial consultation period
vary greatly. They depend upon two factors: on the one hand, the mental
make-up of the doctor and on the other, the form of the allment,

" This period, ‘during which the doctor.makes a very random search for
Indications which may restrict the field of subsequent Investligation, we
call the "semiological perliod". It Is durlng this period that what 1is known
ag the."clinlcal sense". seems.to-appear, If the patient comes in with his
head down, covering.hls eyes with his hand, and wiping them (they are
covered in a muco-purulent secretion). with a handkerchlef, .declaring that
there 1s a paln in his eyes, Just as 1f he had sand in them, then the. =
semiological period is reduced to the time taken by a simple thought
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association reflex., The doctor immediately thinks of infectious conjuncti-
vitis. If the patlent has palns all over his head, in no particular part,
and a general feellng of fatigue or asthenia - but still has a good
appetite — further information will be needed before an exact dlagnosis can
be made. v

Let us suppose then, that the doctor has just completed the sémiologlcal
period. He thinks to himself: This allment could be ¥, P or Q.

What has made him think of these allments?

This 1s one of the essential points of dlagnosis.

These ailments have occurred to him, because the patient has shown the
symptoms which he knows to be part of the allments ¥, P and Q.

That 1s, he has associated in his mind the constituents of patient A’s
allment with the constituents of ¥, P and Q. We may write this mental
process as follows: let us suppose that the knowledge which the doctor has
of his patient at time ¢ = 2 is such that:

(k) At2=11 2 0 2 2 2 2 2 2 0 %

That is, the patlent has symptoms 1 and 2, but not those numbered 4 and
11. The same table applies to allments P and Q and ¥ as well.

As soon as the doctor has made a mental assoclation between one or
several allments and the case of his patient, the search for symptoms 1s no
longer carried out at random. On the contrary, the doctor makes a preclse
search for such and such a symptom which he knows to be part of the allment
concerned. Hls reasoning runs as follows: such a symptom belongs to this
allment, and my patient already shows these symptoms; let us see whether he
has thls one as well.

We can draw up a table showing these steps in the mental process:

No. of symptoms: 1 2 3 4 5 6 7 8 9 10 11 12
Ato = ? 2 2?27?2727 ? 1?7
Aty = ? 1T 2?2?27 ???2? 1?2 7 ?
¥ = 0 11?2 1t 00 11 1 1-0
N = 1 110 0 110 1 1 0 1
P = i1 100 10101 1 0 1
Q =, 111010110 0 O 0
Atz = 11?2 0?2 ?2?227? 72 0 2

Ato = the patlient enters the consulting room; he 1s about to cross the
threshold; the doctor 1s aware of hils presence, but he has not seen him yet
and knows nothing about him.

At1 = symptom No.2. 1s immediately apparent. Nevertheless, since 1t
occurs very frequently (in the present case, it occurs with ¥, ¥, P and ),
f.e. in all the allments), the doctor cannot draw any valid conclusion from
- 1t, At1 thus represents the state of his knowledge in the semiologlcal
period. . :
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At2 = the presence of symptoms 1 and 2. The absence of Nos. 4 and 11
connects thls case with ailments ¥, P and Q. Allment ) must not be con-
sidered, because 1t includes symptoms No. 11, which the patlient does not
show. Comprising At2, N, P and ), the doctor then looks for symptom No. 5
in the patlent, for example. If it 1s present, the possibility of the all-
ment being P or Q must still be entertained; 1f it 1s absent, the doctor
will have to consider ailment V.

This thought process - which utilizes the facts held 1n the memory, com
paring them with the actual case of the patient, In order to direct the
semlological investigation - we call the "differential dlagnosis perlod".
It 1s a perlod in which the doctor 1s gulded by his knowledge of pathology.

I would emphasise that these different stages of dlagnosis were never
described by the classical writers. It seems that they were not aware of
these mental activities. (Thls assumption 1s very probably true, since
habituation to thought processes removes them from the consclous mind).

To revert to our example; let us suppose that patlent A shows symptom
No. 5, which we write as follows:

(L) At3=1 1 72 0 1 2 2 2 2 72 0 ?

This means that the patient 1s suffering from ailment P or 9.

In order to be able to make a positive dlagnosls, the doctor then 1o00ks
for symptom No., 12 in the same way. If it 1s present, the positive diagnosis
1s made, st1ll by comparison: patient 4 is suffering from allment P,
because symptom No. 12 1s present In thls affection.

This procedure, and the varlous periods involved, 1is followed In 1ts
entirety in all consultations, and it 1s the basils of all dlagnosis. Only
the length of the various perlods varles.

Certaln points thus brought out should now be specified in detall. I
shall ignore those conclusions which are of interest only to doctors, and
dwell upon those which are of logical significance.

1. If we designate by = (X) the number of symptoms defined by 1 or O In an
allment X or in the case-sheet of a patient, we may write:

(m) S (At3) <Z (N)

n) = (At3) <Z (M)

(o) = (Atz) <Z (P)

(p) = (Atz) <Z (D .

This means that, In actual fact, the doctor does not use all he knows
about the ailment for making the dlagnosis. The difference represents the
symptoms which the doctor has omitted or neglected to speclfy, since the
dilagnosls appears to him to be decisively established without them.

2. This 1s the essential point which I emphasize; namely, that the dlagnoslis
1s the outcome of a series of comparisons between what the doctor knows
about the allments and what he knows about his patlent, There 1s no
fabrication at any time.
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This conclusion 1s very important, and we shall see below lts con-
sequences and applications.

In all the above, we have reasoned about four allments and eliminated
three uf them. It is easy tb see that we could just as well have reasoned
in the same way about five allments, or slx; in short, about any desired
number of them, on the one condition that the number of symptoms charac-
terizing the allment increases at the same time. In passing, let us note
that we may conceive the number of these symptoms being increased to
thirteen, then to fourteen, and so on, in the same way.

In practice, the number of symptoms 1s much greater than the number of
allments, which enables the allments to be dlstinguished unequivocally.

Conditions for valid diagnosis

With this ternary system of symbols, 1t will be easy for us to study the
conditions to which the doctor must subject himself, if he 1s not to make
an error in his diagnosis.

This does not mean that these conditions are essential for exact diag-
nosis, but that they are loglcally necessary. The dlagnosis may, of course,
be correct without all the conditions being fulfilled, but it may also be
wrong.

If the police have a detalled description of an offender - if, for

"example, they know that he has a scar twelve cequmetres long, plgmented,

in the right lumbar region, and 1f they have some very good photographs of
him as well - the offender may be arrested in the street, thanks to the
photcgraphs. There will not be sufficient identification, however, until it
has been confirmed that he has the scar. Nevertheless, the dlagnosis of the
policeman who recognized him in the street will have been correct, even
though 1t was not based on all the requisite data. On the other hand, it
invalidates the arrests which others may have made, arrests which were not
Justified in the absence of the scar (wrong diagnosis). '
Taking the above notations. we may write:

(g =kt) >y |
where Kt represents what the doctor knows about. the patient at the time of
the diagnosis, and ¥ the total number of ailments.

This formula represents the minimum of knowledge which 1s necessary in
order to ensure that no error in diagnosis 1s made.

It 1s also the mat.hematical expression of the t.wo requirements i1lus-
trated by the following examples.

Let us suppose that a doctor has diagnosed the ailment ¥ in pauent A.

He has studied, in all good falth, all the possibilities, all the hypotheses
for symptoms, with which his memory has been able to' furnish him. If, during
this study, he had considered an atlment Q which perhaps appeared to him to
be more closely ldentifiable with the case of his patient A, he would have
ruled out the diagnosis ¥ in favour of Q.
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However - and thils is an important point - for any glven patient, the
search amounts to golng through all the allments together, since we are
left in ignorance, 1f the very ones we rule out do not include just the
one from which our patlent 1s suffering.

How 1s 1t possible to satisfy these condltions, when for the cornea
alone, the number of allments may be put at 1,0007? Then agaln, as we have
seen, and as happens 1n every dlagnosls, the diagnosls 1s made witha
relatively small number of symptoms, ’

In our example, we have put the number at &, Here, 1t 1s easy to study
the possibilitles, because only four allments are involved, M, ¥, P and 7,
but when the number of zilments runs into thousands, it 1s difficult for
the practitioner to answer this question., Would there not be a risk of the
dlagnosis which I have made with all these particulars about the patlent,
bélrig invalidated, 1f I looked for such an such another morbid symptom?

We thus have a second condition. In order to be sure about hls dlag-
nosis, the doctor must look for all the symptams.

Now some of them Involve certain danger; how can they be attributed to
the patlent systematically.

Therefore to be sure about a dlagnosis, it would be necessary both to
consider all the possible affections and to look for all the pathological
symptoms in the patient.

Formula (q) provides a solution for these requirements which 1is neat
and simple, mathematically speaking.

It also defines a threshold, A, which we shall find in the further
treatment of these applications below,

Value of the Diagnosis

Having thus specified the mental processes leading to the dlagnosls, we
should now study the value of the affirmation that the patlient is suffering
from such and such an allment.

There 1s one point which must be brought out stralght away: 1t ls not a
Question of a probablility here.

A patient would never allow himself to be left permanently in doubt. Of
course, there are cases - and they are frequent - where a consultatlion
cannot lead to a definite conclusion, even with searching examinations;
cases in which further examinations are essential; and here the patient
will readily allow the dlagnosis to be dererred until the results are
avallable. But once all the symptoms have been specified, a conclusion
must be drawn, and it must be definitlve. That is, the reply glven must
not be confined merely to probabilitlies; 1t must be absolutely positive.
To give a patient who 1s anxiously awaliting a diagnoslis a reply that
"there 1s one chance in three that you have the complaint #, and two
chances in three that it is ¥ and finally one in ten that 1t 1s another
complaint" Invites LWhc following kind of reply: "make the necessary -
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investigation to put an end to this ambigulty, then". If, for example, / is
characterized by a shift to the left in Arneth's formula, let us let blood."

I would stress this very speclal nature of medical diagnosls.

For a long time it has been thought that statistical studles could be of
no little value in Medicine. This 1s true; statlstics are an incomparable
tool of knowledge in medicine; but not in the field of dlagnosis.

Statistics are on a level different from the individual level of the
patient.

When the statistical method has been applied in classifying groups of
patients and studying correlations, 1t cannot give any answer to the ques-
tion everyone asks: namely, "which group do I come under"?

Statistics are the tool of the public health speclalist, who studles man.
as part of a whole, but they cannot give any help in the highly individual-
1zed branch of diagnosis.

However, 1t 1s certain that for some cases, though statistics cannot give
a final answer, they can be a guide. We shall study below these speclal
data which in actual fact correspond to a particular material state.

Diagnosis and Prognosis; the Conditions for Prognosis

Besides dlagnosis, and subsequent to 1t, we have the development of
prognosis, which consists of forecasting the course of a given allment.
Here, statistics attain their full value, belng based upon the analysis of
existing and comparable facts.

Thus 1t makes use of the diagnosis results and interprets them, some=-
times with the aid of new facts which have nothing do do with making the
dlagnoslis.

For example, we have here a patient who has had an accident. After the
general examination, questioning and supplementary examinatlions - radio-
graphy, In particular - the doctor diagnoses open spiral fracture of the
two bones of the leg.

At this mcment, the dlagnosis 1s made unequivocally.

In order to make the prognosis however; to be able to say to the patient,
"we are going to reduce this fracture, put it in plaster, and in so many
days! time you will be able to return home", further investigations have to
be made; 1f the blood sugar level 1s high in a diabetic the prognosis will
be less optimistic.

Thus, as far as the elements of evaluation are concerned, the rules for
prognosis are the same as those for diagnosis, but instead of leading simply
to an affirmation, all the data are together combined through a factor
derived from the study of earlier cases, and lead to the statement of a
probabllity.
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PRACTICAL APPLICATIONS OF THIS THEORETICAL STUDY IN LOGIC

Once the conditlions for diagnosls and the means of arriving at it have
been studlied, the applications are easy to concelve,

The most striking and simplest Illustratlon of thils is the use of
punched cards.

} For each symptom we have a corresponding place on the card, determined

by the row and column {on an IBM card there are 80 colums and 12 rows).
There 1s a card for each allment, with perforations for each of the symptoms
present. In machine language, all the cards together form a "library™.

We ourselves can read the contents of these cards, thanks to the code,
as well; but a simple sorting machine handles them much more rapldly.

The cards are made out, In holes, according to the data contalned In
the medical treatises, old and new, none being left out; and they are
punched according to the latest data given In the most recent works. That
is, the cards constitute a complete, up-to-date library.

We have a patlent before us and we find that he has certaln symptoms,
Nos, 78 and 115, say, while those numbered 513 and 587 are absent.

We then send the cards through the sorter, having all the cards without
perforations 78 and 115, and those with perforations 513 and 587, rejected
In four successive passes. .

We are then left with a number {N') of cards. Let us pick out one of
them at random; it has, say, perforation 432. We see whether the patient
has this symptom, and find that he does In fact have 1t; so we then use the
sorter to eliminate from the cards left after the first four passes all . the
cards without this perforation. Thus by successive passes - each.one of
which reduces the number of remalning cards, we are eventually left with
only one card, representing the dlagnoslis.

If we analyze this procedure, we see that we have satisfied the theorti-
‘cal conditions which we have shown to be desirable In the loglcal study,
i.e. we have allowed for all the possible cases; in tact, all our cards
together represent all the existing medical knowledge on the subject con-
cerned. We are sure that looking for a further symptom cannot ‘invallidate
our dlagnosis, and In fact, we have already eliminated them all but one.
It -1s easy to make a check, by seeing whether the patient has or has not
--the symptoms entered as present or absent on the card.

Lastly, this mechanical system enables us to calculate by practical
means the value of A the threshold - which we defined above. Thus thls
threshold corresponds 1in practice to the number of sorting passes needed to
obtain one card only. "

I have given this example of the operation of a punched card sorter,
because ‘1t enables ‘the processing of the information to be followed easlly.
However, this example is surpassed in the field of applications by machines
using magnetic tape and quick-access memory drums. Combination of the two
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memory systems allows more flexible and rapid operation, which I cannot
describe in detall here,

Before I conclude this passage on the practical systems, I would like to
stress two points - which I consider essential - in the use of machlnes:
on the one hand, the subordinate role of the machine, which cannot be
thought of as making the dlagnosis by 1tself; the machine assists’the
doctor, who remains the prime mover in Medicine, - without whom the machine
could not function; on the other hand, the quality of the service given by
the machine: its memory is tireless and Infallible,

Study of the General structure of the Machine

From the particulars given above, one can easily derive notions enabling
one to state precisely the structure of medical knowledge.

We shall only give a brief glimpse of thls structure, since a complete
study would require technical treatment falling outside the essentlal point
of this paper.

If we consider equivalences of the (g), (h), (i) and (j) type:

feg) ¥ = 011010011110

we find that they are presented In the books and publications in the ‘'«
sequence of ¥ followed by the symptoms which it covers.

In fact, the name of ¥, of ¥ etc. 1s the chapter heading under which the
detalls which we denote by 1 or O are listed. However, we see that con-
versely, in making the dlagnosis, the movement 1is in the opposite direction,
from the symptoms to the name which 1s the dlagnosis.

To denote this double use of the (g)-type equivalence, we can use a

double arrow T—= thus:

() ¥—o0 1 10 1 0 01 1110

This is Important, in my opinion, because it emphasizes symbolically the
changes brought about in our mode of learning by progress in technology.

In fact, 1f we consider the development of information processing tech-
niques, we see that for thousands of years the problem of storing lnforma-
tion has been solved fairly successfully - Nebuchadnezzar had librarles
even In his time; and printing has multiplied this means of storage, but so
far there have been very few means of converting information and, above all,
they have been ineffective. We have only had the information, in a form
like that of the (r) formula, but following only one direction in use: from
¥ to the constituent elements of M. _

The only Information-processing machine which we had at our disposal was
our memory and intellect: a very flexible machine, with infinite resources
(many of which escape us), 1t 1s true, but one with a serious defect in
that 1ts storage capacity 1s Inadequate and it 1s not absolutely rellable.
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Modern techniques have given us punched card machines, magnetic tape
memory machines, magnetic drum memory machines .... in short, a set of
units capable of processing information, of operating in both directions,
as in (r),

This notion of two-way utilization clearly appears in the study of the
application, but the principle of it 1s used in the mental process. I think
that it is important to emphasize that the operations which we can follow
easily in their material form on punched cards exist, except for a few
detalls imprinted on the mind when a dlagnosis 1s made.

The only reason why they do not become apparent is that we are too much
accustomed to carrying them out and they therefore remain in the sub-
conscious,

We only have to see what happens in a difficult case which, owing to the
difficulty, demands all the doctort's attention. He reasons the matter out
as follows: This is not the allment P, because there would have to be
different pigmentations; nor is it R, which is characterized by a rise in
the maximum humeral pressure. In short, in any unusual type of case, the
doctor has consciously to think over the stages of dilagnosis, and then '
these successive comparison are made with the eliminations, finally leading
to 1dentification.

Moreover, 1t 1s very probable that the practitioner has short cuts (still
unconscious), which quickly lead him to the diagnosis, and that organiza-
tional structure of the data in his mind 1s less rigid than the equivalences
of the (r) type. ‘

However that may be, and with the reservations mentioned, we see that he
remembers information in the (r) form. ‘

Medicine does not consist only of dlagnosis and prognosis, however; 1t
includes - and this is the most important point - therapeutics, as well.

Now the 1atter is llnked to the name or the ailment in a more complex
way.

We shall not study the logical details of therapeutics, because they are
questions involving medical explanations which would make this paper too
long if included here.

I shall merely state that, 1n the decision "you must have such and such
a treatment", one can see the same logical basis as in diagnosis = wltn the
reservation that here, as in prognosis, probabllities must be allowed for.

If we try to tabulate these various data for each allment we get a group
of relationships in the following form: ' '

(s) allment ¥———0 1 1 1 0 .... symptams (Z)

R Y
allment ¥ = treatment

Prognosis for ailment M:o 1 1 0 see.. Symptoms (not neces-
S AT ‘ : sarily the same
as in 2)
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This set of relationships forms a large part of the sections on the
allment /. ,

During the consultation. the doctor's mental processes rollow a path
leading from the symptoms to the diagnosis whence they spread out towards
the treatment and prognosis.

- If we try to generallize this structure and derive a logical system rrom
it, we find that the basic element 1s the diagnosis, It is the diagnosis
which forms the focus of all the doctor's efforts; from 1t, he draws his
conclusions for treatment and prognosis. The term "dlagnosis® is the -
"turntable® for the dynamic logical structure of medicine.

It 1s Interesting to note how general this structure 1s. 1 believe it
can be found - more or less in its entirety = in all the disciplines.

In fact, Medicine 1s a sclence comblning knowledge and action: action in
the prescription of treatment, and surglical action. The knowledge classi-
fled under a term which defines it very often only includes the element of
acquisition of information. :

If we consider botany, for example, we can easily see that this sclence
consists essentlally of the logical part which corresponds. to diagnosis.
The botanist observes a plant, picks out its particular features, compares
them with the classification tables in his memory, and when he has ldenti-
fled tre plant under observation with a plant already known, he 1s able to
name it. v

Other forms of activity include both diagnosis and action, however. For
example, 1f we consider the logical work done by a lawyer preparing his
speech as counsel, we find that it includes (a) a diagnostic element~
acquiring Information on his client's case, followed by comparison of . these
particulars with the precedents set down in legal texts -(the dlagnosis ‘may
be said to be made when the lawyer can say "Here .ls the precedent which
applies to my client's case" (b) an action element. - strangely distorted
here, but which in actual fact would have to be confined to reading the
text of the precedent which applied to the client's case.. . -

The same reasoning i1s followed, moreover. by the Judge 1in charge of the
case, .

The very same structures are to be found in administration. 1 the -
,administrative regulations are founded on one and the same logical model-
the first part derines the groups, and the second,. the measures applying to
these groups.

It 1s absolutely the same structure as that in 1egal texts. In some cases,
a group 1s so defined that 1t 1s impossible to be mistaken - the problem
does not exist - for example "no-one may plead ignorance of the law". In
other cases -~ the most numerous - the definition - of the grcup 1s complex:
and besides this, the definitions themselves are numerous. Classification
thus involves, the same problems as those involved in making a dlagnosis.
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‘For example, "when the Injury heals without permanent disablement, or
{f there 1s permanent disablement at the time of healing, a medical certi-
ficate showing ...... shall be made out in duplicate" (Act of
October 30th 1948).

In this passage, which states the law for acclidents at work, the diagnos-
'tic element may be distinguished. Does thls case, this victim of an accident
have an Injury which has healed without disablement, or not? If so, he
belongs to the group defined by the act, and from this, the action element -
comparable with the therapeutic element in Medicine = 1s derived: a certifi-
cate is made out In dupllicate,

In most cases, however, the problem in Law is not such a simple one.
Indeed, whereas in Medicine there 1s only one dlagnosis, in Law there may
be several answers,

In Medicine, a patlent may for example be suffering from sclatlica and a
gastric ulcer. We shall make two easy dlagnoses - separately, because in
this case the Indications and symptoms of the two allments are distinct
from one another. But 1f we examine a patlent suffering from cardiac
insufficiency with a chronic emphysema complication, it will be difficult
for us to distingulsh between the symptoms of the two allments.

In Law, such intricacles are common, and it is these that the reasons
adduced in the judgements specify. Each reason involves a separate
"dlagnosis®, lLater on, we shall study very briefly the consequences of
this, .

In passing, let us stress here the existence of a threshold - comparable
with the one we deflned for Medicine; a threshold which, derived from
formula (q), indicates the presence of necessary and sufficlent conditilons,
as I have defined them for making a diagnosis.

Although this structure of knowledge may seem over-simple, 1t must be
borne in mind that this elementary simplicity is the rule in our mental
processes,

I would 1like to demonstrate how general the dlagnostic process 1s, . by
means of a short example.

This mode of thought is in fact so general. so common, that we are not
consciously aware of ft. When we look at the plcture below, the name of the
object occurs to us immediately; it 1s a pair of spectacles. ’
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This recognition ~ which 1s really only a dlagnosls - must be studled Iin
detall, however, To do this, let us ccmplicate the data of the problem; the
difficulties which we shall find will bring out the mental steps taken. Let
us say that an object - unknown to us - 1s placed underneath a cloth by
another person.

If we try to guess what the object is, without raising the cloth, we may
be surprised when we reason as follows: It 1s a small object, hard to the
touch, In the form of a rectangular parallelepiped, with 1ts longest slde
about three centimetres long. But 1t 1s not a rubber because it is not
flexible, it does not bend; on the contrary, it is crumbly, like sugar;
yes, 1t 1s a lump of sugar.

Here, we can easlly recognize the steps which we have already described
for making a dlagnosis. :
Thus we see that this logical formm of thought is very general' we rind

1t not only 1n most of the disciplines but in.the processes of everyday |
life, as well. The process 1s very rapid in 1ts usual .form, so rapid and so
common, Iin fact, that we are not consciously. aware of it. -

For concluding our.study, let us take the following general. logical
rormula.

(r)M————3011010011110

with two-way utilization, and the deductive type of conclusions attaching
to the notion of A,

JIt 1s useful to study, on the basis of these forms of knowledge, the
logical validity of various structural relationships found in disciplines of
this kind -~ disciplines and unorganized forms of knowledge as well. Critical
study of the validity of relationships of type

(r)M“"'_.—:\011010011110

There are a very large number of relationships of ‘this kind in all the
disciplines; they are all valid by convention. In most cases, in ract, '
corrésponds to a faét or to a notion of the rentity" type. ,‘ .

.In geology, for example, it may be sald that oolithic limestone has such
and such distinguisning reatures. Conversely. such ‘and such characteristics
found in a rock enable one to state that the rock 1s oolithic 1imestone, .

This 1s in the case where ¥ corresponds 1o a ract. an object. Another
example, this time of an entity: the notion of "stress" corresponds to a
set of defensive reactions in the body against some cause tending to dis-
turb 1ts equilibrium.

We see that these.relationships ‘are_conventional relationships; they are
postulates, convenient postulaies, but postulates which cannot be challenged.
In fact, thelr nature is not’ sucn that they rule: out the co-existence of
other conceptions. .
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We find these types of conventions, thls type of structure In the des-
criptive sclences, such as botany and natural hlstory.

They represent the initial, early form of a discipline, the latter in
tact requiring efforts of comparison, observatlon and description, and
today sclences which are confined to these functlons are rare. We are
turning more and more to action.

This is written for Medicine as follows: —

(t) allment M — treatment T

This relationship is valid, generally sbeaking, for all the sclences In
which an action is an extension of knowledge:

(t!) ¥ —= A
Critical study of the validity of relatlonships of the type

¥—s A

This is the essential point of the present study; the action consequent on
a plece of knowledge 1s in fact all the more effective, the more specific
the knowledge 1is.

Expressed In such general terms, such a law seems quite meaningless.

One must consider specific examples, in order to be able to Judge its
value better,

The therapeutic action may vary very considerably. In France there are
some 9,000 drugs, without counting surgical intervention. This means that
1f taken at random, a prescription will have one chance in 9,000 of being
effective. The difference between this 1/9,000 chance and the cure effected
through the doctor's diagnosis emphasizes the importance of preclse .
knowledge.

Relationships of the (r) type are only modified slightly or at least

" gradually - because they represent basic concepts, "generally recognised
1deas®, frameworks for nosologlcal classification. These ideas, which may
only pe contested by other ideas, have a rellable reference value. They are
the basis of mutual understanding.

The (t)-type relationships, on the other hand, are always being questloned
owing to technical progress. In Medicine, for example, they are overthrown
by the appearance of a new anti-blotlc.

It 1s the (r)-type relationships which determine the degree of complexity
of a science. When the number of the values 0 and 1 corresponding to each
relationship increases, the discipline becomes more complicated: after a
certain point, 1t divides, and this is what has happened in Medicline.

It 1s the (r)-type relationships which indirectly underlie the notion of
a threshold - from a dlagnosis point of view, as well, because one must not
lose sight. of the fact that the threshold varles with ¥, the total number
of allments.

Certain objections must be considered. The principle of a fixed number of
dlagnostic hypotheses surprises one because we cannot readily conceive the
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limits to our intellectual capital - which are hazy, even more so than
those of books on pathology; and it is conceivable that putting pathology
into the materlal form of (r)-relatlionships, then, for example, punched
cards, will at first seem an arbitrary limitation.

Now the existence of a flnlte number of symptoms - however large the
number may be = is the medical expression of determinism, a determinism,
which 1s absolute, both for living bodies and for inorganic matter
(cf. BERNARD). '

The basic postulate of sclence is that "in Nature there are no contin-
gencles, no capricious occurrences, no miracles, no free-will" (GOBLOT).

This postulate 1s the profession of falth of all sclence, and 1if it
sometimes seems to us to fall down in the face of unexpected facts, 1t in-
vites us to admit that our knowledge 1s still imperfect, ,

Determinism is not obvious in Medicine, because it expresses 1tself in a
complex way, involving above all a very large number of factors; conse-
quently we do not readily attribute to Medicine the same logical forms of
knowledge as we do to the other sclences. In Medicine,  (4), the quantity
of knowledge 18 exceptionally large, as 1s V, the number of ailments.

In sclences other than Medicline, the value chosen for Z (4) 1s lower;
but in Medicine this quantity 1s forced on us by the very complexity of the
object of our study: Man. In the patlent we have a complex whole, the
different elements of which need to be specified separately, but which must
be regarded as 1iridivisible, as far as interpretation of 1t is concerned.

The Iinterest of this study, of the ternary notation (0, %, ?), lles both
in the fact that the symbols describe the mental steps taken in the dlag-
nosis, in the fact that they specify certain notions relating to the.
necessary and sufficient conditions for dlagnosis, in the fact that they.
show the structural complexity of Medicine, but above all, in the fact that
they make it possible to use machines.

The machines give us thelr power and above all, thelr reliability, thelr
reliabllity in memorizing data which - as we find every day - 1s sadly
lacking in the human mind.

Consequently, we can be certaln that we cannot foresee the developments
which this mechanization will bring to the problem» very frequently
encountered in dlagnosis.

In conclusion, we may make the following assertions. (and I think that
these are the essential points of the present study): °

(1) In an action as complex ‘a priori' as dlagnosis, embodying and

utilizing all the facts of medical knowledge, and ‘apparently an art in .

itself, 1t is nevertheless possible to describe a logical process.

(2) The principle of this loglcal process 1s amazingly simple, because it

comprises a serles of comparisons between what the doctor knows about

allments and what he knows about his patient. By successive eliminations,
following comparisons which reveal differences, the dlagnosis is made

(94009) ' 658



when the case 0of the patlent is found to be 1dentical with that of the
allment /% we then say that the patient 1s suffering from allment M.

(3) The simplicity of the process enables it to be mechanized without
difficulty.

(4) However this simplicity must not be allowed to hide the difficulties
already stressed by CARREL: "The very volume 0of the facts which we know
about Man 1s 1tself an obstacle to their use," ' B
(5) Mechanlzatlion can solve the difficulties arising from the lnadequacy
of our memory, and 1s the sole means of utilizing the whole body of know-
ledge.

(6) Diagnosis 1s a very general process, and strangely enough, 1t very
frequently takes place in our sub-conscious, which explains why 1t 1is
often uncontrolled and therefore a source of possible error,
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DISCUSSION ON THE PAPER BY DR. F. PAYCHA

DR, F. A. NASH: I enjoyed reading Dr, Paycha's paper. I agree with many of
the points he makes in hls clear exposition of hls views on the nature of
the dlagnostic process.

wWhatever is asserted, especially in print, tends to be taken as fact
unless it is questioned. I notice i1t 1s clalmed (1n the forenote to
Dr. Paycha's paper) that he "made the first medical memory in 1953 wlth the
help of Bull...", I should be foollsh, perhaps, to try to establish with
Dr. Paycha as to which of us has the greater right to unpopularity with our
colleagues for inventing the first medlcal memory. However, "1t must be
recorded that, in 1953, I constructed an apparatus to assist the loglcal
faculties in differential dlagnosis called "The Grouped Symbol Assoclator#
(C.S.A.), and the patent appllicatlons were lodged officlally with the
Patent Office in London on 14th October. 1963 (ref.1l). It is fully
described in The Lancet (ref.2) and the Mark III Model 1s commerclally
avallable. ‘

Perhaps we can avold any argument by distinguishing apparatus that
remembers by serial operations from apparatus like the G.S.A. that not
only "remembers® but assoclates what 1t remembers, and that lnstantaneously.

The G.S.A. makes visible not only the end results of differentlal
diagnostic classificatory thinking, 1t displays the skeleton of the whole
process as a simultaneous panorama of spectral patterns that colnclde with
varying degrees of completeness. It makes a map or pattern of the problem
composed for each dlagnostic occasion, and acts as a physical jig to gulde
the thought processes. Figure ] 1s a general view of the G.S.A.

‘I agree with Dr. Paycha that the dlagnosis will always remain the
decision of the doctor: but the machines can help with thelr infallible
memories., I do not agree that the statistical approach is useless In
di fferential dlagnosis. It can help to reduce errors resulting from over-
frequent diagnosis of rarities 1f one knows the frequency of occurrence
of different dlseases. Again 1f, as White and Geschlckter state, 98% of
death and disability in U.S.A. 1s caused by only 200 of the total of

REFERENCES

i. British Patent No. 28388/33.
2. NASH, F. A., The Grouped Symbol Assoclator. The Lancet, 1954, April 24, 874.
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F1igure 1.

2,000 diseases, obviously the doctor who knows which these are will, in
the long run, make a better over all performance, other thlngs being equal,
than the one who does not. ‘

In Cecil's Mediclne, a standard Amerlican text book of medicine, there
are described something in the order of 800 diseases.

DR. GREY WALTER: I should like first to congratulate Dr. Paycha on his
presentation of a bold attack on a very controversial position, There are
some general aspects of this work that I should like to bring into the dis-
cussion, as a physlologist, and not as a medical man. ,

It seems to me that we sclentific workers In the medical fleld have
rather neglected the way in which physiclans go about thelr business; they
are one of the few classes of people who are forced to appreclate complex
patterns in human beings and build up from them notlions of syndromes. This
i1s rather a pecullar intellectual exercise and 1s very heavily weighted in
the case of medlcine with success or fallure, since i1t deals directly with
human lives. As sclentlsts in the laboratory, we are reluctant to think in
this way because the traditional statistical methods on which we rely so.
much do not help us to recognise complex individual patterns; they tend to .
efface Individual differences rather than to emphasise them. But there are .
now avallable statistical methods which would help us to recognise
syndromes in the more general sense, including those configurations of
signs in normal people such as .we generally call personal character or -
type.

These methods, whether clinical or statistical, are based, presumably,
on the recognition of dlagnostic signs, and I should llke to ask a general

(94009) - g6z



question of those skilled in thls art whether the use of the adjective
ndlagnostic® is the same In mediclne as it 1s, for example, in zoology, ~
where ‘I seem to remember that a dlagnostic slgn 1s found always and only -
in assoclation with a certaln genus or specles. In medicine it 1s rather
rare, I think, for a dlagnostic slgn to be so explicitly defined, but the
application of the sort of methods Dr. Paycha has suggested might help us
to recognise truly dlagnostic slgns. I think I am right in saylng that
Dr. Paycha's method was first applied to ophthalmology; that 1s, a group
of organ diseases rather than organlsm diseases, Here the sltuation 1s
conslderably simpler than, for example, in neurology, where the problems
are essentlally of organism disease, Disturbance of the nervous system
tends to affect many organs and hence the behaviour of the whole organism,
This may raise rather speclal problems. I am not sure of this - it iIs a
question I want to put to the meetling = as to whether methods which I
suppose one can call cybernetic may be specifically adapted to the recogni-
tion of syndromes in organism behaviour., Consideration of an organlsm as
opposed to an organ introduces special difficulties - not only diffi-
culties of the same type but of a hlgher order than those obviously
encoun tered in the applicatlion of this method to the dlagnosis of organ
disease. In neurology, one has an overlap and interaction of functions so
that a similar type of functional disorder may result from a large number
of central disturbances, because 0f the compensatory action of the nervous
system. This seems to me where the word cybernetics may be justified,
because one 1s bound to consider interaction between several systems of
control. I would query whether the term cybernetic in Dr. Paycha's title
is justified In this particular application. It might be Justified in
studying a system such as the nervous system, In which the interrelations
of the components are as rich as possible, both between nomlinal inputs and
nominal outputs and within the system 1tself. There the truly.cybernetic
methods might be essentlal In order to identify dlagnostic signs and
syndromes even including normal varlations.

PROF. J. 2. YOUNG, CHAIRMAN: Are you suggesting from the general point of
view that there are different systems of pattern recognition necessary, or
different forms of classification? For example, you mentloned zoology or
dlagnosis. I was not clear what your general point was.

DR. GREY WALTER: There are two words that seem to be used rather freely -
statistical and dlagnostic. Dr. Paycha sald that, for example, statistics
interested the Medical Officer of Health but not the doctor, This statement
can be true or false, according to how you define statistics; obviously
statlstics Interest the doctor in the sense that his probabilistic Judgment
of a dlagnosis is a statistical statement. There are tables of vital
statistics drawn up by registrars that may not interest him vitally, but
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they obviously Influence his behaviour, for example, 1f he knows an
epldemic 1s golng on., It seems to me that "statistical* 1s used rather
loosely in this sense and "dlagnosticn 1s also used loosely. I know many of
my own deeply respected medical.colleagues will speak of a dlagnosis or
dlagnostic sign In a sense that seems to me a good deal looser than you or
I might approve in relation to the ldentification of a specles or genus;
should the usage be tightened up 1n applicatlon to medical dlagnosls, or
should we allow them freedom and not bother to reprove them 1f they use 1t
loosely? It seems to be a useful word to have - 1t has a clear etymology
and a strict usage in the basic sclences. It seems a plty that 1t should
be used more loosely In medicine, because 1t confuses sclentific workers
who are trying to relate objective measurements of some kind to dlagnostic
slegns and symptoms.

MR, G. B. NEWMAN: I conslder that statistical considerations are an
essential part of the dlagnostic process, for much will depend on the
relative detall of the dlagnosis., Certaln cancers are susceptible to
thelr hormonal environment and before treating some patients 1t 1s necessary
to know 1f the patlent's cancer is of the rhormone dependent" type. Whilst
1t may be possible to say from observed signs that a patient obviously has
Cancer of the Breast, 1t will not be possible to say with certainty that
her cancer i1s "hormone dependent®, Whether the patient 1s given treatment
directed at the hormone dependent type of tumor must, therefore, be based
on the a prior! probabllities of rhormone dependence® in the type of
patient concerned. ' ‘

As a practical point, the patlents case histories are far from beling as
complete as Dr. Paycha states and this, while presenting the great problem
in the investigation of thls subject, will also mean the more frequent use
of probabllity conslderations, Co

DR. A. REMOND: I have admired Dr.. Paycha's work In France for several years
and have often wondered how to apply 1t to my own practice. I understood
then that 1t was a method for the future. I was not able, In the way I had
been educated, to make use of 1t. In the neurologlical dlagnosis at least,
we are dealing with symptoms which are never entirely present or absent and
which cannot be represented by either zero or one - they are always In
between these extremes and we are seldom sure that they are present or not.
They can be there once and when we look for them agaln they have disappeared
" or they are only half there, Take for instance, the Babinsk! symptom.

REFERENCE (by Mr. Newman)

BROADMAN, K., ERDMAN, A. J., LORGE, I., WOLFF, H. G., Cornell Medical Index,
Health Questionnaire, Journal 4merican Medical Association 1949, 140(6), 530 and .

1951, .145 (3), 152,
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Every morning, in a neurcloglcal department each patient 1s examined, At
first when the interne 1o0ks for evidence of a pyramidal syndrome he may
find 1t, 1t 1s "obviously"® there; then, when later In the morning the ‘
mpatron® comes to review the new cases, the Interne says "Thls patient has
a paralysis of such a kind, he has a babinski on the leftr, The "patron®
looks for 1t ... 1t is'nt there any more. It is not the place here to
discuss why 1t 1s so. In many Instances we should rather deal with pro-
babllity, Instead of pure, clear cut observation., To come back to

Dr. Paycha's work and before trylng to make a medical diagnosis, a process
often very difficult, we should dissect what we now call symptoms in more
minute elements taken as bits which surely are there or not. But no clear
definitions of these elements have been given as yet in medical books.
Symptoms are too often complicated entities. The difficult question for me
would be to redescribe every dlisease In terms o0f sultable code words belng
part of the language of a dlagnostic machine,

DR. R. EFRON: As I understand the speaker, he 1s making a distinction
between "prognosis®", which he feels 1s a statistlical element, and
ndiagnosisn, which he feels is a more specific and individual act of
decision, Speaking as a clinlclian, as a neurologlst, I feel that this
distinction is rather artificlal, I think we make a probabillstic
dlagnosis because we are constantly checking back agalnst the unfolding
course of the dlsease, There 1s a distinction, therefore, between the
speakerts concept of "dlagnosis® that is set in time - at a particular
instant, and the manner in which dlagnoses are usually made. They are,
in practice, more fluld things, taklng place over a period of time and
therefore there 1s always a feedback into the system of new information
derived from observation of the patlent's course.

There 1s one other point about which I am confused, and this may be
because the teaching of medicine in Anglo-Saxon or English speaking
countries 1s different from the way 1t 1s taught In France., We distinguish
nsigns® from "symptoms®. A sign is something which 1s an observed
phenomenon - observed by someone other than the patlent. A symptom 1s
something subjective - something which 1s complalined of by the patlent.

In relation to Dr. Grey Walter's polnt of dlagnostic signs, may I recall
that one of the games which medical students often play ls to think of so-
called "pathognoménic signs®. This 1s a speclal category of sign, only one
of which permits the absolute dlagnosis of a speciflic dlisease. An example:
red teeth permit you to make a specific dlagnosis of a certaln metabollic
disease., These are such striking signs that a medical student remembers
them easily. Certainly, 1f there were more pathognomonic signs the pro-
bability of making a machine for medical diagnosls would be much higher,
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DR. D. M. MACKAY: The argument that 10 signs are sufficlent i1f you have
210 possibllities from which to select 1s valid only 1f the signs are
loglically and statlstically independent. Is It not essential to do some
factorial analysis on the two hundred signs mentioned to find out what
groups of signs are loglcally independent, before one can argue that ten
or even many more could be sufficient?

DR, F. PAYCHA (in reply): I thank Dr, Nash for his remarks. But the part .
played by statlstics In dlagnoslis must be bounded.

For a doctor, the use ofstatistics in dlagnosis is, 1n fact, a solution
of facllity., If about 200 diseases can cause 90 per cent of mortality, I
find it 1s quite 1mmoral to neglect the remalning 10 per cent.

It should be very easy for a practitioner to 1limit his dlagnosis to
200 diseases., But, when a patient enters his consultation room, he may be
afflicted with any disease, even one of this 10 per cent. And the doctor
does not know 1f this malady belongs or does not belong to this 200
diseases which cause 90 per cent of death,

If the doctor assumes that there 1s more probability for a certain
disease to have occurred, then he 1s making an a priorl hypothesis on his
patlient; and so, he eliminates them without any reasons.

Statistics are of interest to the Minister of Health, but they do not
interest the practitioner. Statistics only have a part to play in the
prognostic and therapeutic side. Statistics, of course, apply to a group
of individuals, but the patlent is a unique, a sole case; and the question
1s then to know to which group of the statistics this patlent belongs.

(To MR, G. B. NEWMAN): The first consideration is very interesting in two
points:
1. Because it contalns in itself its answer: Mr. G. B. Newman says that
statistical considerations are essential part of the dlagnosis; and '
immediately, he takes an example, and he speaks of treatment. S0, he
demonstrates the part of statistics In therapeutics, but not in
diagnosis, '
2. Bécause such error 1s frequent; often one blends dlagnosls and.
therapeutics. ‘
This example 1s therefore instructive: if now the treatment of certaln
cancers 1s based on probabilities of hormonal dependence, 1t 1s because
we do not know, before testing the action of the hormones, how to recognize
hormone-dependent type of cancer. When we know a sign or a symptom to dls-
tinguish this type from the other, we shall be able to glve more chance of
life to the patients.
The second remark i1s very true: seldom, the patients' case hlstories are
complete. But, in this eventuallty, the interest of the Medical Memory 1s
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that it glves more than one answer, and the comparison between these answers
shows the mlissing slgns and symptoms,

(To DR, EFRON): It 1s true that, for one patient, during a malady, the
doctor may glve several dlagnoses. As Dr, Efron says, in practice, there
are fluld things, taking place over a period of time, and therefore there
1s always a feedback into the system of new Informations derived from
observation of the patlent's course. But, every dlagnosis 1s done by a
serles of comparisons. ]

As regards the difference between slgns and symptoms, French semiolczy
1s not very clear on this point, and that, of course, I am sorry about.

It 1s true that every medlical student knows the sets of pathognomonic
signs, speclal category of slgns, only one of which permits the absolute
dlagnosls of a speclfic disease, But the practitioner may think that
every dlsease may exist wilthout these pathognomonic signs.

(To DR, MACKAY): There are two points of view in this contribution:
© 1. Loglcally 10 signs are sufficlent, for there are about 1,000 dlseases
of the cornea, and 210 > 4,000,
2. Statistically signs appear not independent: certain groups of signs
and symptoms appear together more frequently than alone or than other,
In these conditlons, 1t should be possible to study statistically, and by
experiments, and also by factorial analysls every combination of the
dlfferent signs, But, we do not forget there are about 200 signs: so
there are 2200 comblnations and this study should be tedious enough,
S0, 1t 1s easier to try, wlth punched cards for instance how many
sortings are necessary to obtain one card only: the number of sortings is
about 10 In this case,
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MODELS AND THE LOCALISATION OF FUNCTION"
IN THE CENTRAL NERVOUS SYSTEM

by

R. L. GREGORY

SUMMARY

THE general question 1s ralsed: what sort of explanations are appropriate
for blology? Teleology is rejected, while explanation in terms of con~-
ceptual models of the englneering kind 1s accepted. It 1s argued, however,
that the engineering approach does not rid us of the necessity for making
declsions on the purpose of observed structures or behaviour. Engineers
generally know the design ends of thelr devices, but we have to guess the
functional significance of blological systems. Certain difficulties are
discussed, These considerations lead to the problem of distinguishing
between 'accidental' and !'functionally Important! features of biologlical -
systems. The criteria for distingulshing between these would seem to
require conceptual models.

Localization of function 1s discussed in general terms. The use of the
words ‘'localization' and 'function' 1s dlscussed, and a comparison is
drawn between removing or stimulating parts of machines and brains. It is
argued that the performance changes assoclated with removing parts of
machines cannot be understood except in terms of functional models of the
machine. The same would seem true for the central nervous system. In the
case of Independent parallel systems, such as telephone installations,
much might be learned given only the crudest 'anatomical' model, and this
Is largely true of the peripheral nervous system., In the case of the
cortex, this approach 1s likely to be misleading, especlally If it is a
tightly coupled system, for then removal of part of the system will elther
have little effect, except In certain conditions, or will Introduce new
functional features, for we now have a different system. These new
features can only be understood, and only have slgnificance, in terms of a
functional model. It 1s concluded that ablation and stimulation of the
brain may, and indeed does, bring out interesting facts, but that these
must be Interpreted in terms of models, for without a model we cannot say
what 1s localised. :
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INTRODUCTION

WHEN a blologist considers the fundamental question: "What ¢s an explanation
of behaviour?" he may have a sense of conflict, even of paradox. Blology
seems to be a sclence in 1ts own right, or set of scilences having common
alms, and so 1t should have 1ts own language and explanatory concepts; yet
when any specifically bilological concept 1s suggested and used as an
explanatory concept It seems to be unsatisfactory and even mystical. There
are many blological concepts of this kind: Purpose, Drive, elan vital,
Entelechy, Gestalten.* Physicists and engineers seem, on the other hand, to
have clearly defined concepts having great power within biology. Why should
this be? Is 1t that blology is not sufficlently advanced as an explanatory
sclence to have developed its conceptual systems sufficlently far? Or is it
that biologists should not look for special concepts, uniquely applicable
to 1living systems? This latter view implies that biologlists should think of
living systems as belng examples of physical or engineering syscems in which
case englneering language should be applicable for description and explana-
tion in blology.

If an engineer s presented with a plece of equipment about which he
knows very little, he will at least know that it was designed by men for
some purpose he could comprehend. He 1s unlikely to find any quite new, (or
any highly 1nefficlent), techniques involved in its design or construction.
The 'black box' situation 1is artificlal in englneering: the boxes an
engineer sees are not as black as all that, In the case where the box is
sealed, (perhaps as a game, or a test or in war) he still has a lot of
information about 1t 1f he only knows that 1t was made for human beings by
human beings. Biologlical systems are not designed by humans, and the purpose
of many of thelr characteristics may be highly obscure. Thus in Important
respects the engineer is not on his home ground when he advlses the
biologist.

Blologists are shy of the notion of purpose; in particular, they reject
teleological explanations as ‘'unscientific'. It 1s not clear, however, that
classification of blological structure and function in terms of purpose
should, or can, be avoided. At first sight engineering analogies may seem
to do this, but this is not so. To take an example of Dr. Uttley's, 1t 1s "
a discovery, and a most important one, that the heart is a pump, It would

* Some blological concepts have been given tengineering' definitions; for exampl?

drive and purpose., Whether they still cover the cases required by blologlsts

is an important question, Perhaps Survival of the Fittest 1s a specifically
biological 1dea, and in a sense an explanatory concept, though 1t does not
attempt to explain the functioning of an organism but only how it came to be .
‘designed!'. Although the 1dea started as a biological theory, 1t may be extended
to other cases, In economics for example, and it may be expressed in non-
blological, largely statistical, language. Thus 1t 1s not specifically blological.
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be Impossible to understand 1t without recognising this. Blological systems
are adapted, through genetic experiénce. to serve ends which we might, or
might not, discern. We have to dlscover what this end is before we can
think up what sort of system 1t 1s, or assess 1ts €fficlency.

At this point we should try to clear up an old bogey. We can see what
the purpose of a piston or a boller 1s, once we understand steam englnes,
and we can see the functional purpose of the heart, or the eye. Why, then,
do we not find purpose in inanimate nature? It is poetic, and most mis-
leading, to say, for example, that the purpose of rain 1s to water flowers,
and yet one might say that a purpose of rootlets Is to suck up moisture.

Is this because rootlets are alive, but raln is inanimate? Surely not. Rain
does not fall especially upon flowers, but flowers do take advantage of
what rain there 1s, by speclally adapted structures, Only living things and
machines are adapted, in thls sense, to take advantage of their environment,
and only they display purpose. To state a purpose 1s, evidently, to specify
what a thing 1s adapted or deslgned to 4o and we only find adaptation, or
design, In organisms and machines. If one supposed a car engine to be a
hair drier the exhaust pipe would have an obvious use, but the rotating
shaft would not., It would seem to be a very poorly designed halr drier;
noisy, smelly, dirty and inefficlent,. with a most annoying rotating shaft,
The noise, and smell and the heat will appear 'accldental!' once the shaft
output 1s recognised as such, and quite different estimates of its
efficlency will be made,

It 1s often difficult to declide whether an observed feature 1s function-
ally important or merely accldental. Any physical system will have some
colour, but generally thls 1s unimportant to 1ts function. It requires a
knowledge of function to classify observed features Into ‘tessentialt' and
taccidental' properties, yet without hypotheses of function this classifi-
cation is impossible, The englneer's Insights into the functional signi-
ficance of observed features would thus seem of the greatest importance to
the classification of blological observations and findings. Blologlsts have
tended to make this distinction implicitly, as may be shown by looking at
their cholce of words. lLet us consider an example of this, 'Fatigue’
indicates loss of efficiency after prolonged use; ’Adaptation’ suggests
that a change which might be 1dentical, and might occur under exactly the
same conditions as fatigue, is useful., Thus, 'the retina has recovered from
'fatigue'! and, 'the retina has become adapted', may refer to the same facts,
and yet these sentences have different meanings for they imply different
decisions on the significance of the facts. A useful feature in a machine
might be regarded as having been speclally designed to that end. Useful
biological features tend to be regarded as the ‘essentlal' features of the
system given by speclally adapted mechanisms. The decision between
‘'functionally important' and ‘'acclidental' 1s often difficult to make In
blology. Consider the continual small tremors of the eye ball, Are these
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useful, or do they represent a fallure of preclse control? Do they serve
to ald vision, perhaps by preventing retinal fatigue at contours by pfo-
ducing re-stimulation of the retinal cells? If the tremor can be shown LO
be useful in this respect (and this 1s an empirical question open to
experimental test) would it be supposed that there are speclal mechanisms
evolved to produce the tremor, as there are mechanisms which have evolved
to give accommodation changes, and colour vision? Would it be worth looking
for such special mechanisms? If we found a bit of the brain which seemed
to serve no function but to induce tremor In the eye, would we be more
inclined to think that tremor has been speclally developed? If we took this
course, perhaps we should look at earlier eyes, for the tremor mechanism
might have been useful though now it might not be., Suppose in fact the
tremor 1s accidental, perhaps mere nolse In the system; a biologist might
still do well to study 1its effect on vision, but 1ts status would affect
his way of thinking about the visual system as a whole. It might affect the
cholce of explanatory model we would develop. The englneer may be able to
help here by suggesting what special features of the phenomenon to look for
to make the decision between 'essentlal' and 'accidental'. Thus hunting
might be distinguished, by statistical or other criteria, from noise. This
sort of suggestion would seem to be of the greatest benefit to blologists.
JThe englineer can help not cnly in suggesting models, but perhaps even more
important, by suggesting what to look for to develop criteria for declding
between ‘'accidental' and speclally adapted or 'essentlal!' features.

Within the fleld of behaviour, probably the most important decision of
this kind 1s whether the slowness of learning is speclally adapted or 1s
a limitation of the brain mechanism., One~trial learning is rather rare;
why 1s this? If we knew what takes place in the brain durlng learning, then
we could probably say whether or not this is a weakness of the design of
the system, or whether 1t 1s speclally bullt In according to genetlic ,
experience. Without this knowledge of the mechanisms subserving learning
we can only ask: would one=-trial learning be, on the whole, an advantage?
If we decide that 1t would be a good thing, then it wlll appear a weakness
of 'design', or inadequacy of the materials of the brain, that it is so rare,
This 1s a shaky argument, but it is frequently used in blology for lack of
anything better. In fact, we can point to advantages in not having one~trial
learning; for unreliabdle Inductive generalisatlons are less 1llkely to occur.
It 1s notable that Pavlov required a silent laboratory, with nothing
untoward occurring during his Conditioning experiments: distractlons made
the process longer.* We might suggest that slow learning 1is generally

* This 1s a signal/nolse situation. The irrelevant events constitute noise which
has to be ignored as far as possible 1f responses are to be appropriate. This
1s a very general problem for organisms making decisions on sensory or other
data cf, Oregory (1955, 1958, refs.3,4), Barlow (1958, refs.1,2). '
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useful, we may then be tempted to think that the braln could perfectly well
have provided fast learning but that 1t would have been Inappropriate., If
s0, certaln types of englneering models may be ruled out. The blologist's
assessment of the utility of the things he observed may affect the choice
of 'engineering' model. The englneer might well question the bilologist, and
ask whether there are any cases where, for example, very fast learning does
occur. If he can find such cases the limits of the system will have been
extended., This might open up further possibilitles, or rule out others.
'Imprinting' 1s Interesting In thils connection, for here very fast learning
does occur, and 1t 1s plainly useful.

ON HOW AN ENGINEER MIGHT LOOK AT THE NOTICN
OF LOCALISATION OF CORTICAL FUNCTION

1. What neurologists mean by 'localisation of function'

It 1s often suggested by neurologlists that some functlon 1s localised in
a more or less speclfic region of the central nervous system. Thus 1t may
be suggested that speech, or some particular feature of speech behaviour,
i1s locallsed in Broca's area, in the left frontal lobe. Or 1t may be sald
that the pre-frontal gyrus 1s a 'motor area'. It 1s not always clear what
neurologists mean by saying that a function is locallsed In a specified
region of the braln. If this 1s not clear, any test or experiment involving
behaviour 1s made difficult, and discussion 1s likely to be confused. I
shall now try to examine the language used to describe locallisation of
function. We may then see whether the techniques used by englneers for
establishing and describing function might be helpful in relating behaviour
wilth neural systems.

If we consider the phrase: 'localisaticn of (cortical) function', we can
be puzzled by the use both of 'localisation' and of 'functicn'. The neuro-
logist generally means, evidently, that a given region of (the brain) is
espectally associated with some particular type of behaviour. This seems to
be clear from the contexts In which the phrase 1s used - mainly ablation
and stimulation experiments in which behaviour changes are correlated with
brain damage or stimulation., This idea that a glven area, or reglon, of the
brain 1s particularly associated with certain behavioural functlons goes
back at least to the phrenologists. They spoke of a 'bump of intelligence!
where, In some sense, intellligence was supposed to reslde. The blgger the
'bump' the greater the Intelligence,

2. 'Localisation’

At first sight, at least, 1t may seem that the neurologlst speaks of
regions of the brain in the same way that the Geographer speaks of reglons
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of the Earth. Thus: "The Sahara 1s a region in Africa" and, "the strilate
area is a region of the occipital lobes", are similar sorts of statement.
A desert ends when the sand becomes soll: the striate area ends when the .
cell structure changes In a recognisable way. Suppose now that there 1s no
visible dividing 1line to delimit 'functional' regions of the brain: How
could we specifty such regions? The same thing happens in geography, and -
the analogy may prove helpful. In physical geography natural features, such
as seas or continents, are bounded by shores; deserts end where the climate
and soll change. In economic geography countries, or trading areas, may not
be so bounded: they are essentlally functional areas. These are functional
boundaries, and make sense only In terms of the life of the people 1n each
country = thelir customs, economics and government, These things cannot be
observed like shore llines, by simply looking. A further point - a country
1s usually fairly compact, for reasons of transport and cormunication, but
this may not be so. Thus In a sense the British Empire might be sald to be,
or to have been, one country though scattered across the world, The bits
were linked by connections which could be described as 'functional' but
they could not be observed as, at any rate static, ‘'structure',

The distinction made between physical and economic geography holds for
the neurology of the brain. A region may be 1solated and named elther
(a) by virtue of its speclal structure, or (b) by virtue of its special
function.

3. 'Function! -

In normal speech, to speclfy an object's function 1s to say what causal
part i1t plays in the attainment of some end. It would seem that an object's
function may be specified In two quite distinct ways, and the difference
between these 1s important. Consider a rheostat used as a dimmer to control
the brightness of a lamp. The resistor may be referred to in terms of its
property of changing the current in the circuit, or simply as a dimmer. The
word can only be used in the first way within the context of electrical
theory; 1t 1s essentlally a technical sense of the word., The same component
may also be referred to quite non-technically, as: 'the thing which dims
the lamp'} Here no speclal knowledge 1s required, beyond the generalisation
that when the knob 1s turned the lamp dims. The grounds for using the word
‘function' are quite different in the two cases, depending upon whether 1t
1s used to deslgnate an essentlally inductively derived generalisation that
A produces B (turning the knob has always dimmed the lamp, and so it is a
dimmer) or whether 1t denotes a deductive inference within a theory: (added
resistance reduces the current flowing in a circult; the reduced current
gives less power ..., therefore the lamp must dim), If the current was not
reduced, it could not possibly be a resistance. It should be noted that we
may be mistaken in calling a given object a resistance, but 1f it is a
resistance then 1t must have certain functional properties in a given system,
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Now 1t 1s clear that thls second, deductive, use of the word can only be
used within a deductlve system, or model. The burning question 1s: has the
neurologist got such systems or models to enable him to use 'functional!
in this technical way?

It seems clear that the word 'function' 1s generally used in neurology
in the non-theory laden, Iinductive, sense. If 1t 1s sald: "speech 1s
localised In Broca's area", or: "the function of Broca's area 1s to‘]wich
the vocal chords and many other thlngs) produce speech", then we are using
an inductive argument. The evldence for the Induction 1s based largely on
speech defects which are observed with lesions in this region of the brain.
Broca's area 1s sald to be a speech centre, without a notion of just what
1t does or how 1t does 1t. Agaln, it may be said that the striate area is
used for vision, but we have no idea what processes are going on in this
region during visual perception.*

It often happens that with man-made machlnes we can recognise the various
components for what they are, or at least some of them, We may see that
there are, for example, motors, resistances, levers or bearings in the
machine., Once the components are ldentified as functional units, then
deductive Inference 1s possible., Of course we may always be wrong at the
ldentiflcation stage of the process: a resistance may be mistaken for a
condenser, and then the premiss for the argument will be wrong. But the
argument is still truly deductlive, though the conclusion may then be wrong.
Now 1f nerve cells varled in form in more different ways, each type having
corresponding functional properties, then the neurologist would be in the
position of the engineer in having readily identifiable components from
which he might infer the function of the circult, Unfortunately, the
neurologist is perhaps never in this position, for the brain is llke
porridge. This means that thls way 1s generally not open, for we cannot,
at least at present, 1dentify and recognise function from appearance by
looking at cells and thelr connections.

* The neurologist's concern with cortical function 1Is the extreme case; it would
be interesting to consider questions of localisation of function in simple
cases, There are, however, comparatively simple examples to be found in the
brain: thus certain reglons can be described as 'chemo-receptors', serving to
monitor the blood concentration of COp. The signals from these reglons have &
direct action on respiration. I do not question that some areas have specific
functions, but to state what thelir function is we must have a model of the
system within which they play their part. To name an area as a 'chemo-receptor’
is to give 1t a (sensory) function,

It might be recognised as such either (a) by the recognition of distinctive
properties (like recognising a rose, or a friend) or (b) by recognising 1ts
place in a system. (a) Requires prior knowleage of such components or parts,
(b) requires a knowledge of the rest of the system in functional terms. In
either case, to specify the function of part of a system we must know something

. of what 1t does and how 1t does it. This is true of the simplest, as well as
the most complex, types of system,
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If any change takes place upon the removal of part of the brain, the
changes are elther (a) loss of some feature of behaviour, or diminution or
worsening of some skills, or (b) introduction of some new behavioural
features, Now 1t 1s often argued that 1f some part of behaviour 1s lost,
or diminished in efficiency, then in some sense this behaviour (or rather
the causal mechanisms necessary for this behaviour), are locallsed in the
affected reglon. But does this follow? We may assume that the assoclation
1s no chance assoclation but a causal one, and still seriously doubt
whether before the advent of the lesion the reglon 1ln question contained
causally necessary mechanisms for the affected behaviour, To 1llustrate
thils, we can take an example from radlo englneering. If a main smoothing
condenser breaks down, shorting the H.T. to earth through a low resistance,
the set may stop working or work in a peculiar manner. The oscillator may
stop although the rest of the system may continue working normally. Would
we then say that the condenser was functionally important for the radio's
osclllator stage, but not for the rest? If so, we would be wrong. Its pur=-
pose in the system 1s to smooth the ripple for the whole system, but it
happens that a part of the system 1s more sensitive to reduction in supply
voltage than the rest. Suppose that when the condenser breaks down, the
set emits plercing howls. Do we argue that the normal functlon of the con-
denser 1s to inhibit howling? Surely not. The condenser's abnormally low
resistance has changed the system as a whole, and the new system may
exhibit new properties, in this case howling.

There are physlcal systems where removal of a part removes a specitic
feature of the output. Thus consider a plano: 1f a string, a hammer, or a
key 1s removed one note 1s lost, and the rest may play as before. A plano
1s largely an arrangement of independent parallel systems, each with its
own Input (a key) and output (a string)., Here functional locallsation is
a simple matter - a plano tuner soon knows where to look for any trouble,
This 1s not in general true of machines, where loss of a partrmay produce
the most bizarre symptoms. Only by understanding the principles involved,
and the causal functions of the parts, can the trouble be explained.
Further, even where there are parallel seml-independent systems, a fault
in a part serving the various parallel systems may have a selective effect
on them, and tHis can be confusing.” Thus, reduced air pressure on an organ
might affect some pipes a great deal and others not at all,

Mr. -‘P; E. K. Donaldson has suggested to me that this point applies most
particularly to tightly coupled systems, and the brain would seem to be
such a system.

4, Arguments from Stimulation

If a part 1s stimulated and something happens, such as a muscle
twitching, or the patient reporting a cloud of balloons floating over his
head, what can be inferred? The considerations here are similar to the
above., We now have a different system which might have qulte new propertles.
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The functional 'centres' of Hess, and of the ethologists are Interesting.
If stimulation of the given region produces a sequence of movements similar
to, or identical with, an observed Iinnate behaviour pattern then, 1t is
suggested, this reglon 1s the locus or 'centre!, of this behaviour pattern.
But there are difficulties in this 1dea of a localised functional centre,
The word 'centre' here suggests that the causal neural processes leading
to the innate behaviour pattern are located in space, closely packed, and
even that there are not other causal mechanisms in the same reglon. But,
Just as many races may live iIn the same country, perhaps talking the same
language and perhaps not, so causal mechanlsms subserving different end
results could well reside entangled. They may not be grouped neatly but
might perfectly well be strung about intenuous filaments, very difficult
to find, identify, or stimulate in a controlled manner. Perhaps most
important, why should the stimulation by some arbitrary 'signal* leading
to familiar behaviour patterns be regarded as more Interesting than some
bizarre behaviour? Surely all 1t could mean 1s that some organised set of
causal sequences has been set off, leading to familiar behaviour; but this
happens with 1lights shone 1ln the eye, or sounds applled to the ear, or any
other stimulus, yet no one wants to say that the causal mechanism, the
tcentres', are in the eye or the ear, except In very speclal cases. Indeed,
it would be surprising if stimulation of the cortex did not sometimes
produce behaviour sequences, but it would not follow that the region stimu-
lated contained the causal mechanisms responsible for the activity.
Certalnly 1t must under these conditlons have something to do with the
activity, but it may be far removed, both spatially and causally. One mlight
suspect that 1f a complete normal behaviour pattern 1s ellcited with an
artificial stimulus, then the stimulated area 1is rather less llkely to be
directly responsible than if the behaviour patterns are blzarre, for the
stimulus might be expected to produce disruption of normal function 1f
Introduced in the middle of a causal mechanism, even 1f the stimulus 1s
the correct trigger for the mechanlsm.

'Localisation of function' takes on further difficultles when we go
from innate to learned mechanisms, for here each individual will differ
according to what is 'stored' and also, perhaps, according to different
developed 'strategles' adopted for thinking.

If the arguments (or at any rate the conclusions) suggested here are
substantlally correct, the changes produced by ablation or stimulation
should be interpreted in terms of the changes to be expected In systems
of various kinds. In a tightly coupled system it is impossible to specify
a flow of information, or to say where any particular function Is locallsed,
for there is interaction throughout the system. Its performance may change
when bits are removed, or stimulated, but the changes can only be under-
stood In terms of the functional organisation of the whole system, In short,
we need a model to interpret the changes, and this is where the engineer
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should be able to help. The changes In behaviour associated with lesions
might be important evidence for suggesting and testing models, and the
models should serve to explain the effects.

Modern neurology started when large telephone exchanges were first
being bullt. The *telephone exchange analogy' has no doubt been useful in
the study of the peripheral nervous system, but 1t 1s extremely misleading
for tightly coupled systems, as the brain would seem to be, The input and
output regions of the brain - the 'projection areas' - would be expected
to be revealed fairly simply by suitable lesions or direct stimulation,
for no doubt they lie in telephone-llke pathways, as for the peripheral
nerves, though even here there tend to be some cross connections which
complicate the picture. The problem becomes acute where the nervous system
1s analysing or computing, for here the system cannot be like a telephone
exchange. Histologlcal examination suggests more or less random networks .
in large parts of the cortex (Scholl, 1957 ref.?). Such systems are only
beginning to be studled, lashley's ‘'Equipotentiality! (that»any part of
the cortex is equivalent functionally to any other part, certain areas
excepted) which he established for the rat brain (Lashley, 1929, 1950,
refs. 5,6) would be expected for such a system. If part of a tightly coupled
system 1s destroyed there 1s generally very little effect on 1ts perform-
ance, except when 1t 1s pushed to its limits, for 1t 1s now a smaller
system. This 1s Just what Lashley found. It 1s interesting that Uttley's
conditional probabllity computer consists in part of random clircults; some
destruction here would not have any devastating effect on the function of
this machine. (Uttley, 1955, ref.8).

The behavioural effects of brain damage are of vital importance to the
brain surgeon quite apart from their interpretations. They also provide
fascinating data for Insights into the function of the normal brain but
only, I submit, if we 1look at the changes in the light of conceptual models
of brain function. We only come to understand fully how car engines and
radio sets work, even after reading about them, by noting thelr eccentri-
citles and thelir ailments, We see why a certain 'symptom' 1s produced when
we know how the normal system works, and we come to understand more fully
how 1t works when we see and think about the symptoms of overheating, weak
mixture, or whatever 1t may be. We could not possibly say what a plug in
a car engine does simply by noting what happens when we remove 1t, unless
we understand the general principles of internal combustion engines = we
must have a model. The blologist has no 'Makert*s Manuals', or any clear
ldea of what the purpose of many of the 'devices' he studies may be, He
must guess the purpose, and put up for testing likely looking hypotheses
of how it may function. In both these tasks, he should receive valuable
help from the sympathetic engineer,
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I wish to thank Mr. A, J. Watson, Dr. L. Welskrantz and Professor
0. L. Zangwill for valuable discussions, though I should not wish to
commit them to the views expressed. I am Indebted to Professor Zangwill
for any knowledge I possess on these problems,
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DISCUSSION ON THE PAPER BY MR.. R.. L.. GREGORY..

MR, J. T. ALLANSON: I want to take up two polnts which are not central to
Mr. Gregory's argument. The first one s In relatlion to the systems which
he has described as tightly coupled. Since thls paper 1s largely concerned
with the problem of what may be learned from englneering situations and
engineering methods of analysis, I think it 1is relevant to point out that
in many flelds of englneering, tightly coupled systems do not obey two of
the generalisations which are made in thls paper. In the theory of electri-
cal networks, for instance, 1t 1s possible to define quite preclsely what
one means by systems which are tightly coupled. By and large, such systems
cannot satisfy at the same time, the generalisatlion on page 678 0f posses-
sing blzarre behaviour when part of the system is destroyed, and the

- generalisation on page 680 that if part of the tightly coupled system 1s
destroyed there 1s generally very little effect.

I am doubtful 1f any system at all can satisfy both of these generall=-
sations at one and the same time, If there 1s generally very little effect,
I do not see how one can say that the effect 1s bizarre. I suggest that
this phrase (highly-coupled systems) 1s not a particularly useful descrip-
tion or way of looking at the braln at all.

The second point centres on page 680 Mr, Gregory says 1f we take
Dr, Uttley's probabllity computer and remove some of the clircults 1t would
not have a devastating effect on the functlion of the machine. I think this
depends entirely on the original state of the computer,’

If there 1s a certalin superrluity in the connections 1t 1s perfectly
true, If one takes the connectlions as described for the precise version of
the computer, in which they are not made at random, but there 1s one AB
unit and one BC unit and so on, a removal of a percentage of these connec-
tions would result in bizarre effects rather than in a very slight
modification without significance,

DR. A. J. ANGYAN: I was very glad to read Mr, Gregory's paper, and think
I can agree with all his main points. I, too, shall try to demonstrate a
model which is intended to be a representation of some kind of locallsation
of function in the nervous system,

I would like to know how Mr, Gregory differentlates between "essential"
and "accidental® features when making a model. Are, for example, the
"essential® features of a nerve cell not "accidental® when describing the
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learning process of the organism in the more general sense, as compared
with these terms when used to describe the anatomical and electro—-
physiological properties of the cell?

DR, W, S. MCCULLOCH: I am one of those unfortunate men who began his study
of neurophysiology in the days when practically everything had to be
deduced from the effects of lesions., Ellhard von Domarus in his famous
Ph, D, thesis at Yale (ref. 1) poked fun at us - I mean at neurophysiolo-
gists, thus:
nCliniclans correlated the loss of speciflc responses with the
destruction of particular portions of the nervous system and supposed
the function lost to be that of the tissue lost, instead of

reallzing that all they knew was that the remalning functions were

functions of the remaining structure, We might caricature this by

saying that stereoscoplc vislion was the function of the right eye
because a man who lost his right eye lost stereoscoplc vision, The
notion of inhibition, or neural shock, prevented a clear conception
of what they did actually know. Now return to the caricature, Suppose
that we had seen patlents who had lost stereoscopic vision by loss

of the right eye and attributed that function to that eye, and then

had a patient who had lost a left eye; we might now explain his loss

of stereoscoplc vislon by supposing that the destruction of his left
eye, by inhibitorische Fernwirkung, prevented his right eye from
functioning stereoscopically. And, as 1f this had not been enough,

the gratultous hypothesis of the vicarious assumption of function

obfuscated all 1ssues, We have discovered that the right eye gave

stereoscoplc vision and the left eye plaln vision; but in our patient
who had lost his left eye the right eye vicariously assumed the
function of plain vislon, This completes the caricature"..

In other words, the argument from lesions, unless we are careful, leads
us into utter rubbish, and the great difficulty 1s that we have been
compelled to think of new ways of defining functions. I have been trying
to define functions in new ways because I am interested in the functional
organization of the brain; but all that I can say is, that the function
of any component 1s to be excited by those things which can excite it,
and to be inhibited by those things which can inhibit 1it, and perhaps to
drift a 1ittle In 1ts properties with use, When we try to say more or
speak of the function of a whole tissue or a whole area, we are very apt
to talk nonsense,
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DR. M, M, MacKAY: I wonder whether we may not go too far 1ln running away
fram -the 1dea of localised function, I have in mind the rather analogous
case of a human community, to which much that Mr. Gregory has sald of the
brain would seem to apply. The economist attributes a function to each
man as a cog in the machine; but he also distingulishes functions such as
that of an industry, The man 1s sharply localisable; the industry need not
be, but often 1s - witness the power of strateglc bombing, - h

I feel that this analogy can be useful and stimulating towards a more
balanced view on the vexed question of 'function'., No economlst pictures
the country as parcelled into discrete 'areas'; but he galns great flexibi-
1lity of thinking by the ability to picture more or less discrete entitles
with definite functlons such as the cotton industry, the electronics
industry, and so forth. I see no reason why evidence from comparative
anatomy, from developmental studles, and above all from the action of
drugs which are function-specific, should not give us valid functional
maps (not necessarily having any simple geographical interpretation) with
the same power to catalyse our thinking about cerebral organlzation.

DR, J. A, V. BATES: I think Mr. Gregory has brought out a useful point in
stressing that there may be confusion 1n the use of the word "function®, -
For many years people have pointed this out - soon after Broca published
his observations on braln lesions affecting speech in 1861, Hughlings
Jackson and Wundt were saying that to localise the parts of the brain which
destroy speech and to locallse the function of speech are two different
things. So 1f thils has been the obstacle to clear thinking that Mr. Gregory
or Dr, McCulloch have made 1t out to be, I would say that there 1s no
excuse. But I think the difficulty lies elsewhere, and in Mr. Gregory's
terminology 1t is this: that 1f you have any complex organisation, there
Will be systems within it which are to be considered tightly coupled, and
systems which are to be considered loosely coupled; 1f we study the effects
of braln lesions how are we to know which sort of system we are dealing
with? Probably the degree of coupling in sub-systems in a complex organ
like the brain ‘shows a hierarchy of grades, just as it does in the radio
set which Mr, Gregory uses in analogy; 1f the set goes silent because a
resistor has gone "open~circuit®, he 1s correct to point out that 1t would
be ridlculous to say the function of that resistor was to produce sound,
but with the same set, 1f the same defect 1s found to be due to some

change 1n the loudspeaker cone, 1t would not be ridiculous to say that the
function of the loudspeaker cone was to produce the sound. We know that in
the brain one can hit on examples of extremely tight coupling in this
sense. For example, 1f one interferes with certain tracts in the brain stem
and gets anaesthesia, one 1s not amiss in asslgning to those tracts a
particular function in conduction of impulses which give rise to the
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sensation of paln, Other types of lesion produce altered sensation through
interference with loosely coupled systems and one characteristic of such
systems which the neurologlst recognises is that such defects tend to
recover. But one essentlal difficulty in studying brain function by means
of lesions lles in declding which sort of system you are dealing wlth.

It would be instructive to learn 1f engineering has produced any general
rules of theorems on thils subject which could be of value in this type of
investigation,

DR. H. B. BARLOW: I agree, of course, with a lot of what Mr, Gregory has
saild, but I am distressed by the general tenor of 1it, for this reason.
Suppose nobody had ever done any ablation experiments, then after hearing -
his talk one would say, "Here are some experiments I need not do at all",
But obviously a very great deal of valuable information about the brain
has been obtalned by ablation experiments. The fact that one can be
confused by the results 1s true of any experiments, There are some cases,
after all, where you do get quite clear-cut results, For example, 1f you
hold a blind-folded cat so that the tops of 1ts front paws touch the edge
of a table, then it will 1ift them up and place them on the table. Now if
a small region at the frontal pole of the cat's cortex 1s removed, then
this placing reaction (on the contralateral side) 1s no longer performed:
but 1f the whole of the cerebral cortex except this small region is
ablated, then the placing reaction 1s retained. (ref. 1).-

When you can get clear experimental results like thls, the experiments
are surely worth doing, even if the 1nterpretation i1s not as simple as
appears at first sight,

SIR FREDERICK.BKRTLETT, CHAIRYAN: . There are two questions which I should
like to ask Mr. Gregory to answer, Towards the end of his paper, on the
last page, he says that 1f one 1s considering a blological system which
is computing, .or working in an analytical sort of way, we have to consider
that system as containing a number of very large parts, and we have to
have recourse to a notion something like, at any rate, that of Lashley's
notion of. equi-potentlality, where any part, within limits, has.the same
properties in.response as any other part. So far as I can see, Lashley':
hlmself arrived at this principle through a very long inductive process,
and 1’ would llke to know from Mr, Gregory if he considers that the
dlstinction that he has drawn between the use in this fleld of an induc=-
tive process and a deductive process really does amount to very much =
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whether, 1n fact, one has not got to use the experimental approach in
order to get at any of these general properties of large systems,

The second question that I want to ask I can put very simply indeed.
He says 1t is interesting that Dr. Uttley's conditlonal probabllity
computer consists In part of random circults. Does this mean that any
model which has to be constructed and 1s useful to help In dealing with
the central nervous system 1s all right so long as 1t contalns a number
of random clircults, .

Finally, I wish he would say, for my Information and for others, what
sort of valuable help he wants from the sympathetlc engineer,

MR, GREGORY (in reply): I do not know whether I can at all adequately deal
with the polnts raised, but thank you very much for them, The first point
ralsed by Mr. Allanson brings to llght something pretty silly on my part,
1 did not wish to say that with a tightly coupled system one would at the
same time get a bizarre change and no change at all when parts are
removed. I think there i1s some confusion in my paper on this point, I
should have sald, perhaps, that (a) where the system 1s tightly coupled
there would be only small output changes except when the system was belng
pushed to 1ts 1imits, and (b) where there are serlal processes without
feed=back loops there will in general be rather large and blzarre changes
in the output, I think that Mr, Allanson 1s correct in his second polnt -
concerning removal of some of the circults in Dr, Uttley's probabllity
computer, It 1s perhaps ilnteresting to note that in general leslons are
more serious in adult than in young animals or people: could it be that
there are fewer superfluous connections in the adult organism?

I think I do not fully understand Dr, Angyan's query about "accldental®
and "essentlal" features of nerve cells. It seems to me that we might mean
by "essential" those features which are of causal importance to the
functioning of the system, while "accidental® are those features which are
not causally important. A model should be helpful in indicatling and
emphasising the "essentlal" features of the system In this sense.

Dr. McCulloch seems to me to have put the maln argument far more
clearly than I have succeeded in doing, I am grateful for this support.

It may well be that some of the early neurologists were less confused

than many modern neurologists seem to be on thils matter, Hughlings Jackson,
for example, sald very much the same sort of thing, though not in the
context of engineering models of brain function.

I agree wlth Dr, Mackay that analogy with localised functions in human
communities 1s useful, I have tried to develop this line of thought in a
chapter 1n a forthcoming book (ref. 1). I think with him that the
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important point is that functlional maps in general do not have simple
geographical interpretations, either in communities, industry or machines.
This 1s partly why simply looking at a system and removing "parts" 1s not
sufficlient for galning an understanding of the manner of function of the
organism, :

I do not altogether follow Dr, Bates' first point. Perhaps the diffi-
culty lies with the undue emphaslis which I placed on "tightly coupled"
systems, One might say that the sound comes from the loudspeaker cone,
but I think that this 1s because it is the output terminal of the system,
I tried to emphasise that in my view one can locallise lnput and output
terminals, and parallel paths, qulte simply.

Dr. Bates seems to be using the term "tightly coupled" in a sense
different from the way I was using 1t., Perhaps he means what might be
called "closely matched", I meant not closely matched, but rather a
system of servo loops tending to give stability to the system as a whole,
I do not agree with Dr. Bates that interference with certalin tracts of the
brain stem with anaesthesla would necessarily imply that those tracts
function to conduct impulses normally giving rise to pain. There may well
be further consideratlions which together with this observation would lead
to such a conclusion, but in {tself 1t 1s surely not sufficlent grounds
for the conclusion. All we could say 1s that when these tracts are
anaesthetised the system does not gilve rise to paln., It remains a question
why 1t does not give rise to paln. One possible answer 1s that the tracts
were conducting impulses representing pain information. But this 1s not
the only possibility, and so 1t does not follow that they were in any
direct manner important to giving rise to pain,-

In respect to Dr, Barlow's point: the last thing I wanted to suggest
was that ablatlion experiments are a waste of time, I trled to make this
clear at the end of the paper., I was, however, concerned to polnt out that
their interpretation seems almost impossible, (except In a few speclal
cases) in the absence of some functional model, however tentative this
may be, It seems to me that we can seldom say anything directly about
what a given reglon does by observing changes In behaviour after ablation,
The exceptlon is where there are parallel paths, and this is the case for
the visual projection areas, 1f they are visual projection areas.

Sir Frederlic Bartlett points out that Lashley arrived at his principle
0of equipotentiality by lengthy inductive processes, It seems to me that
this is so 1f we take the term "equipotentlality" to refer to the observed
behaviour changes with varlous amounts of ablation, but not 1f we take 1t
to refer to properties of the neural structure responsible for the
behaviour. To infer something about the function of the brain from
observed behaviour does not seem to me to be an induction from the data.
It seems to be a hypothesis which may be suggested by the data, but whilch
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cannot be inferred from it, elther inductively or deductively. It 1s not
always clear whether writers on equipotentiality are using the term as a
short-hand label for the inductive generallsations, which Lashley made,
or whether they are using 1t as an explanatory concept to refer to a
supposed property of the braln: namely that any part is functionally
equivalent to any other part, If 1t 1s a label then 1t 1s, so 1t seems to
me, an induction, dbut 1f 1t refers to the braln then 1t is a hypothesis
about the neural systems Involved, and 1t 1s an attempt at explanation.
I think we should be very careful to make 1t clear when such a term 1s
being used as a label and when 1t 1s belng used to denote an explanatory
concept.

To suggest that the braln is a system which might on general grounds
be expected to display impairment only when pushed near 1ts limits, 1s to
make any special postulate unnecessary., It thus seems to me that defenders
of equipotentiality as an explanation of the facts should show that the
brain is not such a system. Until this 1s done, any speclal postulate for
the system 1s unnecessary. It 1s also a poor explanation, because 1t does
not relate the case of the brain to other systems whose functional
principles are known to us, but even suggests that in this particular
it 1s unique, which may 1nhibit the development of explanatory models 1In
terms of known systems,

I fear that I have ralsed (or fished up?) a red herring in putting
emphasis on random circults in this context.

Dr. Bates has largely answered the query as to what sort of help the
sympathetic engineer might provide. He polnts out that an essentlal diffi-
culty in studying braln function by means of leslons 1s to know which sort
of system we are dealing with, It seems to me that the englneer can be
of great help in suggesting just what to look for, and what sort of
experiment to perform, in order to discover what kind of system it is,

For example, once we know about servos and thelr properties under various
conditlions, we know that studles on tremor are likely to be Important, and
careful experlments are then carried out which would be thought silly, or
even mad, in the absence of the alternative models suggested by analogy
with other control systems. Again, 1n the context of englneer's systems
Lashley's ablation results seem to have a simple explanation, In the
absence of englneering knowledge speclal principles tend to be invoked

by psychologists and physiologists. Since these do not have application
beyond the blologlical examples considered, they have little explanatory
power, and are often merely alternative labels for what needs explanation,
An example of this would be Bergson's elan vital, which 1s utterly useless
as an explanation, because 1t does not compare the unknown with anything
else, It 1s no more than a label, but such labels can have a fascination;
they tend to quell further questions which might lead to new experiments,
and explanation in general terms,
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SOME QUESTIONS CONCERNING THE EXPLANATION OF‘
LEARNING IN ANIMALS

by

A. Jo WATSON

SUMMARY

THIS paper 1s concerned with three problems concerning the nature of
learning in animals, These are: (1) What 1s learned? Do animals learn to
make certalin patterns of muscular response to stimulil, do they learn to
seek stimull as targets, etc? (2) Is a reinforcement principle necessary
to explain learning? Do animals only learn when some goal-signal, or
substitute for a goal-signal, 1s subsequently recelved? (3) To what extent
are animals capable of abstracting from the stimull with which they are
presented?

These questions are dlscussed with reference to samples of the relevant
experimental evidence and to some psychological theories which have been
developed to answer them.

IF I were asked actually to construct an artificial intelligence, I should
be totally at a 1oss and I should be nearly as helpless 1f I attempted to
understand a technical explanation of the mode of operation of such a
device, Since I know nothing of the engineering problems and difficultles
arising in this kind of work, it may well be doubted whether anything that
I can say will be of any relevance to the questions with which this meeting
1s concerned, I can speak only of the behaviour exhibited by natural
intelligences and, even here, only 0f that displayed by one specles, namely
the laboratory rat. This work may, however, be of some relevance in that
this 1s a rather artificlal anlmal.

There seem to be two ways in which experimental research of this kind
may have a bearing on the study of "artificial intelllgence", The first Is
in providing the data which 1s to be explained, or imitated by such a
mechanism., There 1s obviously little point in elaborating a mechanism which
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1s not designed to Imitate a reasonable portion of the known characteris—
tics of behaviour In various circumstances. Although there may be serious
doubts about the valldity of many of the conclusions drawn from the
experimental work on animal behaviour, and although the experiments, when
repeated, often fall to show the degree of consistency which we could
desire, they do serve to indicate that this behaviour, and the conditions
controlling it are much more complex than common observation might suggest.
S0, uncertaln though tney may be, we must rely upon the results of such
research for the facts which are to be explalned. Of course, this
conslderatlon need not hold when we are concerned with the design of
mechanisms which, although they provide outputs which one might wish to
describe as "intelllgent" are nevertheless not directed to Imitate the
behaviour of any actual animal., The suggestion here will be that since
most functions that such "intelligences® will be designed to perform will
find a limlted analogy In some restricted aspect of animal behaviour, the
study of the latter may prove frulitful In the execution of such a design.
This 1s clearly possible, but I do not see how, a priori, one can say how
far 1t will prove helpful in this way. I shall here consider the study of
"artificlal Intelligence" as an attempt to design mechanisms which imitate,
and therefore explaln, the characteristics of behaviour actually shown by
animals. For thls purpose we clearly must have a statement of what it is
that 1s to be Iimitated, and this 1s the first and maln way in which
blologlical work of this kind 1s relevant to the subjects under discussion
here. )

As a matter of loglc, however, there 1s a second way 1n which such work
1s relevant, It 1s not the case that students of behaviour have selected
variables for Investigation at random. Nelther has thls work been directed
only by generalization from already established facts. For, while part of
1t 1s suggested by empirical generalization from previous knowledge, there
1s also a substantial section of such research which has been inspired by
theoretical considerations; These theorles are not all of one logical kind;
and, conslidered as sclentific theorles, they all tend to have certain
logical peculiarities. But at least some of them have been clalmed to be
explanatory In that they tell us something of the nature of the mechanisms
controlling behaviour, Now these explanations are not necessarily couched
in physiological terms or In terms of any partlicular embodiment of the
theory. Rather, what 1s claimed 1s that by observation of, and experiment
upon, . input-output relations of the organism it 1s possible to Infer, and
to test, hypotheses about the kind of function, or transformations, which
must be carried out by the mechanism 1in order to produce the observed
behaviour. That this 1s loglcally possible seems clear, But it 1is difficult
to say, in advance, to what degree of detall It 1s possible to carry on
this kind of theorizing in the absence of knowledge of the nature of the
components actually forming the mechanlsm and of thelir engineering
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possibilities, It 1s, of course, at this point that suggestions and
analogies from the study of man-made control systems are likely to be of
assistance In understanding animal behaviour,

I wish to present some conclusions and suggestions of this theoretical
kind, together with a selection of the evidence which gives rise to them,
and which they are directed, In this preliminary way, to explain, In so
doing I shall be attempting to gilve one or two features of the specifica-
tion, which any artificial intelligence would have to fulfil, which seem
to me to be Indicated by our present knowlecdge.

I, WHAT IS LEARNED?

Learning tends to be regarded as a central feature of intelligent
behaviour, no doubt for good reasons. A machine which cannot learn, no
matter what other feats of prodiglous calculation or complex adaptation it
may accomplish falls far short of displaying those characteristics of
behaviour which, in animals, we call intelligence., It Is at least debatable
whether a machine which can learn does not show all the characteristics of
intelligent behaviour, though possibly to a limited degree only in a
quantitative sense, Now 1t had rather been assumed by many psychologists
that when an animal learned, 1t learned to do something in a given
situation - to beg when told to do so, to Jump in a certaln way beneath a
fruit tree when hungry, to make a certaln pattern of muscular movements
when at a certain place on the way to a water-hole and so on. Ordinary
language tends to make distinctions here. We speak of, for Instance,
knowing the way to a given place and knowing how to do sometning, e.g. how
to ride a bicycle, But since such distinctions need have no Implications
about the nature of the mechanisms controlling behaviour 1t has often in
the past been thought that the former, knowing a route, etc., was reducible,
as far as the mechanlsm 1s concerned, to the latter, knowing what to do in
certain circumstances. This, of course, was the natural consequence of
attempting to explain learning in terms of an elaborated conditioned reflex
mechanism. There are numerous familiar objections to an account of learning
in these terms., It has been observed by many - for Ilnstance, by Hughes and
Schlosberg (ref. 11) that the classical conditloned response is not a
replica, even in attenuated form, of the unconditioned response. This,
indeed, 1s also clear from Pavlov's original results (ref. 18). What one
tends to find 1s a different, though partially similar response which it
seems natural to regard as of an anticipatory nature., Further, 1t has also
been clear for many years that it 1s not helpful to regard all behaviour
as a combination of reflex and conditioned reflex responses. When used in
this way, the word "reflex" tends to be devold of meanlng, Certainly, its
explanatory implications are lost. This difficulty, apparent In any study
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as "instrumental conditioning" and Indeed also apparent in common
observation of behaviour, led some theorists to distingulsh between
"operant® and "reflex" behaviour. It must be supposed that a large propor-
tion of the responses observed 1in, for instance, an experiment on learning
are simply "emitted" by the animal. These are "operant responses" and
learning consists in the selection of an appropriate group from an animal's
"operant repetoire" In order to obtaln scme reward, Other theorists
continued to regard behaviour in terms of reflexes, conditioned or
uncconditioned, but, in fact, they seem to have adopted 1little more than the
word from Pavlov's and Watson's earlier work. Thus, although Hull (refs.
12,13) speaks of conditioned reflexes and responses, 1t 1s clear that he 1s
talking, for the most part, about what others have called operant behaviour
and his Interest lles not in showing that there 1s anything particularly
reflex about such behaviour but rather in attempting to systematize those
features which govern the selection, during learning, of some responses
rather than others from the animals' repetolire,

There remalns, however, this legacy from the original "conditioned
reflex" view of behaviour, that most theorists have assumed that what 1s
learned 1s what to do in given circumstances. The emphasis 1s upon the
action. An animal 1s thought to make a given response to a glven stimulus;
1f certaln subsequent events occur, then the condition of the mechanism
must be In some way altered so that this response becomes linked to the
stimulus in question., There has been, of course, a great deal of controversy
about what are the essential conditions for any such linking to occur. But
many theoretical views which conflict on this polnt agree in regarding
learning as a "one stage" process of direct connection between Input and
output, '

Now there seem to be good reasons for rejecting a "one-stage" account of
learning of this kind, 1f it is to be interpreted literally. Several studies
have shown, In various ways, that if animals do learn to make responses -
that 1s, to give a certain muscular output, this 1s not all that they learn,
Thus, it has been shown that 1f a rat 1s trained to run a maze, and 1ts mode
of progression is subsequently altered by, for Instance, flooding the
apparatus (refs. 8,15}, or by inflicting upon the animal cerebral lesions
which prevent walking and moving in the usual way, the animal will still
traverse the maze by whatever means 1s available to 1t, with few or no
errors, In the second of these experiments, there 1s reported at least one
animal which was rendered quite incapable of any form of walking, but -
which, by rolling and scrambling, still found 1ts way through the maze
without error, Here, then, 1t cannot only be that the animal had learned to
produce certain definite kinds of muscular output in response to certain
cues, It has also been shown, for instance by Gleitman (ref.9) that animals
will learn about a situation before they have made any particular response
to 1t. In this experiment rats were placed in a small transparent cage, A
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shock was administered through the floor of thls cage and 1t was
simultaneously moved from a point A to a point B in the experimental room.
At B, the shock was switched off and the rat was released, After several
such trials, the animals were tested in a T maze in which the crossplece

of the T ran along the path traversed by the cage. At the cholce-point,
therefore, the animals had a cholce between golng to that place at which
the shock commenced or to that at which 1t ended and at which they escapead.
The latter was chosen, although no responses had previously occurred during
training. In general, the extent to which animals learn to make specific
responses seems to vary with the experimental situation., In enclosed alley
mazes, under certain conditions and after conslderable practice, rats seem
to rely, rather heavily, upon learning to make a sequence of definite
movements In response to certain cues. It has frequently been noted that
under these condltions they will run head=-on Into obstacles newly placed
in the alleys, etc. {ref.u4). Oon the other hand, In elevated mazes, during
the earllier stages of training, the animals seem to learn to approach or
avold certaln places or features of the environment, irrespective of the
responses they have to make in order to do so. ’

It seems probable, then, that even 1f animals do learn to make speciflic
responses to cues or stimull this 1s not all that they learn., It 1s
reasonable to suppose that they also learn the sequence of cues which
should be sought 1n order to obtaln scme goal., It may be useful to
emphaslize the dlfference between these two vlews, Conslder a discrimination
experiment In which a Jumping stand 1s used, Here the animal 1s taught to
Jump from a platform to one of two or more windows. A correct cholce leads
to a food reward on a platform benind the window and an Incorrect cholce
to punishment. Which window 1s correct in any given trial 1s indlcated by
the position of the cues between which the animal 1s belng tralned to
discriminate; and the position of these cues 1s so changed during a series
of trials that each window is correct equally often. Now the response of
Jumping 1s very similar whichever window the animal Jumps towards, for the
windows are placed symmetrically about the stand from which the animal
Jumps and at the same dlstanqe from it. However, the animal must orlentate
1tself slightly differently for the two Jumps and, 1f we Include these
responses In the total response, 1t may be sald that two different
responses are made. If these are designated RR and RL’ then we may contrast
the views of the nature of the learning occurring here as follows:-

(a) If the animal learns to make different responses to dlfferent cues 1t

It must learn

BL - - >Ry
WL- > Rp
BR -~ > 1N
WR e RL
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where I, and R Indicate the sides upon which the cues, say black and
white, are placed., Suppose here that 2 Jump to black 1s always
rewarded and a Jump to white 1s punished.
(b) If, however, the animal does not learn to make a specific response,
but learns rather only to approach or avold cues - Ry and RA » then
1t must learn P v
B~~——5>RAD

w._-%>RAv

It may be suggested that in both the above cases there Is needless
complication, for in order to discriminate successfully the animal need only,
in the first case, learn two things - say, BL-—s Ry, and BR——>Rp; and in
the second case, 1t need learn only either B— RAD Or W—> Ry e It may,

however, be demonstrated that in fact animals learn both to Jump to the
positive stimulus and also to refrain from jumping to the negative cue,

Both the above kinds of analysis have been proposed by psychologists.
There are three differences between them which should be noted (a) the
first system f"connects" responses directly with stimull and may be called a
one-stage process, while the second system may more appropriately be called
a "cue-seeking" device. (b) The first system has, 1In a sense, to learn more
than the second - the second achleves an econamy in learning (of the kind
S0 far discussed) at the expense of complexity at the motor stage. (c) There
1s no account of how the second, 2 cue=-seeking system, manages to do the
correct thing after 1t has selected the cue which 1s to be approached. There
are clearly, in principle, a number of possibilities open here, In the
extreme case of lnefficlency, the system could simply try out all the
responses in 1ts repetoire and continue to do so until 1t arrived at the
one selected, Such a system would manifest no learning in its behaviour
until it attained its goal, In the present case, it would be Just as llkely
to jump to the Incorrect window, or, indeed, to do anything else, as to jump
to the correct window. And this behaviour would be repeated no matter how
many training trials it was given, On the other hand, 1t would still have
learned something and would demonstrate this learning when it did eventually
respond correctly, for this would terminate 1ts search. It is obvious that
little or no behaviour 1s of this random kind. A second class of possibili-
ties is that the mechanlsms of moter control for approaching or avoliding
cues, once selected, are bullt into the organism. This may In fact occur in
the case of certaln features of behaviour in certaln speclies. There seem to
be several kinds of control of this kind which could obtain, Thus, 1if an
animal has to move from some position towards a cue 1t can see, 1t might be
that it selects some response from its repetoire and then constantly
corrects this in accordance with the way in which 1t finds itself travelling
towards, or away from the goal, Or again, the system may be so constructed
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that when a glven cue has been selected as a goal, a certaln more or less
stereotyped response is made. In a falrly constant environment this may well
be a reaspnably effective procedure., It may be that such a response 1s
simply made once, or that it 1s repeated untillthe goal is attalned.
Behaviour which seems partly to be similar to something of this kind has
been reported by ethologists in thelir studles of instinctive behaviour. No
doubt such systems as these, and many others, are employed in the control

of the behaviour directed to the attainment of different goals and cues.

But 1t seems most unlikely that such innate, or "bullt-In" mechanlsms can
account for all such behaviour, for a rat may be taught to perform any of

an almost unlimited varlety of contortions in order to obtain a reward, or
some cue which leads to reward. It seems unreasonable to suppose that all
these patterns of response are bullt into the mechanism. Moreover, animals,
and certainly human subjects, show a gradual and coften prolonged Improvement
of mechanical dexterity when performing many kinds of skilled tasks, Of
course, some of this improvement may be attridbuted to learning of the kind
mentioned above; that 1s, that the organism selects more effectlve cues to
search for in the progress of the skill, But it seems reasonable to suppose
that, in additlion to any learning of thils kind, the sublect 1ls also learaing
better ways of obtalning these cues or goals, Thus, the economy of learning
{n favour of the second system mentioned above, namely that whlch learned to
approach or avold certain cues, may be misleading, for 1t will probably
often be the case that such learning must be supplemented by thils second form
of learning. The animal must learn not only which cue to Jump at, but also
how to Jump at that window rather than anything else,

The fact, however, that these two forms of learning will commonly be found
to be taking place simultaneously, and that 1t will often be very difficult
to analyse experimental results in such a way that the two components may be
assessed separately, should not lead us to reject a "two-stage" hypothesis
of this kind, If correct, 1t would seem to imply that we should look for two
distinct controlling systems, one which learns what to search for and the
other what to do In order to arrive at what 1s searched for, Thls kind of
distinction i{s contained in, for Instance, Deutsch's theory of behaviour
(refs.6,7). This, although 1t is concerned to make hypotheses malnly about
the nature of a "cue-learning" system, implies that the output of thls
system must be handed on to a system of moter control which wlll involve
further learning., Certaln advantages follow from this distinctlon. It
becomes intelligible how animals can dlsplay both a retention of learning
in circumstances in which no response has been practised, or in which the
mode of response hitherto used 1s no longer suitable, and also an abllity
to perform complex manipulative movements with Increasing efflciency. It
may also be suggested that, with practice, an animal may in thils way come
to perform certaln tasks with Increasing efficlency in ways which seem, tO
some extent, to be simllar to the behaviour that we actually observe,
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Consider, for instance, a hungry rat being tralned to run a straight alley,
for a food reward. Several observations suggest that, as training progresses,
the animal's response tends to become increasingly automatic and, as mentioned
above, a point may be reached at which they will run full-tilt into a newly-
interposed obstacle. NOw presumably the greater the density of cues for which
an animal searches, and therefore the more decisions he has to make in his
progress down the alley, the longer it will take him to reach the food.

And, further, a greater proportion of the system will be occupled in
learning and controlling this behaviour, It would therefore be advantageous
for an animal, in a case, such as thils, to minimize the number of cues for
which 1t seeks and to learn some more or less protracted response which
leads 1t from one cue to the next. In thls instance, we might expect a rat
to learn to approach a cue at the beginning of the alley, and then to
exhibit, as 1t were, a certain amount of locomotor activity, which will take
1t almost to the end of the alley. At this polnt a further cue will be
reglstered which would end this section of activity and some other response
would then be made. In general, we might expect that the density of cues
which would be learned in such a task would be determined by the number of
times the form of response has to be modified. But, clearly, the animal has
to discover when and where suchmodifications will be required. In the course
of learning, therefore, we should expect that initlally a rat would learn a
certain amount about a considerable number of cues - that is about the
sequence of cues down the alley, and that his behaviour would be determined
by all of these., As learning progresses, however, 1t may be that most of
these cues are eliminated as he discovers that a single unchanging form of
response will take him from one cue to another conslderably removed from the
first. Hence faster running times will be obtained, not only because the
animal knows more about the route to food, because retracing and exploratory
activity are reduced, etc., but also because the rat is able to pay atten=-
tion to fewer cues and hence to maintain uninterrupted running over longer
stretches of the maze,

If any such view as this were correct, certain consequences follow, If
during training on a task, the improvement in an animal's performance 1s to
be attributed in part to the reduction in the density of cues whlch he
utilizes to guide his response, we should expect that considerable limita-
tions would be imposed upon the extent to which he learms about the '
environmental cues which he passes. There 1s some evidence which can be
interpreted in this way. For instance, it has been found that rats tend to
fail to learn the location of an irrelevant incentive when this 1s placed
close to a relevant incentive, and also tend to be successful in this task
when the two incentives are somewhat separated spatially (refs.16,25).

Thus, a rat is trained, when thirsty, to run to a water reward which may be
found at both ends of a simple T maze, and is by artificlal techniques
induced to go to each arm equally often. Food is present in one alley and
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not in the other, but since the animal 1s thirsty and not hungry it never
eats this food. If the food is close to the water, and the animal 1s now
made hungry, 1t will demonstrate, on the next trial, 1ittle or no
preference for the arm of the maze in which the food 1s located. If,
however, the water 1s at some distance from the cholce point, and the

food is close to the cholce point, such a preference will be exhiblted.
Finally, 1f both incentives are close to the cholce-polnt, with the water
Just beyond the food, again no preference ls shown. (fig. 1(a)). Various
explanations, none of which seem to be entirely satisfactory, have been
proposed for these effects. A possible explanation, relevant here, 1s that
during the period of training to run to water, the animal reduces to a
minimum the number of cues which are used to gulde the response, Suppose
that, having made a cholce, the animal requires to pick up a cue to Inform
1t of the consequences of having made that response - i,e. to tell 1t which
alley has been entered., It may then release a uniform running response
which will take it down the length of the alley to the point at which a
further cue 1s received which immediately precedes the water. At this
point the form of response must again be modified. If such an account were
correct then we should expect the animals to learn more about the food
position when this was far from the water and close to the cholce point,
than under the other conditions, For here it may use the food as a cue
during the training period. When, however, both incentives are close
together, and near or far from the cholce polnt, it may be able to make
use only of those cues immedlately preceding the water, We should then
expect that 1f, under conditlons where the location of food 1s not normally
learned, the food, or the precise position of 1t, were used as a cue to the
position of the water, and the animal was thus forced to use this cue in
guiding his response, a test when hungry should show a preference for that
arm of the maze in which the food 1s located. This result has, In fact,
been found, under one conditlon (ref.1) (fig.1(d)). Many further experi-
ments would, of course, be required to support such a hypothesls. But, 1t
may serve as an example of the kind of suggestion under discussion and to
11lustrate the difference between the learning of what cues to seek and
what responses to make in order to attaln them.

A distinction of this kind, of course, ralses difficultles In the
interpretation of much data recorded in animal experiments, Conslder the
case of a Skinner box in which a hungry animal learns to press a lever In
order to obtain a small food reward. If the above kind of interpretation 1s
extended to thls case, we should suppose that the rat learns to seek some
cue consequent upon pressing the lever 1n some way, and, In additlon, ic
learns what pattern of response to use in order to obtaln, or %approach",
this cue. If these two processes are taking place simultaneously, the
learning curve obtalned must be regarded as due to a comblnaticn of
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these features. Agaln, 1f we now extinguish the response by ceasing to
reward the behaviour, we must distingulsh between a decrement in perform-
ance due to the fact that the animal ceases to search for thils cue rather
than others, and a decrement due to the rejection of this response as a
means of obtalning this end. In principle, of course, these factors are
separable, For 1f the only change 1n the situation during extinction 1s
the fallure of the food supply after the depression of the lever, then the
cue for which the rat is searching, in making thls response, will still

be obtalned, Extinction In this case will presumably principally involve
the rejection of this, or some subsequent cue, as a stimulus to be sought
‘en route to the food. Conversely, a situaticn might be devised In which
extinction involved, at least initially, mainly rejlection of a glven
response pattern as a means of obtaining a cue., Thus, 1f the cue for which
an animal 1s searching consists of various stimull which he recelves when
the lever 1s fully depressed, and the mechanical propertles of the device
are altered so that the lever cannot be depressed, extinction may, in the
first place, be a matter of rejection of pattern of response. However,
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although different situations can be devised theoretlcally to distingulsh
between these two kinds of extinction, in practice matters wlll be much
less simple, Two points may be mentioned.

Firstiit will usually be far from clear what cues an animal 1s searching
for in such a situation, It 1s common, for instance, for the food-delivery
mechanisms in Skinner boxes to emit a rather pronounced click as they
operate and as the pellet of food drops Into the food-cup. The sequence of
events 1s, therefore, that the animal presses the lever, which 1s a short
distance away Irom the food-cup, releases the lever and hears the click more
or less simultaneously, and runs over to the food-cup to find the food.

Now 1t is found (ref.3) that, in extinction, many more unrewarded responses
will be made 1f the empty food=-delivery mechanism continues to operate, and
thus produces a click, than 1f it 1s entirely disconnected, with the result
that the depression of the lever is followed by sllence. Thls 1s true even
when no artificlal delay in the presentation of the reward 1s introduced.
Differing interpretations will be glven of the extinctlion curves obtalned
in such experiments, according to what we suppose to be the cues for which
the rat seeks, Suppose the animal has learned to seek some cue resulting
from the depression of the lever - say the sensory feedback he receives
when the lever encounters a stop - and has also learned that this cue 1is
followed by the click, and that this, in turn, 1s followed by food. In the
one case during extinction, he learns that the click is no longer followed
by food, and in the other case that those cues derived from the depression
of the lever are not followed by the click. In elther case, we have an
instance of extinction of cue learning and some explanation 1s required of
why the one case results in more rapid extinction than the other, There seem
to be one or two possible lines of attack on thls problem, but they are not
relevant here, It may, however, have been the case that the animal learns
to depress the lever In order to obtain the click, and has also, as above,
learned that this is followed by food. If this 1s what has been learned,
then, 1n the one case, the animal learns, as before, that the click 1s no
longer followed by food; while In the second case, he learns that a
particular response is no longer followed by the click. Here then, when the
click is present, we have extinctlon of cue learning, and when the click is
not present we have, at least initlally, extinction of response learning.
The difference in rates of extinctlion might here be due to the different
rates at which extinction of these two kinds occurs, It seems reasonable to
expect that extinction of response would tend usually to occur rather faster
than the extinction of cue learning for, if an animal has learned that one
cue leads, by means of the execution of a certaln response, to another
which, say, in turn leads to a geal, and 1f this conjunction of cues now
falls to occur, it seems likely that the most efficlent strategy on the
part of the animal will often be tou vary its form of response in order to
restore the conjunction before abandonling the rirst stimulus as a cue
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leading to the goal. In any event, the interpretation we place upon the data
obtained from extinction studies in Skinner boxes will clearly depend upon
what cues we belleve the animal to have learned as slgns leading to the
goal, And it will often be difficult to determine these,

A second possible reason for caution in interpreting this kind of data,
if the distinction between cue-learning and response~learning 1s valld,
should be mentioned, It is clear that the performance of an animal in any
task 1s greatly Influenced.by its prevalling state of motivation and by
such factors as the amount of incentive - e.g. food = with wiich 1ts
performance 18 rewarded. It was at one time held that these factors,
especially the amount of reward, influenced not only the animal's current
performance but also how much 1t learned on a given training trial. Thus,
1f two groups of animals were trained in a maze, one group recelving 1gm
of food at the end of each run, and the other obtaining only 1/2 gm, 1t
was thought that the first group should learn the maze in a smaller number
of trials than were required by the second group. This view, at least 1n
so0 simple a form, seems not now to be commonly accepted. And providing that
the amount of reward is neither very small not very great and also that
each individual animal finds only a single amount of reward at a single
place in the maze, there seems to be no good reason to suppose that zmount
of reward influences rate of learning, 1f this 1s measured in terms of .
errors. On the other hand, amount of reward clearly does influence perform-
ance i1f this 1s measured, for instance, in terms of running speed (ref.s).
Moreover, any sudden change in the size of the incentive also produces a
rapid change In the running speed obtained, Thus, a group of animals which
has been recelving 10 gm of food as a reward will, when their reward 1s
halved, rapldly decrease their running speed to that of a group which has
been receiving only 5 gm. Indeed, their speed usually drops below that of
the control group. It seems possible, then, that changes of reward affect
what we may, for present purposes, very roughly characterlze as the
svigour" of a sequence of behaviour. If this 1s correct, then it seems
possible that the curve obtalned during, for instance, extinction in a
Skinner box, may represent a combination of two quite different effects,
The animal may, for instance, be learning that the click 1is no longer
followed by food, and hence be tending to extinguish the tendency to seek
the click. But, at the same time, the general "vigour" of the behaviour may
be falling, due to the change from reward to no-reward, with the consequence
that there will be a tendency for the lever to be depressed progressively
" less forcefully, and hence some signs of extinction will occur for this
reason also.

Thus far, 1 have trled to suggest that there 1s some reason for
supposing that learning in rats should be regarded as a two-stage process
in which the animal learns (a) a sequence of cues which he should, In
general terms "approach" or "avoild" in order to obtain certaln goals; and
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(b) that, for at least some of the behaviour which rats display, it seems
1ikely that learning also occurs in those mechanisms which control the
motor output that results in "approach" or *avoildance" of certaln cues,
It 1s further suggested that within such a two-stage process certain
economlies might be made in the time required to execute a task and in the
mechanisms necessary for its execution, and that this leads to testable
predictions. On the other hand, examples have been given in which the
supposition that learning mechanisms should be thus distingulshed renders
the interpretation of simple learning and extinction data rather complex,
Thls should be borne in mind in any attempt to draw from such data precise
inferences about the characteristics of parts of the mechanlsms involved

in the total process,

II. THE CCNDITIONS GOVERNING LEARNING

I wish now to turn to one major issue concerning the conditions governing
learning. This discussion will be restricted to what has above been called
cue~-learning. It may be that the considerations which arlse here also
apply, at least in part, to response-learning. But it seems llkely that
this should be discussed separately. However, 1n so far as the 1ssue with
which I shall here be concerned has commonly been discussed within the
framework of a "one-stage theory", of direct connection between stimull and
responses, reference to the animal's response i1s to some degree
unavoidable,

The question at 1ssue here 1s whether or not it 1s the ease that
learning only occurs when it is accompanied, or followed, by some "success
signal" indicating the achievement of some goal; and, 1f this 1s the case,
in what way does this goal signal functlion retrospectively to permit
learning, It appears that any "one-stage" theory of learning in terms of
connection of stimulus and response must necessarily suppose that learning
1s dependent upon some xind of goal signal, and it may be useful to state,
in simple form, what may be regarded as the early classical account of
learning In the case of, say, a rat learning a single-choice T-maze, "
Consider the first run of a hungry rat through such a maze, with a food
reward at the end of one of the arms (fig.2). Suppose that a certaln
constellation of stimull S impinge on the animal at the choice point, and
that he has open to him only the two alternatives of turning left, Ry» oOF
right, RR' Suppose, first, that a correct cholce 1s made and the rat turns
left. Then some kind of temporary connection will be established, S ——%;RL.
Shortly afterwards the animal finds food and it 1s supposed that this
confirms - 1,e., renders permanent, a fraction of the temporary connection.
Secondly, suppose that an error is made on this first trial and that the
rat turns right. Then S——)Rp 1s temporarily established. If now the
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Fig.2.

animal proceeds along the right-hand alley, turns round at the end and
traverses the length of the cross-plece of the maze, It will agaln find
food. Agaln, a permanent increment of S——ARp will be established.
However, a longer time will have elapsed since the conjunction of stimulus
and response took place and it 1s therefore supposed that the increment to
S—>Rg Will be less than that to S—>R;. On these grounds, simple
Instrumental learning, the elimination of errors, etc., can be explalined.
And this kind of account was the cone of the early views of workers like
Thorndike and Hull fref. 26\

This 1s, of course, a "one-stage" view of learning and two features of
any account of this kind should be noted here., First, for any kind of
learning to occur there must be a goal=signal, and the rate of learning
depends, inter-alia, upon the Immedlacy with which this 1s delivered.
Second, there is no distinction here between learning and performance, in
that i1f, after being trained 1n the way described, an animal finds 1itself
agaln at the choice point, 1t will continue to turn left, if it is to do~
anything, even 1f 1t is no longer hungry. For what determines response at
the choice point, and what, as it were, embodies the learning, are one and
the same thing, namely the connection between S and RL' Theorles of thils
kind have, of course, been greatly elaborated so that some distinction

(94009) 707



between learning and performance - the latter depending on motivation,
Incentives, and so on, can be made., But with these elaborations we need
not be concerned in detall here, for the consequences I wish to discuss
follow, for the most part, from the above basic assumptions.

(2) Latent learning

It would appear from these assumptions that, in the absence of a goal-
silgnal, no learning should occur, Hence, 1f an animal 1s allowed to explore
some environment, but 1s not rewarded, it should learn nothing during 1its
wanderings. This matter 1s not as easy to test experimentally as it may,
at first sight, seem, For there 1s considerable difficulty in deciding
what may be rewarding, or constitute a goal-signal, for a rat., Certalinly
such rewards cannot be restricted to food, water, etc., and there is, for
instance, reason to belleve that being removed from the maze may be
associated with a reduction of fearand hence may count as a reward, This
kind of difficulty largely vitiates many of the early experiments on
latent learning, 1.e. learning without reward. Thus, 1t has been shown in
several experiments (refs.2,19), that 1f hungry rats are allowed to
explore a maze without food reward, and such a reward 1s subsequently
introduced at the end of the maze, they make a smaller number of errors
in learning to run to this reward than do a control group of animals who
have not previously explored the maze. It seems unlikely that the
difference between the groups may be attributed solely to the fact that
one group has become more "adjusted", In general, to the maze, and hence
1s less nervous and so learns more efficiently., Inspection of the animals
behaviour during the pre-reward period, however, reveals that even at this
stage of the experiment, a slight, but reliable, preference 1s detected
for those paths which lead through the maze to the place at which they
are removed and at which food will subsequently be placed, From this it
follows that some slicht reward must have been present at thls stage of
the experiment, which "confirmed" the appropriate S-R connectlons, and
from this assumption the subsequent behaviour can be explained without
too much difficulty. In this way, many experiments, which seem to show
learning .in the absence of any goal-signal, may be reconciled with thev
above kind of view.,

It 1s possible, however, to demonstrate genuinely "latent" learning
rather more convincingly. Several experiments are relevant here; two will
be described for the purposes of 1llustration, An early experiment by
Herb (ref.10) followed the traditional procedure of latent learning
experiments., One group of animals was tralned to find food in a maze,
while 2 second group was allowed to explore the maze without reward. The
food was then introduced, and the performance of the two groups compared.
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In this case, however, food was not placed at the end of the maze, but at
the ends of the blind-alleys., The animals had, therefore, to learn to
enter these in turn in order to obtain the reward, In this, as in
preceding experiments, it was found that during the pre-reward period the
animals exhibited a slight preference for that path through the maze which
led to the end-box; that is, there was some tendency to eliminate the
blind alleys, From this, as before, 1t follows that, in the case of this
group of animals, the S~R connections associated with the through-path
were being strengthened at the expense of those assoclated with the entry
into blind-alleys. If, now, food 1s introduced into these blind alleys,
these animals should, 1f anything, be at a disadvantage when compared with
the group which has not had this prelimlnary exploratory experience. In
fact, the converse result is found, namely that the animals who have been
allowed to explore the maze need very few additional training trials,
after the introduction of the reward, to reach the-level of performance
which the group without exploratory experience have taken many trials to
develop. Hence, during this period of explanation these animals have
learned something about those parts of the maze which they were tending to
avoid, and this seems strongly to suggest learning in the absence of a
goal=signal which functions in the manner prescribed by this kind of theory.

A similar difficulty arises In the case of "latent extinction". In this
type of experiment {ref.20), animals are tralned in a magze, untll they are
able to traverse it without error, in order to obtaln a reward in the end
goal-box., Now, according to the kind of theory under discussion, extinction
of an S-R "connection® should occur only when the combination of S and R 1s
no longer followed by a goal=-signal. In these experiments, however, the
animal 1s placed, after training, directly Into the goal~box, which 1s now
empty. They are restrained here for a short time and then removed. It 1s
found that 1if, after several such trials, they are again tested by placing
them once more at the beginning of the maze, they show much greater
extinction of thelir previous training than does a control group of animals
who have been similarly tralned, but have not experlenced the empty goal=-
box. In terms of S-R theory, this result presents some difflculty of
explanation, for since the animals have never run the maze unrewarded, the
conditions under which extinction should be found do not obtaln, And
although attempts have been made to extend the theory to cover this kind
of finding, these modifications do not appear to be satisfactory.

It thus appears that there 1s definlte evidence that learning may occur
which is difficult to explain on the kind of theoretical view mentioned
above, It seems that evidence of this kind tends to raise the following
dilemma, If we retain an S-3%R, one-stage account of learning, we are faced
with the difficulty that an observed preference in performance under one
set of conditlions may, or may not, be carried over to a new set of
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conditions - e.g. when food is introduced in the non-preferred alleys. This
kind of view has, however, the advantage that no problem 1s created about,
the extraction of Information stored in the system. For, on this view, the
mechanisms which learn and which dictate behaviour at the cholce point are
one and the same, If, on the other hand, we explalin learning more in terms
of a system which learns to seek a series of cues, then 1t may be argued
that since at the end of each trial scme goal-signal 1s attained, all the
information, even about blind-alleys, gained during the trial will be
retained. But, In this case, no account 1s glven of how a system can
select from this information 1in order to gulde itself to that point at
which the reward is placed. To this I shall return. But 1t may at thils
point be useful to mention a second source of experimental evidence
concerning the dependence of learning on the receipt of some goal signal,

(b) Irrelevant incentive. learning

The principle governing this form of investigation is that an animal 1s
motivated to find scme reward - e.g. water, at one or more places in 1its
environment; and a second, irrelevant reward - e.g. food, which it 1s not
seeking, 1s also present in this environment., Having been tralned to find
the first reward, the condition of motivation 1s changed so that the animal
will seek the previously irrelevant reward, and it 1s tested to discover
whether during the preceding learning period 1t has learned anything of the
location of this reward. One group of investigations of this kind have been
mentioned above, :

There 1s a considerable number of relevant experiments in this fleld.
Here I shall mention only two in detail and then summarize some of the
conditions which have been found to be important in determining to what
extent learning of this kind may occur. Spence and Lippitt (ref. 23)
trained thirsty rats in a single-cholce maze. In one arm of this maze they
found water and, in the other, they found food. The animals cholces were
forced, at the choice-point, by a system of changing blocks so that, during
the training on any one day, the animals were forced to enter each alley
equally often and In random order. Upon entering the arm containing water,
they were allowed to drink for a short time. When they entered the food-arm,
they were allowed to remain for a short time and were then removed., Since
the animals were thirsty and not hungry, no food was eaten, Thus, only
those trials to the water-side were followed by a goal-signal. Hence, 1f
learning depends upon association with reward, we should expect no learning
of the location of food; and, when tested hungry this prediction was
sustalined, The animals' choices on the firsdt trial after the change of
motivation were predominantly to the alley in which they had previously
been rewarded when thirsty. In a second experiment, however, (ref.24)
evidence of irrelevant incentive learning was obtained. Agaln, the rats
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were forced to enter each side of a single cholce maze equally often. In
this case, however, the animals were satlated and the incentive for their
performance was return to cages containing other rats, placed at the end of
each alley. Food and water, as irrelevant incentives, were placed in the
arms of the maze, In these circumstances, when the rats were deprived
elther of food or of water, 1t was found that they tended to choose
correctly - 1,e., to choose that alley which contalned the incentive relevant
to thelr motivational condition.

Upon the basls of many such experiments 1t appears that some of the major
conditions governing such learning are as follows: (1) The "relevant*
motivation should not be too strong. Animals tralned under & hours of water
deprdvation are more likely to learn the locatlon of food than others
tralned under greater degrees of thirst. (2) The relevant and irrelevant
incentives should be somewhat separated spatlally. (3) If there Is a major
relevant incentive present at all In the situation, this should be found
after each cholce - that is, it should be found after those cholces which
lead to the alleys containing the irrelevant incentive as well as after
those leading to the other alley., If these results are considered in
conjunction with those derived from experiments on latent learning, 1t
seems llkely that we should conclude, first, that rats are capable of
learning in the absence of any obvious goal-signal ~ at least In so far as
these register the attainment of some object, such as food for a hungry
animal, which 1s directly related to some primary state of biological need.
And second, that 1f an animal is motivated in this way to any great degree,
and 1s finding the object which satisfles thls need, the extent to which he
will learn about incidental features of his environment will be a function
of the intensity of the prevalling drive and the extent to which these
Incldental features are relevant to the learning necessary for the attainment
of the relevant incentive,

It 1s clear that such results, taken together, are incompatible with any
"one-stage" S-—->R connectlon account of the kind given above; and this is
probably a difficulty inherent in this kind of theory. For, although various
additions to, and modifications of, thls theory have been suggested, all
have broken down, 1n one way or angther, in the face of the experimental
evidence. If we suppose, however, that learning here consists, largely, not
In the acquisition of S=-R connections, but rather in the learning of a
sequence of cues, then 1t seems that an explanation may be offered which is
consistent with the experimental evidence. Perhaps the most developed theory
of this kind 1s that proposed by Deutsch; and, without attempting to present
thlis theory in detall some consideration of this general approach must now
be glven,

Deutsch proposes that, at least in the case of cue-learning, we should
suppose that a mechanism 1s operating which stores not only the cues which
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an animal observes in moving about its environment, but also the order in
which these cues are observed. Very roughly, it 1s proposed that we should
regard the system as conslsting of a serles of chalns of units, called
links. Each chain 1s "activated", from one end, by the physiological factors
assoclated with various states of motivation. Cues are attached to that
chain, or chalns, of links which are currently activated. A cue 1s first
attached to the first, or highest, 1link In a chain which 1s free - that 1is
which does not already have a cue attached to 1t. When a. second cue follows
the first, the first Is moved cne step down the chaln and the second takes
its place, and so on until elther a goal=-signal, which 1s to be regarded as
permanently attached to one of the top links is received, or at least until
a cue whlch was already connected to the chaln is recelved. Thus in learning
a simple T-maze, the state of affalrs would be as in fig.3. This system
will have acquired some information about the cues which lead to the goal.
However, as mentloned above, there 1s always the difficulty, In the case

of a cue~-seeking device, of so using the stored information that errors
will be ellminated, In this theory the difficulty 1is overcome, roughly
speaking, by making two assumptions: (1) That the system will seek, or
"approach", that cue which 1s lowest Inan activated chain; and, (2), when
a cue which Is already connected to the chaln, 1s recelved, that part of
chaln more remote from the goal-link then this cue 1is deprived of activa-
tion. Thus, In the case 1llustrated in fig.3, the system on lts second
trial will first seek and approach A; and at the cholce-point, If it
recelves both B and D, that part of the chaln below D will be switched off.
Hence, 1t will not enter the blind-alley and approach B, but will rather
proceed correctly to D and G, Hence the system wlll learn, and will
display 1ts learning.

Now there seems to be little doubt that such a system can accommodate

at least the majority of the results derived from experiments In ordinary
learning situations. It should be noted that, on this account also,
learning is dependent upcn the reception of a goal-signal. For only the
arrival of such a signal brings to an end the process of connectling the
preceding cues progressively further down the chaln and fizes the order
permanently to the row of links. Slnce, however, thls signal may be either
a cue representing the attainment of the goal for which the animal was
seeking, or any cue which has already been permanently attached to a chaln,
the kind of evidence quoted above presents no difficulty for the theory.
For even if the maze is ccmpletely novel for the animal during its initial
explanatory period, 1t must sooner or later encounter something-:familiar,
And this will serve to preserve the preceding ordering of the cues as they
were experienced in the maze., It 1s therefore difflicult to see how to
discover experimentally whether or not such a goal-signal, or substitute
cue, 1s necessary In order that the performance of this group of animals
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should be superior to that of a group without preliminary experlence of the
maze, It 18, however, Implied that on any trial during which learning occurs
the animal should be seeking something - i,e. scme chain, or chains, of
links should be active, If 1t could be shown that animals who were satliated
for all goals still explored a maze and, in so dolng, learned somethlng of
the lay-out of the maze, this might bear against the theory. Unfortunately,
the experimental evidence on this polnt, though ccnsiderable, 1s confllicting
and it 1s as yet impossible to draw any definite conclusion.

We have then, 1in this theory, an example of an explanatlion of much of the
experimental evidence on learning in rats, in terms of the learning of
sequences of cues and requiring some form of goal-signal for such learning
to take place, It seems to me, however, that 1t may be doubted whether such
a goal-signal 1s necessary and, indeed, that 1f we take into account scme
of the modificatlons and extensions of the above system, the goal-signal
ccmes to play a subsidiary role in the learning process, '

The goal, or familiar signal in this theory 1s required primarily because
the process 1s regarded in terms of the development, upon a fixed chain of
links, of a fluctuatling sequence of cues, and because the goal-signal ltself
1s regarded as permanently attached to one of these links. It 1S necessary
to preserve the order and to ensure that the cue observed Immedliately before
the goal 1s connected to the link lmmedlately succeeding that to which the
goal 1s attached, In fact, in order to explaln latent learning, 1t must be
supposed that a serles of such chalns are established,. with Inter-connections
between them through the mechanlsms responsible for the reception of cues,
This whole system must then be "flxed" - l,e. the cues must be permanently
attached to the links they are then occupying. Falirly complex switching
systems seem to be required to accomplish these functions and there must be
great multiplication of the representation of cues. In the absence, however,
of any knowledge of possible physiologlical ldentiflicatlons of the system,
these should not be considered, at this stage, as Important objections.

It does appear, hgwever, that an alternatlve which does not depend upon
fixed chains and a goal-signal, may be rather more sSlmple. There seems no
reason why a system should not be devised which stores information about
the observed association of cues, elther in terms of probabilitles, or in
same other form. Thus, suppose that, in fig. 4, the animal explores the maze
and, 1in so doing, observes the cues in the sequence shown. On the basis of
this information, the chance of E following A, B following E, and so on, 18
estimated, If, now, the animal is motivated, placed at D and rewarded, the
chance of G following D 1s also estimated, When the system 1s now placed
elsewhere in the maze, say at A, 1t combines the probabllitles, for instance
multipllicatively, of G following D, D following B and D following C, B
following E and A, and so on. If, having observed A, it 1s faced with the
cholce of B or E, it will choose that cue to approach which is most strongly
assoclated with, or has the greater probability of being followed by, the -
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2

Sequence of cues observed in
preliminary exploration:—

AEBABCDBDBEB
The system will estimate the

chance of
A followed by E
E followed by B
B followed by A
A followed by B
--—--and so on.
And aofter feeding at D
D followed by G

Fiz.4.

goal. It appears that a system of this kind would not require a goal-signal
of any kind in order to preserve 1ts previous learning. A goal-signal is
requlred cnly, when it is motivated, to Indicate to it which, of the
environmental cues about which it has Information, 1t should seek. This
Information s not stored on chalns, and hence no "fixing" by a goal, or
familiar signal, is required. The "chains" are rather created temporarily
whenever the animal 1s motlivated In an environment about which 1t has any
information,

This 1s not the place to develop thils view further, It 1s clear that
this general suggestion is very close to that proposed in detall by Deutsch;
in particular it takes from hls theory the fundamental views that an animal
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learns a sequence of cues to approach, and that, when 1t 1s set to find a
goal, 1t selects from these cues, as targets to approach, working backwards
from the goal. There are, however, differences in the way in which the
information 1s recorded and extracted, of which the most important here is
the role played in learning by a gocal-signal,

1 have tried, in this section, to present examples of experimental
results concerning the dependence of learning upon the reception of a goal-
signal; and it has been argued that these results are Inccompatible with a
"one-stage" S-R theory, which, necessarily, requires such an indication of
success, It appears that the evidence may more readlily be explained in
terms of a type of system which learns sequences of cues. And here 1t
seems that a goal-signal may, or may not, be required, according to the
design of the system,

III. CONCEPTS

Finally, and very briefly, I should like to raise a problem quite
distinct from those discussed above. It has there been suggested that rats
learn a sequence of cues, that they "approach* or "avold" these according
to their motivational requirements, and that a second stage of learning
may be involved 1n developing those outputs which will result in approach
and avoldance In various situations. It has been assumed throughout that
there 1s no difficulty about the,analysis of the "cues" to which the animal
responds.

It 1s, of course, clear that we are very lgnorant about the nature of the
mechanisms which isolate these "cues". What kind of mechanism (1f any)
analyses, out of the visual input, the common element in all triangles, and
so on? In such cases, however, it may be assumed that there are certaln
comparatively invariant aspects of the stimull between which the animal
must discriminate which, 1f they can be detected, will enable it to approach
the correct cue, And various suggestions have been made about how this
analysis might be done. Similar problems arise in connection with, for
instance, relational discrimination. It 1s a matter of dispute whether,
when rats are presented with figures of different sizes and are rewarded
for chobsing. say, the larger figure, they learn to choose a figure of that
particular size, or whether they choose the larger flgure, Evidence may be
quoted In favour of both views, Spence has also shown that transposition -
that 1is, choice between two new figures which 1s apparently based upon the
size relation learned In the earlier training serles - may in fact be
explalined upon the assumption that only learning to approach a given slze,
and avold 4nother, had taken place (ref.21). On the other hand, whatever
may be true of rats, it is certainly the case that human adults can learn
to respond upen the basls of the relation holding between the figures, It
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1s also clear that this cannot be explained on the basls of Spence's theory,
since certain predictions from this theory are not held for this case,
although they are confirmed by the results of certain animal experiments
{ref.22). It has also been shown that very young children, when tralned to
choose the larger of twg flgures, cannot transpose correctly to two new
figures when these are of very different sizes from those upcn which they
are trained. They cannot, when questloned, specify the relation .upcn which
thelr response was based. At a sllightly greater age, 1t 1s found that their
performance changes so that they become able to transpose to such cases
correctly and also to glve, verbally, the relaticn upon which they are
working (ref.14). In general, one has the Impression that thelr behaviour
changes, gradually, from being rather rat-like towards increasing simllarity
to adult abilities, And this appears to occur in conjunction with, rather
than to be caused by, a development of thelr linguistic abilitles,

C(ne might arrange, then, three abilitles In a serles. We have first
simple, absolute discrimination., There, for instance, we may have a rat, a
c¢hild, or a man, trailned to choose a black rather than a white card.
Secandly, we have those cases in which some complex analysis 1s requlired of
the Input from each cue as, for instance, in shape discrimination. Thirdly,
we have those cases In which 1t 1s required that response should be based
not upon the propertlies of cne stimulus alone, but rather upon the
relations holding between the stimuli, It 1s clear that, after a certain
age, humans can do this; it remains doubtful whether rats and very young
children can, or whether, over a restricted range, they merely give the
appearance of doing so. Now, this 1s a series in which the cue upon which
the response 1s based becomes increasingly abstract, in the sense that the
preclse physical properties of the stimull become progressively of less
importance. It is possible to extend this serles at least one stage further.
It 1s certainly possible to train a human adult to choose, from a selection
of stimuli, that one which differs from the rest. And, after they nave
discovered this relationship, they will be able to continue to select the
"odd" one, whatever the nature of the group of stimull with which they are
faced. Here, the physical properties of the stimull are of no Importance
whatever; all that 1s required 1s that there should be one stimulus
differing from several other identlcal stimuli, Similarly, 1t will be
possible to train adult subjects to select elther of a pair of stimull
which differ from each other, and to reject both of a palr which are the
same as each other, and vice-versa, So far as I am aware, 1t 1s not known
how young children behave on these kinds of problem. But it 1s known that,
after very considerable training, monkeys are able to solve them (ref.17),
The evidence concerning the ablilitles of lower animals on this kind of task
1s rather conflicting. Success has been claimed for the rat and for the
canary (ref.27); but, in attempting to train rats on the oddity problem,
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using a rather different method, I could find no evidence whatever of any
such abllity, no matter how long the training was continued,

The Inference which may be drawn from this selection of evidence is that
there may be two kinds of "concepts". There 1s clearly a sense In which an
animal which can discriminate between shapes has, for instance, a concept
of trlangularity. But this seems to be different from having the concept of
"oddity" or "difference®; the latter are stimulus-neutral in a sense in
which the former are not. It may also be the case that human beings and, to
a lesser degree, monkeys can handle and work in terms of these abstract
concepts, whlle lower anlmals cannot. Flnally, 1t may be the case that the
develorment of linguistic abllitlies may be dependent in part upon the
presence of mechanisms which can work In terms of such abstract concepts,
It 1s, however, difficult to see how language 1tself could be a necessary
condition for these abilities., Now, whether we think in terms of two, oOr
more, different kinds of concepts, or rather in terms of a scale of con-
cepts of Increasing degrees of abstraction, 1t seems likely that many of
the activities In which man appears to be more intelligent than other
animals depend upon the use of these very abstract concepts. It would be
of great Interest, therefore, to know what kind of mechanism could be
devised which could be taught, for instance, to choose the odd stimulus
from a group of stimull, whatever the nature of the stimull might be,

It has been my purpose, in this paper, to present three aspects of
learning in animals which seem to me to be of Importance 1f such behaviour
15 to be "imitated" mechanically., In the case of the rat, it has been
suggested that we should regard learning as a two-stage process in which
the animal learns, first, what cues to seek and, second, how to attain them,
In the case of such "cue-learning®, 1t has been argued that such learning
can probably occur In the absence of a goal-signal of any kind. It 1s
suggested that the mechanism records measures of the assoclation between
tues and that, a goal beling set, 1t then determines which of the cues
before it 1s most llkely to lead to the goal, proceeds to thls cue, repeats
the procedure, and s0 on, This view i{s very similar to that proposed by
Dr. J. A. Deutsch and 1t will be obvious that I have here dravn extensively
upon his work. Finally, the question of the kinds of cues which organisms
are able to use to dlrect their behaviour has been ralsed. It 1s suggested
that the differences between men and rats in this respect may be responsible,

to a very conslderable degree, for the difference in their "intelligence”,
It would, of course, be absurd to suppose that any vliews as general as

these have been proved correct by experimental work with animals; it is
the purpose of this paper only to ralse and illustrate the kinds of
problems of explanation which such work poses.
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DISCUSSION ON THE PAPER BY MR.. A.. J.. WATSON

DR. E« R. F, CROSSMAN: I have found Mr, Watson's paper quite stimulating;
I would 1ike first to clear up two theoretical points and then to pose a
question of how to relate experiment to theory, on which Mr. Watson might
De able to help me.

Mr., Watson distingulshes between one- and two-stage learning, the
former apparently being "stlmulus-stimulus" and the latter "stimulus-
response® learning . Now surely the former could be characterised as
association, remembering or even conditional-probabllity computing, and
would it not be better to reserve the term "learning" for the latter case
where an observable change of behaviour occurs?

Secondly, in the latter or response-learning case, I cannot see how
goal-signals can be eliminated., The selectlion of responses for greater
adaptiveness requires information, which must come elther from the environ-
ment or from within the animal, as to how adaptive a glven response is,

In other words something must signal the degree of approach to the goal,

My own experimental question concerns human learning of manual skills, -
as for instance learning to make clgars (Crossman, 1959). To begin with
one cycle takes about 10 sec, on average, and thereafter the time comes
down gradually to, say, 4 sec, Why does thls happen? Closer observation
shows great variability of cycle-time, which diminishes with practice, and
1t 1s fairly clear that what 1s happening is that the quicker methods of
doing the Job are being selected for more frequent performance at the
expense of the slower ones. Learners do not get any better at the slower
methods, they Just do the quicker ones more often. I would like to ask
Mr, Watson what kind of learning mechanism he thinks might give this
result? I have thought of three possible answers. First there might be
direct or secondary reinforcement from a primary drive; this seems diffi-
cult to belleve, Secondly, the reinforcement might derive from the lesser
physiological cost of quicker methods = theso -called "principle of least
effort", Thirdly, one might suggest that the effect stems from the decay
0of short-term memory, for repeating an action involves remembering it.

If the memory of what has been done were somehow "fixed" by the successful
completion of a cycle, the decay during the cycle would mean that methods
taking longer would be less well remembered and less lilkely to be repeated,

The first two of these postulate specifically learning mechanisms,
whereas the third suggests a purely "mechanical® effect, Which does
Mr, Watson think would be preferable to explore first?
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MR. J. MORTON: There is a point in animal learning vhich corresponds to
the problem Dr, Crossman has Just raised, If you traln a rat in an alterna-
tive pathway maze, it learns to choose the shorter path, although on

Mr, Watson's original theory the conditional probablility of reaching the
goal 1s the same, unity, by elther pathway, Therefore there must be some
welghting of the probablilities. As with the human subjJects this weighting
could be by means of time or effort involved, with apparently the same
result, Grice (1942, ref. 3) did this experiment varying the relative, not
the absolute, differences between the paths, and his data suggested that
in maze learning, at least, the effect of a given reinforcement on a
response is a function of the amount of activity, =which 1s related to the
distance - on the part of the animals,  intervening between response and
reinforcement, rather than the temporal delay per se, Other experiments,
(e.g. Anderson 1933, ref. 1) with delayed reward, indicate that time can
be used directly in learning, so it would seem that there 1s no single and
general answer to the problem posed about possible mechanism for selecting
alternative responses, ' ‘

With reference to Mr, Watson's theoretical suggestions, I would like to
Know what explanation he puts forward for two experiments, Firstly one by
Spence and Shipley (1934, ref. 5), which indicates that with a partly
learned maze, the location of the goal has an effect such that blind alleys
leading in 1ts direction are much more difficult to eliminate than those
leading in the other direction. The explanation normally given i{s that the
animal ie anticipating the turn; but the concept of 'a turn' does not seem
to fit in particularly well with the computation of conditional-
probabilities to the goal in stimulus - stimulus theory.

The second experiment 1s by Dashiel (1930, ref. 2) and Muhlhan and
Stone (1949, ref. 4) using a checker-board maze with many equally correct
paths to the goal, In the process of learning the rat selects preferen-
tially two different types of passage, filrstly the L-shaped routes, with
a minimum of turns, and finally a zlg-zag route with a maximum of turns.
The paths are clearly the same length and one might imagine that the
minimum-turn route involved less effort and enabled more speed, (I have
seen no gnalysls of times for the experiment.,) However, the animal finally
chooses a path which stays closest to the direct route, agaln seemingly
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indicating a concept of direction, which does not fit In wilth a stimulus-
stimulus theory.,

The explanation 1s perhaps qulte simply that the animal has avallable
a set of different learning mechanlsms avallable possibly arrayed In a
hlerarchy, and which switch In to control the animal'!'s behaviour perhaps
on the basls of simpllcity of mechanism 1nitially, and then in relation
to the relative success of these mechanlisms in similar situstlons.

DR. A. M. UTTLEY: Mr. Watson has spoken about stimulus-stimulus assocla-
tions and stimulus-response assoclations., One should now speak of assocla-
tlon lattices rather than something as simple as a palred assoclation. In
the very simple machine I have bullt to Imitate trial-and-error learning,
there 1s a key assoclation between a double conjunction and a triple
conjunction, between the stimulus-consequence conjunction and the
stimulus~response~consequence conjunction, Watson himself has .

sald that an association which flts facts better 1s that between
stimulus-response and stimulus—-response-—ccnsequence, Is this what

he means by a twc—-stage asscclation or does that phrase refer to an
Intermediate goal?

DR. Re L SHUEY: I should say that I am not a psychologist and will
probably make some corments that are ridiculous to psychologists., In
reading the paper, I got confused as to how one separates goals from
motivation, For example, in many experiments, the analysis depends heavily
on what the experimenter assumes to be the goals of the anlmal; when in
fact, the animal's goals may be entirely different, I belleve 1t is well
known that monkeys will solve problems for no good reason. One might ask
why he i1s dolng 1t I1f he has no goal, but I am sure he has motivation.
Let me 1llustrate this with another example. I happen to work in a
place where there are both long and short paths by which I can reach my
home, I take the longer path, because I like the scenery. I do not know
what a psychologist, observing me from above, would conclude from my
behaviour. How can you separate it from my goals and my motivation?

DRs N. S. SUTHERLAND: I should llke to ask Mr, Watson a question. I think
i1t 1s really the question Dr, Uttley asked. Perhaps I could put 1t in a
slightly different way. I am not clear why Mr, Watson wants two things -
stimulus-stimulus connections and stimulus-response connections = because
1t seems to me that what you are doing with your system would be done on a
system which computed, given a stimulus, the probabllity of some other
stimulus for a glven response, So what you would be learning is a series
of connections. An animal does not simply learn to glve a response to a
stimulus, nor does 1t learn that stimulus connection; it learns that if
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{1t makes a given response it will be followed by that stimulus. This may
not be different from what you are saying - I am not sure,

MR. A. J. WATSON (in reply): These are rather diverse points, I shall
discuss them 1n the order of their subject matter, rather than in that in
which they were ralsed. :

First, a verbal question. Dr. Crossman suggests that 'assoclation', or
some similar term should be employed to name what I have called stimulus=-
stimulus learning, and that the use of 'learning' should be restricted to
name what I have called stimulus-response learning. The ground for this
suggestion 1s that 'learning' 1s properly something which involves an
observable change In behaviour, and stimulus-stimulus assoclation may not
Involve such a change. I do not wilsh to argue about the word. I have used
'learning' to refer to any process whereby information i1s stored., However,
it should be remembered that stimulus-stimulus assoclation may 1involve
changes of behaviour = 1f 1t did not do so sometimes we could never detect
that 1t had occurred; and stimulus-response association may, equally, on
some occasions not involve changes of behaviour - 1f, for instance, the
motivational condition of the animal 1s not such as to lead It to seek for
the goal which the response In question 1s instrumental in achleving., It
seems to me, therefore, that the two kKinds of assoclation here have equal
claims on the name 'learning'.

Second, Dr, Uttley polnts out that one should speak of assoclation
*lattices' rather than of simple palred associations, This 1s certainly
correct, and represents a considerable improvement upon snme earlier
theories of learning, I have here dlscussed the limiting case of pairs of
assoclated items for the sake of simplicity. Dr. Uttley goes on to ask what
i1s meant by 'two-stage' assoclation, Is thg§ something different from the
system embodled In his learning machine, or not? My belief is that 1t is
something different, in the following sense, Dr, Uttley's system will, of
course, compute measures of assoclation between stimull which are presented
to it in sultable temporal relations, It will also - or would with certailn
modifications which he has mentioned elsewhere, -~ compute a measure of
associapion between a goal, or 'consequence', and a stimulus-respcnse
conjunction., Now my point 1s that 1t seems to me that the facts of animal
learning and performance require for thelr explanation that even very short
sequences of behaviour must be split up into a sequence of units. In each
of these units the animal 1s trying to reach some stimulus or cue, There
are, therefore, two sorts of goal. First, there 1s that goal which the
whole sequence of behaviour is directed to achleve — e,g. food ~ and this
goal dictates what Intermedlate cues the system shall seek, Second, these
Intermedlate cues are goals for response at given moments during the
sequence, Hence my 'two-stage' assoclation 1s based on the view that actual
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behaviour almost always Involves what Dr, Uttley calls 'intermedlate

goals'. Thus, in order to imitate animal learning we require two separate
systems, though both may be of the general kind suggested by Dr. Uttley.

The first must select cues to seek, on the basis of stored Information
about the assoclatlons between them and with the final goal; and the

second must learn assoclatlions between a given stimulus - the momentary
'intermedlate goal' - and a given preceding stimulus - response conjunction.
These must, however, be distinct stages 1n the system, I do not see how
they both can be achleved by a single mechanism, though Dr, Uttley's
mechanism may perform either the one or the other,

This point 1s closely related to that ralsed in Dr, Sutherland's
question., I think 1t 1s suggested here that a 'two-stage' system l1s
unnecessary, In that all that 1s requlired is a mechanism which, having
been set stimulus A as a goal, computes the probabllity of achleving this
goal given that stimulus B and response R are present, If thls probabllity
1s sufficlently high, and if B 1s In fact present, then R will occur, This
iIs substantially what Dr, Uttley's system will do and an amalgamation.of
my two stages 1s thus obtalned., I have tried to suggest that there are
reasons for thinking that thils unitary mechanism will not provide an
adequate Imitation of animal behaviour., These reasons, if not compelling,
seem to me persuasive, One of them 1s that if response R cannot in fact be
made, or 1f no particular R has been learmned to effect the transition from
A to B, still 1t appears that the animal does not have to learn afresh
what to do when 1t 1s faced with A and is seeking B, Performance may Some-
times not be highly efficlent, but 1t 1s often better than chance
expectation, -

This brings me to an ambliguity Iin the notion of a 'goal' which is
brought to light by Dr. Crossman's point that stimulus-response learning
must 1nvolve a goal-slgnal, For, otherwise, how could selection of
response for greater efflclency take place? My point here is that we must
dlstinguish between two functions of a glven input into the system. The
first i{s purely 'informational' in that the system simply records the fact
that this input has occurred. The second functlion arises when this input
1s one which the system has been set to seek, elther as an 'lntermedlate',
or as a flinal, goal. The question 1s, under what conditions does the system
store permanently the arrival of this input and compute 1its' assoclation
with other inputs? It may be that such permanent storage and computation
arises whenever the Input arrives, or it may be that this only happens if
the system 1s actually seeking this input - i.e, when it functions as a
goal, or 'success' signal. I tend to the view that the first answer 1s
correct, In the case of stimulus-stimulus learning. I should hesitate to
express an opinion about stimulus-response learning at this time, But it
seems possible that in thls case also the consequences of making a response
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are permanently stored even 1f these consequences are not 'goals! for the
system at the time. _

Dr. Shuey has ralsed another point 1n connection with this discussion
about the function of 'goals' in learning., It is, he polnts out, all very
well to speculate at length about the nature of the system which exhiblits
goal seeking behaviour, but he doubts whether, in any particular case of
animal behaviour, we can speclfy what these goals are with sufficlent
accuracy. What is the goal for a monkey who solves problems apparently
for no other reward than that obtalned by reaching the solution? And what
i1s the nature of the goal-input into Dr. Shuey when, In deflance of the
principle of least effort, he takes the longer, but more pleasant, walk
home? I should like to be the last to clalim that 1t was always easy to
specify the goals for any sequence of behaviour; and sometimes 1t may be
quite beyond the range of practical possibilities. There are two points
I should 1like to make here. First, there are some cases, usually in
experimental settings, where 1t is falrly obvicus what the goal for a
sequence of behaviour 1s. It seems perfectly clear that the goal of a
hungry rat, in familiar surroundings, 1s something closely assoclated with
food, Whether it is the taste of the food, or some other consequence of
ingestion, 1s another question which 1s at the moment recelving a good
deal of attention, But the point here 1s that there are at least some
cases where we can say with a good measure of accuracy, and little doubt,
what the goal in question is. Second, not only are there many cases in
which we are in fact in great doubt about what the goal governing
behaviour 1s, there are also cases in which 1t may be doubted whether the
goal-setting mechanlsms are of the same kind as those involved in food-
seeking and similar activities. I suspect that Dr., Shuey's examples are of
this latter kind. We might, for the moment, group all this latter kind
of behaviour together and call it exploration, although further analysls
will probably show that we have several distinct kinds of activity here.
The question then becomes, what 1s the nature of goal-setting and
recording mechanisms in the case of exploratory behaviour, and how do they
interact with the rest of the system to produce the observed behaviour?
This 1s a large and most interesting question, and cannot be discussed
now. I should like to say only that it 1s not clear to me that the goal-
setting mechanisms involved in exploratory behaviour ¢an be of the same
kind as those involved in other types of directed behaviour, It may .
rather be that we have here the operation of a rather different kind of
mechanlsm which comes into play when the system is not set to find one of
the 'primary' goals. It seems to me that the further analysis of this
matter 1s one of the most important tasks in the study of behaviour.

I turn now to the points raised by Mr. Morton. He argues that my
insistence upon the stimulus-stimulus nature of much animal learning, and
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upon the function of intermedlate goals, falls to give an accurate
picture of this behaviour, He glves three experimental examples which one
might have expected a theory of this kind to explain, but which, he says,
it in fact does not explaln.

The first point 1s that animals will learn to take the shorter of two
alternative paths to food. I do not agree that thls is not to be predicted
in terms of the kind of theory I have been dlscussing, For, 1f we suppose
that there are more stimulus 'steps' 1n the longer than in the shorter
path, then, at the choice point, the probabllity of reaching the goal will
be greater if the first stimulus down the shorter path 1is approached than
1f the first stimulus down the longer path 1s approached. This predlction
breaks down under two conditions. First if the animal has already been
trained on the longer path to such an extent that the probability of
reaching the goal, glven that the first stimulus of this path has been
observed, 1s unity. Second, 1f the time required to reach the goal by
elther route 1s so short that no intermedliate goal 1s required and only
one stimulus 'step' 1s involved. I do not think that there 1s sufficlent
evidence to warrant a statement about what animals actually do in these
circumstances. It 1s, however, very unfortunate that Grice found that the
abllity to choose the shorter path was related to actual physical
distances 1involved, but not to the time required to traverse them, As
Mr. Morton polnts out, 1t has been shown in other experiments that
animals wtll, in other situations, choose a path which is shorter in terms
of time; and I should like to see further experiments of the kind carried
out by Grice before developing hypotheses about welghting, But I agree
that this is a reasonable complication which we may be forced to admit.

It seems to me llkely that the two further experiments which Mr. Morton
mentions should be interpreted in terms of the use of long-distance cues.
I should suppose that animals would always prefer long-distance cues or
intermediate goals, since this will involve fewer stimulus 'steps' before
reaching the final goal. However, quite apart from such factors as sensory
acuity, etc., the use of such cues will be limited by the kind of response
which the animal must make to reach them, If this is extremely complex,
1t may be more efficlent for the system to adopt a larger number of
intermediate goals, each requiring simpler response learning for its
attainment. Thus, in Spence and Shipleys' experiment, I should suppose
that there was a long-distance cue in the region of the food, Here the
response 1s comparatively simple - a right turn - and hence there will be
a tendency to anticipate and make this response too soon. In Dashlell
mazes, on the other hand, the use of a long-distance cue in the region of
the goal requires the learning of a long and complex response sequence.
Hence 1t seems reasonable that initially the animals adopt a route with
more stimulus 'steps' in 1it, but which requires less complex response
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learning. With further training they may be expected to use the more
direct route which the adoption of the long-distance cue permits,
Finally, there remains Dr. Crossman's question about the cigar manu-
tacturers. Why and how do they manage to improve thelr efficlency? There
1s 1ittle doubt that rats represent a much less complicated system than do
people, even when the latter are engaged in repetitive tasks, I am there-
fore extremely dublous about the value of any inferences concerning the .
explanation of human behaviour which are derlved from thecretical consider-
atlons arising out of the study of animals, For what 1t 1s worth, I suggest
that we distinguish the 'why' and the 'how' questlons involved here, The
rirst question 1s why (in the sense of motivation) the subjects are seeking
to create clgars as fast as possible, The second question 1s, gilven that
they are set to achleve the goal of rapid cigar manufacture, what 18 the
nature of the system such that faster methods can be selected and slower
ones omitted. In making this suggestion, I am implying that Dr, Crossman's
third suggestion is not correct. For 1t seems to me unlikely that this
more efficlient behaviour would develop unless the rapid production was a
goal which the system was seeking, Hence I doubt whether any 'mechanical!
explanation of the kind Dr. Crossman suggests 1s correct. In very general
terms, I should be inclined to think that Dr. Crossman's first suggestion,
that some direct reinforcement is involved, should be explored in answer
to the frirst, or 'why', question. He finds this explanation difficult to
believe, But I think it seems implausible only 1f 1t is taken to provide _
an answer both to the 'why' and to the 'how' question, and 1f the reinforce-
ment 1s supposed to be primary. I agree that the production of cigars in
4 secsS, 1s unlikely to be a 'final' goal which human beings are set to
seek, Clearly, it will be an intermedlate goal. But what the final goal 1s,
the attainment of which is furthered by attalnment of this intermediate
goal, 1s a question Involving motivational considerations of a kind which
render inference from animal to human behaviour especilally suspect.
Direct Investigation would be required. In answering the 'how' question,
the only suggestion I can make 1s that the behaviour will be so ‘organised
that the smallest. number of reaction times willl be required - .that is,
the number of intermediate goals will be reduced to a minimum. L
These are not very satisfactory answers, and they reflect my uncertainty
about the whole matter, But I am afrald that this 1s the best I can do at
the moment,
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INFORMATION, REDUNDANCY AND DECAY OF THE
MEMORY TRACE

by

DR. JOHN BROWN

SUMMARY

A new form of an o0ld theory of memory will be elaborated. The essence of
the theory is that the memory trace 1s subjJect to decay (decrease in the
signal-to-noise ratio) but that the effect of decay depends (1) on the
amount of initlal redundancy in the trace, (2) on the codlng of information
in the trace, (3) on the information avallable from other traces. With
appropriate assumptions, the theory seems able to provide possible explana=~
tions of many of the rather complex facts of human learning and forgetting.
The paper will include a discussion of the nature of the memory span.

COMMUNICATION theory, as developed by englneers, has one obvious contri-
bution to make to the study of memory., This is to supply a measure of
amount of information which has considerable theoretical advantages., For
the measure provides a rational basls for comparing memory for different
types of material and 1t also takes account of errors in remembering in a
loglically satisfying way. It has indeed already been used In a number of
memory studies. But communicatlon theory may have a further contribution to
make. It may supply the concepts In terms of which a fruitful theory of
memory can be formulated. (Hints to this effect are given by Hick, 1955,
ref. 9). The concepts I have in mind are concepts such as nolse, signal-to-
noise ratio, redundancy, channel capacity and, of course, the concept of
information 1tself. These concepts are of especlal importance to a theory
of memory bullt round the idea of a memory trace subject to decay and 1t
1s such a theory I wish to propose.

The 1dea of a memory trace subject to decay has traditionally been
regarded by psychologists as barren and unprofitable, It has seemed to
throw 1little or no 1light on the complex facts of learning and forgetting,
Some of the sallent facts are (1) The time course of forgetting 1s not
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fixed but varlable. Thus 1t 1s more rapid 1f further simlilar materlal 1s
learned in the interval before recall, a phenomenon known as 'retroactive
inhibition'. It 1s also affected by whether learning trials are spaced or
massed. Moreover, the passage of time sometimes results not in further for-
getting but in the recovery of recall. (2) We not only forget, we also fre-
quently distort, quite unwittingly, what we think we remember., It has not
been clear how simple trace decay could lead to an unambilguous output which
does not correspond with the input. (3) In learning, items at the beginning
and end of a sequence are learned more quickly than 1tems In the middle -
tthe serial position effect'. (4) In general, less time needs to be spent
on learning 1f practice 1s given at intervals rather than continuously,
1.e., spaced learning tends to be more economical than massed. The most
widely accepted interpretation of these phenomena 1s in terms of various
kinds of inhibition which are supposed to be generated and to dissipate In
a lawful manner during learning, retention and recall: a good summary of
this approach is given by Osgood, 1953 (ref. 14).

Although psychologlists in general have been reluctant to use the 1ldea of
trace~decay to explain forgetting, those who have specifically consldered
memory over short intervals ('immediate' memory) have usually been more
willing to postulate a decay process. Forgetting of what 1s learned from a
single presentation of informatlon can be extremely rapid. A delay before
recall of only 4 seconds can reduce recall from 93% to 41% provided
rehearsal of the Information during the delay period 1s prevented (Brown,
1958 ref. 5). Rehearsal 1s prevented by presenting a rapid sequence of
stimull to which the subject is required to make immedlate responses.
Incidentally, the nature of the activity used-.to prevent rehearsal does not
seem to influence the outcome (Brown, 1955, 1958 refs. 4, 5). This makes 1t
reasonable to belleve that the activity merely prevents rehearsal and that
1t does not directly interfere with the memory trace. The rapldity of for-
getting 1n immediate memory 1s also shown In the fact that significant for-
getting can be shown to occur even during the period of recall itself
(Brown 1954, ref. 3 and Conrad and Hille, 1958, ref. 7). Such facts (see
also Broadbent, 1957 ref. 2) strongly suggest that decay of the memory
trace 1s a plausible explanation 60f forgetting in immedlate memory. If this
is so, 1t 1s natural to consider whether all or most forgetting 1s not also
due to this factor. '

OUTLINE OF THE THEORY

The theory I want to propose runs as follows: It 1s assumed that when a
memory trace is established, 1t usually has some internal redundancy. In
other words, the trace 1s established with more features than are necessary
to represent the information which the trace 1s required to store.
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The trace 1s assumed to decay, rapldly at first and then more slowly. Some
decay is compatible with rellable recall, owing to the inltlal redundancy.
The critical amount 1s not fixed. It depends on the amount of 1nitial
redundancy and on the coding, which determines the form the redundancy )
takes, It also depends on whether other traces c¢an supply relevant informa-
tion (i.e., on redundancy In the trace system as a whole) and on any infor-
mation supplied from the environment (l.e. on the richness of cues to
recall). If the initlal redundancy 1s sufflciently high, or.if redundancy

- 1s increased by further learning trials, then the trace will still be
adequate when decay has become slow., Long=-term retentlon 1s then possible.
Finally, it 1s assumed that the amount of inltial redundancy 1is limited by
the amount of storage space avallable when the trace 1s establlished.

CONCEPTS

1, Storage space. Any modifiable feature of a neurone anywhere in the braln
forms part of the brain's storage space (provided the functional arrange-
ment 1s such that i1t can in fact be used for Information storage). Thus the
word 'space! here 1s used in a generallzed sense and does not imply that
there 1s a locallzed area 1n the brain in which Information is stored.
Storage space may be elther general or specific. It 1s general 1f the brain
can use it for the storage of any kind of information: it is specific if 1t
can be used for the storage of only one kind of information. Limited
specificity or limited generality 1s also possible. For example, certaln
storage space might be specific to visual informatlon but available for the
storage of all kinds of visual information.

2. The memory trace. The theory 1s not concerned with the memory trace as

a physiological entity but only with its functional properties. The
expression 'memory trace' will refer to that portion of the storage space
which 1s used to record a particular event or message. Often 1t will be
convenlent to speak as though a single memory trace corresponds to each
event, But since decay of the trace will be postulated, the time at which
each part or aspect of an event 1s recorded may be significant, especlally
1f the time interval before recall is short. Thus, when 1t 1s necessary for
the purposes of a particular discussion, an event (for example, a spoken
sentence) which 1s not recorded‘simultaneously'will be considered to
establish a series of memory traces.

3. Capacity of the trace. The storage space occupled by the trace wlll have
some definite channel capacity which 1s the capaclty of the trace. If the
trace decays, the capacity will not be fixed but will depend on the time
for which 1t 1s used to store information., If 1t 1s used to store informa-
tion for one second its capacity might be 100 blts: whereas Its capacity 1if
it is used to store Information for one hour might be only 1 bit.
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4, Residual information in the trace. By this will be meant the amount of
the original Information which can still be extracted from the trace at
any stage In 1ts decay. Under sultable conditions, 1t can be calculated
from Shannon's formula for transmission over a noisy channel (Shannon,
1949, ref. 16).

5. Decay of the trace. By decay of the trace 1s meant a fall in the
signal-to-noise ratio, i.e. a fall in the correlatlon between the Initlal
and final states of the trace due to random disturbances. This produces a
fall In the capacity of the trace and 1t 1s this consequent fall in
capacity with which we shall be concerned. It should be pointed out that
change, as such, In the trace does not necessarily 1involve decay In the
defined sense. For example, 1f a trace starts as a neural reverberation
and ends as a pattern of synaptic changes, the Initlal state may be
uniquely deducible from the final state in which case no decay will have
taken place.

6. Redundancy in the trace. When the trace 1s formed, more storage space
may be used than is necessary for the immedlate representation of the
information to be stored. The trace then has redundancy. The absolute
redundancy 1s the difference between the residual information in the trace
and the information capacity of the trace: the relative redundancy is thils
difference divided by the information capacity. A trace which starts life
with redundancy may, for a time, withstand decay without loss of informa-
tion: redundancy will be lost instead (see later). The amount of redundancy
in the trace does not necessarily depend on the amount of redundancy in the
input to the sense organs, A redundant input might be recorded so as to
eliminate the redundancy (lndeed Attneave, 1954, (ref. 1) has suggested
that the function of the perceptual machinery 1s to strip away redundancy
from the input) and a non-redundant input might well be coded redundantly
into a memory trace, }

7, Trace system redundancy. Since we do not live in a random world, the
events stored in different traces will be related to one another. As a
result, different traces will often carry in part of the same information
80 that the trace system as such contains redundancy (l.e. independently of
redundancy within individual traces). The existence of this redundancy
means that the trace system can often supply some of the information lost
through decay of an 1individual trace: recall of the event which this trace
represents will then be facilitated. An analogy will help to show this.
Suppose the word AND 1s written in chalk on a blackboard and the letter N
1s progressively smudged. Some smudging of the N will leave 1t legible: 1t
starts with internal redundancy so that some 'decay' does not matter,
Further smudging, however, will make it difficult to read unless attentlon
is pald to the other two letters of the word. These letters help us to
guess the smudged letter and this 1s because AND 1s a probable letter
combination, 1.e. because the letters carry common information. In this
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analogy, the word AND is the analogue of the trace system and the
individual letters are analogues of individual traces. It should be stated
that not all trace system redundancy is useful 1n this way but only redun=-
dancy due to different traces carrying common information (a similar point
applies to redundancy within the individual trace). .

8, Coding., The coding concerns how the information 1s represented in the
‘trace and how much storage space 1t occupies., Consequently 1t determines
both the amount of redundancy and how it 1s utilized. It 1s these two~
factors which determine for how long the trace can withstand decay wilthout
loss of information, It Is desirable to distingulsh two 1imits to coding
efficlency. Shahnon has shown that it is theoretically possible to code so
that the information passed through a channel 1is negligibly below the
channel capacity (Shannon, 1949, ref. 16). In practice, however, con-
stralnts may exist = such as not coding over infinitely long sequences =
which are such that even the best possible code falls appreclably short of
the 1deal. The best attalnable code will be called an optimal code.

Some of the concepts will now be 1llustrated, Conslder a 2-state storage
element. The rate of transmission, R, will be maximized when the two states
are used with equal probability. If the element 1s 'nolseless', then the
capacity will be 1 bit, If there is a probabllity, p, independent of the
initial state of the element, that after time t it will have changed its
state, then the maximum value of R will depend on the value of p. Curve A
in fig. 1 shows the actual form of thls dependence: it is calculated by
application of Shannon's formula for information transmitted. The value of
R so calculated can be regarded as the capaclty of the storage element.
Suppose now that two such elements are available for the storage of each
'bit' of information. Curve B in fig. 1 shows how the capaclty of the pailr
of elements falls with p (p is assumed to have the same value for each
element and the two elements are assumed to be independent): curve B is
simply curve A doubled at each point. Figure 1 shows that, with 1deal
coding, no loss of information would occur until p became greater than O.1.
In practice, however, an 1deal code 1s impossible. If 00 signifles that the
two elements are both in a certain state and 11 signifies that they are in
the opposite state, then to use 00 and 11 as the two possibilities provides
an optimal way of coding one bit of information so as to give protection
against nolse., Curve C shows the value of R when such optimal coding is
adopted. It will be seen that 1t falls appreclably short of ldeal coding.

ASSUMPTIONS
1, Decay of the trace, It 1s assumed that there 1s decay In the capacity

of the trace, due to an increase in purely random noise, and that this decay
1s at first rapid and then slow. For example, the decay function might
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Fig 1. Relations between capacity, error probability and
.information transmission with optimal coding - gee text.:

B
prove Lo consist of two- dirferently welghted exponential decays, the one
initlally dominant with a short time constant and the. other with a long:
time constant. The exact function will have to be inferred from behavioural
studles, unless physiology produces some direct evidence. No single study
will suffice to show what 1t 1is since the time course of decay 1s only -
indirectly related to the time course of forgetting: this 1s dlscussed
later,
2. Availability of storage space. Decay of the trace would noc lead to for-
getting 1f everything were recorded with sufficlent redundancy. But redun-
dancy uses up storage space and, .since the brain is of limited size, there
must be constraints on the amount of ‘storage space that 1s used at any one .
time. One possibllity would be Chat all 1nronnation is reccrded wich a
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small constant amount of redundancy. Thls would mean, however, that
important information was forgotten as quickly as unimportant information.
It 1s more likely that the amount of redundancy can be varled but that
there 1s an overall limit on the amount of storage space which can be used
at any one time. This would lead to competition both between simultaneous
messages and between successive messages not separated by an Interval of
rest, Two rather different possibllitlies have to be consldered. One 1s that
there 1s a limited amount of general storage space avallable at any one
time., The other 1s that there is a limlted amount of specific storage space
avallable at any one time., Provided thls space were not fully specific,.
competition could still occur but only between messages drawn from the same
subset of the total ensemble 0f possible messages - such, perhaps, as the
subset consisting of all possible visual messages.

3, Storage of order-information. By order-information 1s meant the informa-
tion in the spatial or temporal arrangement of stimuli. For example, the
order information in a randomly arranged sequence of different items 1s
logzn: bits.s It will be assumed that order-information tends to be recorded
with relatively little redundancy and that 1t 1s therefore easily forgotten.
This assumption Implies that storage space in the braln 1s at least
partially specific, For 1f 1t were general, low redundancy coding of order-
information would not be Inevitable, A word should be sald about the
meaningfulness of separating out the order-information from the total
information. It 1s impossible to remember order-information alone. Never-
theless, 1t is possible to remember what the items were (the what-informa=-
tion), without remembering their order. It is also possible to remember

the order-information without remembering all the what-Information. Thus 1t
would suffice to remember that item 1 came from class ¢, 1ltem 2 from class
B etc., without remembering which members of each class were Involved.

4, The effect of repetition. If Information 1s presented to a person on a
number of occasions, thisimay strengthen learning in either of two ways.
Firstly, each repetition of the information may establish a new memory
trace. This would strengthen learning, despite decay of each individual
trace, provided information extraction from the traces so establlshed were
effticlent. Secondly, repetition may reconstitute the changes which form the
trace which may then become more lasting so that the capacity of *the trace
decays more slowly. This would have the advantage that no additional
storage space were used, It seems not unlikely that repetition has both
these effects, . .

5.‘Uke of stored information. Because certain Information 1s stored in the
trace or trace-system it does not follow that 1t 1s avallable in recall,
Assumptions are therefore necessary about the efficlency with which stored
information 1s extracted. It will be assumed that Information extraction
from the trace or traces of something one 1s trylng to recall is usually
efficient. This 1s the simplest assumption and it.1s not unplausible except
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for certalin pathologlcal conditions. (If repression 1s a genuine
phenomenon, 1t might be interpreted as motivated inefficlency of informa-
tion extraction, Even then, 1t could still be held that inefficlent
information extraction is the exception rather than the rule), However, it
will not be assumed that Information extraction from the trace-system as a
whole 1s always efficlent, since to extract such Information may require a
search process and complex recoding. Consequently although information
which has been lost from an individual trace may still be present.in the.
trace system, recall may fall because this information 1S not read!ly
available.

8. The coding system. The nature of the coding system 1s an extremely
important part of any theory of memory. All the foregolng assumptions
(except the first) indirectly concern this system. A few further points of
a general nature should be made. If coding 1s to be efficlent, it must be
adapted to the probabllities of events. Although the nervous system may
treat some events as more probable than others ab initlo, most probabil-
itles must be learned. Efficlent coding therefore demands that the coding
system changes as the indlvidual gains experience of the world in which he
lives (cf. Oldfield, 1954, ref. 13). Alterations in the coding system must
themselves be stored at least in the sense that the decoding of later
established traces 1s partly dependent on earllier established traces. Thus
the trace system may not only supply lost information from an individual
trace but may also determine how 1t is decoded. Little can be sald about
the nature of the coding changes. Clearly they are often bound up with
learning to use new words. The effect of these changes is to reduce trace
system redundancy which (while it can be useful) would otherwise involve
excessive consumption of the brain's limited storage space.

SOME APPLICATIONS OF THE THEORY

The basic problem :1s what determines the time course of forgetting,
The time course of forgetting does not necessarily follow the time course
of decay. Fallure to apprecliate this has been a main cause for the ,
unpopularity of theutrace-decay hypothesis. Among the factors which will
influence the time course of forgetting are (1) the amount of redundancy,
(11) the coding, (111) the supply of information from the trace system,
(1v) pro~ and retro-active inhibition. Some hypothetical examples may help
to clarify possible relationships between trace-decay, forgetting, redun-
dancy and coding. Suppose 5 bits of information are coded into a trace of
10 bits initlal capacity and that the capacity decays with time t as shown
in curve C In fig. 2 (a). It coding 1s 1deal no forgetting will take place
" untll the capacity falls below 5 bits and retention will then follow the
fall in capacity. This 1s shown in curve R, Curve S shows how the
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redundancy falls. In practice, however, coding wlll not be ideal, even 1if
1t 1s optimal, and relatlonships such as those shown in fig. 2 (b) are
therefore more probable, Curves C, R and S agaln refer to capacity, reten=-
tion (residual information 1in the trace) and redundancy respectively. Even
here, the dilscrepancy between optimal and 1deal coding may be optimistically
small {1f the particular case previously considered 1s any gulde (see

fig. 1), Figure 2 (c) shows what might happen 1f different parts of a
message were coded with different degrees of redundancy: a plateau in the
curve of forgetting occurs when residuil information in the trace 1s still
protected by redundancy. Finally fig. 2 (d) exhibits the condition for
relatively long-term retention. Only 2 bits of informatlon have been coded
into the trace and, by the time the redundancy has been lost, trace decay
has become slow.

In figs. 2 (a), (b), (c) and (d), the possible effect of trace system
redundancy has been ignored. When Information 1is lost tihrough decay of an
individual trace, 1t may be avallable from the trace system. Thls will
happen especially often with order-information, 1f order-information 1s -
especlally 1iable to be lost (assumption 3). For example, memory of the
order of the words In a quotation may depend on informatlon In the trace
system concerning probable word orders. Extraction of trace-system infor-
mation may often be a complex process. This might explaln many cases of
recovery of recall which have been attributed to release of inhibltion: 1t
is an open question whether the patient who succeeds in recalling a child=-
hood event after silx weeks on a psychoanalyst's couch does so through
release of repression or through use of trace system redundancy.

Another of the factors which Influence forgetting is pro- and retro-
active inhibition (P.I. and R.I.). If two simllar things are learned in
succession, forgetting of elither tends to be accelerated. It has been
suggested (by Underwood, 1957, ref. 1%, for example) that all forgetting
1s due to R.I, and P.I,, with the Implicatlion that trace-decay need not be
postulated, But R.I. and P.I. are names for effects rather than causation
processes and it may be because of trace decay that R.I, and P.I. occur.
For 1f a number of things are learned at different times, trace decay may
make the subject forget which things were learned when. Thus 1f two lists
of nonsense syllables are learned In succession (as in the typical experl-
ment on R.I, and P.I1.), forgetting of either 1list may be accelerated by
confusion between them. To say that forgetting is due to R.I. and P.I. may
be another way of saying that it 1s due to loss of order-informatlon
through trace-decay. It seems unlikely however that only order-information
1s lost through trace decay.

We may now consider how evidence concerning the time course of the
decay of the capacity of the trace can be obtalned, since forgetting does
not automatically reflect this decay accurately. The general principle is
to maximize the residual information, R, in the trace for all values of ¢
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(where t is the age of the trace). Fortunately, there 1s no reason to think
that the conditions which maximlize R for one value of t will not also
maximize R for all values of t. Thls 1s because, provided the 'nbdise' in
the trace 1s random, optimal coding will always be such that the points
used in the code hyperspace are as far from one another as possible.
Techniques for trying to maximize Information transfer in psychological
studies have been discussed by Quastler (1956, ref.15). A complication has
to be borne In mind. The amount of storage space the trace occuples and
hence 1ts capacity is assumed to be variable (assumption 3). In practice,
attempting to maximize R 1s 1ikely to 1nclude maximlzatlion of the amount of
space which the trace opcuples. If some storage space 1s speciflc, two
types of maximization are possible. In type A, as much space as possible
of a specific kind would be used: in type B, as much space as possible of
any kind would be used. For type B, different kinds of Information would
be included 1In the message to be stored. If there 1s speclfic storage space
in the brain, type B maximization should lead to a higher value of R.

The assumption (assumption 2) that the amount of storage space used for
a glven message 1s variable provides a possible Interpretation of a number
of phenomena. 4

Firstly, intentlional learning 1s generally superior to incidental
learning. This may be partly because more storage space 1s used during
'fntentionallearmning so that more redundancy and better retentlon is
possible. Brown (1954, ref.3) obtalned quite striking evidence that
Intentlion~to-learn can have some such direct effect on the strength of
learning. The experiment showed that the subjJect was able to choose which
of two simultaneous sequences he would learn best even though he was
forced to percelve both sequences. (Presentation of the sequences was very
raplid so that rehearsal effects were eliminated). Secondly, 1if the effect
of repetltion is partly due to the establishment of further traces, 1t
will be to this extent limited by the amount of storage space avallable,

It the amount avallable at any one time 1s limited, then less space will
be avallable after a period of Intentional learning than after a period of
rest. More space will therefore be avallable, on average, during spaced
learning trials than during massed learning trials, Spaced trials can
therefore establish traces with greater redundancy than massed trials, so
that fewer learning trials tend to be necessary.

There 1s also a factor which will work against qulcker learning which,
1t 1t does not outwelgh the first factor, will at least ensure that trials
must not be too widely spaced. This 1s that, with spaced-trials, learning
will "depend on traces which are on average older and more decayed. Once
the criterion of learning has been reached, however, thls factor will make
learning more durable, since older traces decay more slowly (assumption 1).

Thirdly, the average amount of storage space avallable per item will fall
with the number of items to be learned, 1f the amount of storage space
avallable at any one time 1s limited. This may explaln why 1t becomes
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. disproportionately more difficult to learn as the amount to be learned 1s
increased. There is also another factor. As the length of a sequence
increases, the order-information becomes an lncreasing proportion of the
total information. If order-information 1s especlally difficult
(assumption 3), this will contribute to the dlsproportionate increase in
difficulty with length, B

Fourthly, the serial positipon effect in learning (l.e. the quicker
learning of the ends of a sequence of 1tems as compared with the middle)
may reflect variatlion In the use of storage space. Thus the ends of the
sequence may be taken as reference points for the order in the sequence
and may be coded with greater redundancy for this reason. It 1s significant
that the serial position effect 1s to some extent subject to voluntary
control: Kay & Poulton (1951 ref.10) found that the middle of a sequence
becomes well remembered if the subjJects know that they may have to start
recall in the middle, It seems possible that the difficulty of remembering
the order depends on the distance, in number of items, from the nearest
reference point. (A somewhat similar suggestion was made by Crossman,

1955, ref.8). :

All the facts mentioned in the introduction have now been discussed
except distortions in remembering. These have sometimes been ascribed to
corresponding distortions in the trace (Koffka, 1935, ref.11). On the
present theory, a distortion 1s llable to occur whenever a trace has become
inadequate through decay. Recall then becomes reconstructive in character,
1.e. dependent on use of information from the trace-system. This may lead
to an unamblguous output but 1t cannot guarantee absence of error.

In conclusion, the theory will be applied to the problem of the so—
called span of immedlate memory. A subJect can reproduce a sequence of
1tems after only a single presentation, provided-it 1s sufficlently short.
The maximum length of sequence for which this 1s possible 1s known as- the
span of immedlate memory. The most puzzling fact about the span 1s that,
for a random sequence, it is almost independent of the information content
of the individual 1tems., Its actual value usually lles in the range seven,
plus or minus two (see Miller, 1956, ref.12). This might suggest that there
1s a speclal mechanlsm for short term retention with about seven compart-
ments (degrees of freedom, logons). A storage model with compartments has
been suggested by Quastler (1956, ref.15), although he was concerned not
with the memory span as such but with the storage of information assimi-
lated from a single brief exposure of visual stimuli. Whether or not such
a model 1is necessary to account for storage assoclated with the process of
perception, an alternatlve theory 1s possible for the memory span (Brown,
1958, ref.5).

It 1s easy to see that, 1f there 1s trace decay, then there must be a
1imit to the length of sequence which can be reproduced successfully after
a single presentation. For the traces established by the early part of the
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sequence are decaylng whlle the later part 1s being presented: -conversely,
the traces of the later part are decaying while the subject 1s attempting
to recall the early part. Thus 1f the sequence is too long, decay of some
of the traces will reach a point where information is lost, elther about
the items themselves (what-information) or about their order (order-
information). Unless such information 1oss can be made good from the
trace-system, correct reproduction will then be Impossible. The relative
importance of the what-information and the order-information in determining
the size of the span will depend on the partlcular sequence. Since order-
Information 1s assumed to be coded with only a small amount of redundancy
(assumption 3), It follows that the order-information will limit the span
whenever 1oss of order-information cannot be made good from the trace-
system, as when the order is random. This will explain why the Information
content of the items has been found to have llttle effect on the size of
the span, since random order of the items has normally been used. It is
Interesting that the span 1s often as high as 30 for words in a meaningful
sequence., For in this case, Implicit knowledge of grammar and of other
constraints on the way words follow one another reduces the amount of
order-informatlion which the traces established by the sequence have to
supply. If the order of the items in a sequence was entirely predetermined
(by selecting successive 1tems from different classes in a fixed order),
the size of the span would then be determined entirely by the what-informa-
tion, ‘

It might appear to be a consequence of thls theory that the span should
be extremely sensitlve to the rate of presentation of the sequence. If the
rate of presentation 1s halved, for example, the delay before recall will
be doubled, at any rate for the first item of the sequence (it will be
less than doubled for later items, unless the rate of recall is as slow as
the rate of presentation). But at least two factors will tend to stabllize
the span. One 1s that the order-information falls more than proportionately
when the length of the sequence is reduced. Another 1s that, when the rate
of presentation 1s slow, rehearsal of earlier parts of the sequence will
be possible during presentation of later parts.

PLAUSIBILITY OF THE THEORY

The theory concerns the overall functional properties of the physio-
logical mechanisms which underlie the phenomena of memory. It 1s not
concerned with the actual embodiment of these mechanisms in the nervous
system. But this latter problem cannot be entirely lgnored. It would be
foolish to postulate functional properties without regard to whether they
are physiologically probable. At the same time 1t 1s well to recognlze
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that what now seems physiologically elther probable or Improbable may not
continue to do so as our knowledge of the nervous system lmproves.

The basic assumption of decay in the memory trace 1s perfectly plausible,
Indeed, in the search for the physlologlcal changes responsible for
learning, the problem so far has been to discover any changes in the
properties of the nerve cell which are of sufficlent permanence to form a-
possible basis for memory (Burns, 1958, ref.8).

The assumption that order-information 1s stored with less redundancy
than what-information 1s also not unplausible. For example, 1if stimulus A
1s followed by stimulus B, thls may well lead to the establishment of a
memory trace of A, a memory trace of B and also a memory trace of the
event 'A then B'. The what-informatlion would then be represented twice over,
1.e. redundantly relative to the order-information. This type of reduplica-
tion of the what-information 1s a feature of the model for learning and
classification in the nervous system proposed by Uttley (1955, ref.18).
Reduplication of the order-information can also occur in his model but
reduplication of the what-information will always be more extensive,

The assumption that storage space 1s general, or at least of limited
specificity, 1s liable to seem rather less plausible, especlally to anyone
who 1s attracted by Uttley's model. For In this model all storage space is
entirely specific, since storage 1s achleved by each unit counting 1f an
input specific to that unit occurs. An A-unlt counts if A occurs, a B~unit
counts 1f B occurs and so on. If storage space 1s to be general, 1t seems
to be necessary to have storage space which 1s not mixed up with the
recognition system itself, as 1t is in Uttley's model. There 1s one strong
- argument for the exlstence of genefal storage space In the brain. In the
course of a 1lifetime we remember, and forget, a very wide varlety of events.
Moreover, this wlde varlety 1s only a small sample of the possible events We
might experlence and remember., If storage space isyspeciric it is difficult
to understand how the brain 1s large enough to contaln enough storage space,
since only a small fraction of it will be appropriate for the events that
befall any particular individual. If, on the other hand, storage space 1s
general, all or most of 1t can In fact be used. Indeed 1t could also be
reused, 1f necessary, although no assumption to thils effect has been made in
the theory as it stands. If storage space is general, it 1s not impossible
that the fall in learning ability with age 1s due to the individual
beginning to run out of storage space.

The theory 2s outlined in this paper 1s only tentative. Nevertheless 1t
seems to offer a promising approach to the problems of learning and
forgetting. One of its virtues is that it leads, potentially, to quantitive
hypotheses. To my mind, 1t does show that décay of the memory trace is not
such a poor theory of forgetting as psychologlsts have held 1t to be. In
conclusion I would like to thank all those whd have contributed to the
developmenb of the theory by discussing 1t with me. ‘
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DISCUSSION ON THE PAPER. BY. DR. J. BROWN

DR. E. Rs F. CROS3MAN: I read Dr. Brown's paper with great interest and
agree with most of 1t, but I do feel that a clear distinction should be
drawn between two types of memory which have rather different propertles,
The first may be called the "primary memory ilmage", which stores uncleassl-
fled sensory information, and the second 1s the memory for perceived
material, which stores the classifled results of perception.

To underline the difference, I should like to describe a recent experi-
ment of mine on the memory for raw sounds, Words chosen from a small list
were played at halfspeed on a tape recorder and subjects were asked to
i1dentify them. If they falled, after 20 and 40 sec. the range of choice
was successively narrowed down., The fact that subjects could identify the
sounds after delay, shows that they remembered something unmeaningful, and
thelir reports show that they remembered the sound pattern itself, which
seems to decay rapidly.

The second type of memory involves using previously established classifi-
catory responses, or Gestalten, and here the pure decay-curve is much less
applicable, In the particular case of the short-term memory for items such
as digits, binary choices, points of the compass etc, I support Dr, Brown'
in stressing the importance of order-information. I measured the span of
immediate memory for different numbers of alternatives; there 1s a marked
drop In span, n, as the vocabulary size, ¥, Increases, However the total
information rises with vocabulary size, whereas one might expect a constant
*information-capacity", Now, by adding to the calculated selective informa-
tion which isn long, another temm logzn! for the order-information, the
result 1s more or less constant, at 25-35 bits according to the individual,
What does Dr., Brown think of this result?

DR. As J. ANGYAN: In connection with this very interesting and well
concelved paper, may I be allowed to say something about my own analoglcal
interpretation of these facts,

First of all may I say in defence of the Pavlovlan theory of conditlioning
that even 1f the assumption of Dr. Brown should be correct, we should
compare the amount of Information carried by ordinary commonsense or
psychological terms and the way of talking about observations on facts of
behaviour with those of the Pavlovian conditioning practice and theory. It
1s apparent that the latter uses terms allowlng considerably less redun—
dancy than the psychological terms.
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I should also like to polnt out that perhaps his assumptions about the
constant storage content could be completed in another way. I tried to
point out with my scheme that we do not have to deal with thls type of
decay of the memory traces, but only with one decrementally distributed
over a whole life span of an 1ndividual. By means of a cyclical internal
scanning system to be supposed in the brain, the thought mechanisms are
distributed in two parts. The Information has a greater degree of redun-
dancy at the beginning of every cycle of searching for a cue, and 1s
regulated by positive feedback, whereas at the other end of the cycle its
feedbacks work in reverse and establish an inhibitory process which leads
towards the sleeping state, The inhibition allows a redistribution of the
what-mechanisms, as correctly supposed by Dr. Brown, I am Iinclined to
interpret the commonly known memory decay curves in this way. This redistri-
bution 1s randomly disturbed and the redundancy of information carrled
with 1t 1s increased at the next arousal or facilitation part of a cycle,
except in normal speech, the redundancy of which 1s less variable. With .
this assumption we have a better representation of the known possibility
that 1n‘sp1te of an existing general rule of a slow decay of memory
processes, 1f we extingulish some what-information, we may recall’it again
when the same baslc cycle 1s allowed to go on. On the basis of neurophy—‘
siological and developmental-physiological observations, I would suggest

“a mechanism of that kind ensuring a longer term, but more or less varlable
storage content for the animal brain and am 1nterested to know whether he
would agree with 1t.

If you would allow me to say some words about an animal model. thé'
functional and structural mechanisms. and their dichotomy in the sense of
the paper may be seen more clearly.

We make some observations on planarians (flatworms) by combining light
stimull with feeding one can reverse thelr originally phototactic or
phototropic reactions., The starting point of our observations 1s that the.
negative phototropism of the flatworms, counted each minute on the light
side of the contalner, the other half of which is dark, traces a straight
line of a constant angle in a semi-logarithmic coordinate system, By
conditioning 1ight with food, the direction of this line can be exactly )
reversed,” If we cut the animals in half they regenerate in a few days
completely, from both parté. During regeneration, the head part-of the
animal gives a curve, oscillating between the dark and light parts of. the
contalner, whereas the phototropism of the tail part shows a delay, slower
but straightforwardly negativé phototropism, By testing the above mentioned
conditioned reflex established before the transection, we found that :
responses to specific cues, specific intensity (what-contents) or to the
sltes of stimulation were retalned only by the head part, during and after
regeneration, Animals regenerating form the tall part show no recall of .
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these responses and must be retralned. In tests with phototroplsm, the
latter retrace the time relations and the sequence of the formerly condi-
tioned feeding experiments in their speed of movements, but In spite of
that food 1s only found by them glven a specific "cue",

It seems to me that an oscillating what-mechanism, and a stralght-
forward near cue-seeking mechanism, with different time characteristics,
might be to some extent, separately represented as functional principles
of different structural organisation levels of even the simpler nervous
systems, This would strongly support the view that a very baslc general
dichotomy on which memory functions are bullt 1s represented by them.

DR. A. M. ANDREW: I would like to quibble with Dr., Brown's use of Informa-
tion Theory., My remarks probably do not affect his general conclusions,
but I think 1t should be pointed out that Shannon's Theorem no. 11 cannot
be made to apply to messages of finite length simply by assuming a smaller
value for the channel capacity. Shannon proves that information can be
transmitted over 2 noisy channel with an arbitrarily small frequency of
errors when the message length 1s infinlte, For messages of finite length,
however, the frequency of errors cannot be made arbitrarlly small. For
example, 1f each message consisted of ten binary digits and the nolse was
such that each digit had one chance in ten of belng incorrectly recelved,
no coding system whatever would allow transmission of any Information with
better than 1 in 1010 probability of error., This is a very low
probability, but the point is that it 1s necessarily a finite.-

quantity. )

I am assuming that the noise affects parts of the message randomly. If
the nolse were subject to some unnatural restriction, such as the require-
ment that it affects not more than one binary digit in each group of
seven, a Hamming-type code could be applied to give zero probability of
error, Noise in the nervous system is presumably not of thls speclal kind,
however, .

The difference which my quibble makes to Dr. Brown's discussion 1s that
the decay of information in a memory trace cannot be represented by his
fig. 2(b) 1f R is taken to be an amount of information stored with zero
(or arbitrarily-small) probability of error. To be rigorous, any curve R
must be assoclated with a particular value for the probability of error,

SIR FREDRICK BARTLETT, CHAIRMAN: There 1s Just one thing I want to ask

Dr. Brown, and it I{s on the amount of stress he wants to lay on the
particular difficulty which he points out about order information, I think
what he has had to say about 1t was very interesting, but I would like to
know whether he would think that the difficulty people have with orders -
he suggests all kinds, but that 1s not true - 1s due entirely to the fact
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that, as he records on page 732 "order informatlon tends to be recorded with
relatively little redundancy®. Is that the only reason why order is very
often quickly forgotten? It just happens that the only case where I have
had a firsthand opportunity of investigating a prodiglous memory, was
entirely to do with an order of numvers, This was a lady who was a grand-
child of the famous Dr. Bildder, the mathematlclan, When she had been a
very small child, and unable at that time to understand anything about
relations of numbers, she had been given by her grandfather to learn a
tremendous long list of numbers arranged in a random manner 1n a book, and
all the pages of the book, of course, were also numbered, I met her when
she was a lady of about 60, The evidence was perfectly clear, and I think
absolutely irrefutable, that she had not seen these numbered lists at any
time since the fairly early age of 6 or 7. You could give her a page
number and a number in the list, and then say "What was the next number?
What was the seventh number after this?* Or take any other kind of order
in the whole thing that you l1ked, elther after or before, and she would
accurately give you the exact and correct answer, In her case, would you
say the order information was stored with a great deal of redundancy,

or what? There 1s one other thing. It 1s perfectly true that word orders
are very often exceedingly difficult to deal with in a direct manner, but
1t you have movement order, an order in dance, or a song order - an auditory
type of thing - and 1f you connect the words with the movements or the
music then it appears that order 1s not a difficult but an exceedingly easy
arrangement to deal with, I have no doubt, that, within the general frame-
work of Dr. Brown's system, he could account for this, My difficulty about
his system 1s that it seems to have such a lot of varlable conditions,
which operate in such a lot of varlable ways that 1t 1s almost 1mpossible
to find anything that could not fit into the system falrly well.

DR. J. BROWN (in reply): Dr., Crossman suggests that there are two types of
memory store with rather different properties — one which deals with
unclassified sensory information and one which uses previously established
classificatory responses. He claims that there 1is rapid decay in the first
type but not in the second. I agree that unclassified information 1s
forgotten more quickly than classifled. But I think thls can be explained
without postulating two types of memory store., On my theory, rate of 1oss
of information depends partly on the amount of redundancy and partly on the
appropriateness of the coding., A sensory input invariably contains a lot

* of irrelevant information which 1s discarded in the process of classifi-
cation. Thus, when storage space 1s limited, this makes it possible to code
the wanted information with much greater redundancy after classification
than before, Moreover the process of classification 1s also likely to
improve the appropriateness of the coding. Dr. Crossman's results on the
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memory span are very interesting but he goes something very pecullar with
information theory., He calculates first the selectlve information content
which 1s n log ¥ and then adds to it a term log n! for the order—
information, But the selective information already contalns the order- ‘
information as well as what I have called the what-information (the latter
in Dr, Crossman's experiment would be n log ¥ minus logn!) In private

he has put forward-a rationale for‘coﬁntlng the order-information twice
but 1t does not seem to me to be reasonable to do so. (It should be noted
that the order-information 1is only log n! when no repetitions in the
sequence of n 1tems are permitted and that in this case the total informa-
tion is log Npr for which n log N 1s a satisfactory approximation when N
i1s much larger than n). Dr. Angyan's ideas sound interesting but I do not
grasp them sufficliently well to want to comment., Dr, Andrew had the
impression that I had falled to recognize that Shannon's Theorem no. 11
cannot be made to apply to messages of finlte length, However on p.735 of
my paper I did say "constralnts may exlst - such as not coding over
infinitely long sequences - which are such that even the best possible
code falls appreclably short of the ldeal®, It was because of thls that
curve R in fig. 2(b) was drawn to be below curve C at every point, I agree
with Dr, Andrew that R does not necessarily represent the amount of
information stored with zero (or arbitrarily small) probabllity of error
and this 1s in accord with the facts of memory. On Sir Frederick Bartlett's
points, this remarkable Miss or Mrs, Bldder 1s certalnly a worry to anyone
who clalms that there 1s decay of memory traces. However, she had gone
over the diglts a large number of times, though she had not been tested
for quite a number of years, and I do suggest in my paper that 1t 1s quite
possible to have permanent memories built up, because 1f you can have the
trace still redundant when decay has become slow, then you have the
condition for long term retention.

SIR FREDERICK BARTLETT, CHAIRMAN: The  trouble is that that ought to be
built-up much more often and by many more people,

DR. J. BROWN: Most people do not spend their time learning random numbers.
I think it 1s possible that throughout life the amount of storage space
which 1s avallable gradually decreases - it 1s greatest in the young child,
and becomes less later on. This may be masked by another important fact,
which 1s that, as you grow older, you learn more and more efficlent ways

of recoding. Incidentally, one of the difficulties about doing experiments
on order information 1s that the subject may start recoding order informa-
tion into what-information, The most dramatic demonstraticn of this is

one, I think, by Miller, where he trained university students to recode
binary digits into decimal digits and then, instead of having a memory span
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0f 8 or 10 of these blnary digits, they had memory spans of 40 or 50.

Sir Frederick 1s worried about the predictability of the system., I think
that what one has to do 1s to take very simple situations where as few
variables as possible enter, and then do the experiments under those
conditions. After all, even Newton's Laws of Motlon are only easy to apply
directly to some very simplified physical systems, and in practice it is
often impossible to gather together all the information that you need in

order to apply them.
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‘ AUTOMATION IN THE LEGAL WORLD
FROM THE MACHINE PROCESSING OF LEGAL INFORMATION TO THE PLAW MACHINE"
by

DR. LUCIEN MEHL

INTRODUCTION

I. It may seem an ambitious step to try to apply mechanlzatlion or auto-
mation to the legal sclences. However, a machine for processing iInforma-
tlon can be an effective ald in searching for sources of legal informatlon,
In developing legal argument, in preparing the decision of the administra-
tor or judge, and finally in checking the coherence of solutions arrived at.

(a) Introduclng mechanization in a fleld of this kind is a particularly
complex task, and Imposes heavy obligations. In the first place, much pre-
liminary work 1s needed for introducing automation in legal affairs, and so
much work can only be declded upon If 1t 1s found to be of definite use,
Secondly, such an undertaking 1s not without 1ts risks; the Jurlst may
lose direct contact wlth the sources of law and no longer have the benelit
0of the Intellectual actlvity Involved in searching for information. Lastly,
as a result of mechanlzation of this kind, thought may 1tself become
Inflexible, diminishing creative power and innovative effort.

Nowadays, however, machine processing of Information is becoming essen-
tial; "Homo saplens" 1s In fact exposed to the risk of being overwhelmed
by the vast accumulatlion of knowledge. It 1s becoming increasingly diffi-
cult to galn access to the sources of 1deas, and the researcher wastes
valuable time and often intensive mental effort in detailed and unprofi-
table research, never belng sure whether his investigations will be fruit-
ful, or whether he wlll not by-pass the essential information. Moreover,
i1t happens that writers dolng research In the same fleld of knowledge are
unaware of one another's work; /and‘besides this, the difficulty of find-
ing the information required makes the researchers speclalize still more.
They find it hard to link up the different disciplines, because they are
generally doomed to remain In ignorance of everything outslde their own
customary fleld of investigation.
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Even within a well-defined fleld of knowledge such as law, the researchér '~
1s frustrated in advance by the vast accumulation of Information sources.
In legal matters, the number of laws and regulations and the scope of
Jurisprudence are growing on an alaming scale, and everyone 1s complain-
ing about the situation - administrators and judges, as well as those dealt
with under the law,

Thus the researcher, like the man of action, runs the risk of beling
confined to partial views, just at a time when works of synthesls are
becoming more and more necessary in the modern world. Indeed, it is no
mere chance that during recent years, the new methods proposed to theoretl-
clans as well as to persons engaged in practical affairs all show a con-
cern for synthesls (cf. the use of models, analogous argument in cyber-
netics, operational research, etc.)

It 1s, therefore, desirable to mechanize information retrieval, which
must be speeded up, made more complete, more rellable and lead to synthesls
in documentation. ‘

The spare time created by such mechanization can then be devoted to
research proper, to true sclentific thought.

(b) It 1s likewlse possible to some extent to mechanlze processes of
reasoning in the soclal sclences, especilally in regard to the legal
aspects. The aim must be not only to make avallable to these sclences the
powerful tool of mathematics (especially 1ts new aspects), but also to
perfect and systematize loglical argument, at least for problems whose
solutions can be derived unambiguously from the data (thus thls would not
rule out synthetic control by humans, because the solution to a legal
problem may depend upon extra-rational factors, involving the whole of
human experlence).

II. However, 1if information retrieval, and indeed logical argument, are
to be mechanized, the problem of mechanizing logic must be solved first.
The dream of Raymond Lulle, who mentions this possibllity In his "Ars
Magna"; of Descartes, who lnvestigated the general processes of reasoning
in his "Discourse on Method"; of Lelbnitz, with his idea of a universal
characteristic, the mechanization of logic is possible today, and has even
been rea}ized in certain respects, as demonstrated by M. Couffignal in his
work "Les Machines a Penser" (Thought Machines). In fact, on the one hand
loglc has itself madé definlte advances: we now know enough about the laws
of thought, and we have a better knowledge of the analysis of reasoning.
Boolean algebra offers us a convenient system of symbols in thls respect.
On the other-hand, it Is possible to combine it with binary notation,
which 1s admirably suited for analytical purposes. ;

In addition, this progress in knowledge has been accompanled by improve-
- ment In techniques. Not only have our methods of classification and selec-
tion been improved: punched card systems and - to a still greater extent =
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modern computers, already offer us the elements of solutions. The latter,
In particular, have a great capaclty for storing information with rela-
tively quick access; flexible programmes can be fed to them, including not
only directions connected with mathematical operations, but loglcal
Instructions as well,

The problem of making a "law machine" certainly involves a technical
aspect. It will be necessary to find the type of machine capable of ful-
filling this function, to determine the essentlal features of such a
machine, However, any machine suitable for making selections will generally
be suitable to a greater or lesser extent. The problem 1s thus essentially
a theoretical and logical one. For solving it, we require more highly-
evolved analysis of legal concepts than that to which we are accustomed,
conducted In a different spirit, in some cases. It invites us to define
new legal concepts which will combine easily and unequivocally.

III. One may Imaglne two basic types of law machine:

(1) the documentary or information machine, or - in more familiar
terms - the machine for finding the precedent (or relevant text),
(2) © the consultation machine; 1less properly, the "judgment machine".
There 1s no fundamental difference between these two types of machine;
the difference 1s one of degree rather than of essence. The consultation
machine will give an exact answer to the question put to it, whereas the
Information machine will only supply a set of items of information bearing
nn the problem. Conceptual and relational analysis is more acute in the
consultation machine; 1ts structure 1s more delicate, the network of
Information 1s more finely woven.
In addition, this machine may be called upon to verify the logical
coherence of the legal provisions of laws or conventions.

Finally, the analytical work needed for making these machines may supply
the essential elements for developing a machine for translating legal texts.
The present study will, however, be confined to the first two types of

law machine.

I. MACHINE RETRIEVAL OF LEGAL INFORMATION(*)

1. The Usefulness of an Information Machine

Machine information retrieval 1s thus the first stage in mechanizing
Juridical activities, involving searching for the relevant text, the
Jurisdictional precedent or doctrinal studies,

(*) Here we shall speak of "automatlisation" or "mechanization" rather than of
"automation" in the strict sense of the term. The latter really implles
continuous processes, without human intervention, and 1s more a dream of the
future than an immediate prospect.

(94009) 759



The primary advantage of such mechanlzation is to remedy the difficulties
arising from the multiplicity of legal sources; the law may be international,
national or local; 1t may be expressed in treaties, laws, decrees, regula-
tions, orders In the legal systems of law courts and administrative courts,
in the principles laid down by governing bodles (circulars and instructions),
and in those of writers, (treatlses and reviews). ,

If 1t covers a sufficiently wide fleld, mechanizatlon can also be an ald
in collecting easily, and without error or omission, the ltems of informa-
tion bearing on legal situations, for solving which a knowledge of precepts
falling within different branches of the law 1s required, For example,
assessment of the legal sltuation of a company director leads to investiga-
tions into commercial law, civil (or soclal security) law and fiscal law. In
this connection, a machine could make comparisons which would not have
occurred to man, reveal incoherencies or contradictions which would not
otherwlse have been disclosed, and lastly initiate original solutions, sO as
to advance legal sclence and equitable applications of the law,

2. Principles for Machine Information Retrieval

We already know that the mechanization of information retrieval Involves
a problem of developing concepts and relationships, much more than belng a
technical question. It requires a serles of analyses and syntheses to be
carried out within the mass of legal information.

(a) First of all, the legal information has to be set in order. The 1deal
way of doing this 1s to codify(¢) the sources of the law, whether they be
leglslative or statutory texts or texts of jurisprudence, This 1s not abso-
lutely essential, but in any case 1t 1s necessary to set the informatlon In
order, following the general principle that rationallzation must precede
mechanization. One will then set about establishing the baslc concepts and
thelir relationships, which can be expressed by means of a Juridical algebra
which will facllitate the process of encoding.

{b) The basic concepts are elementary legal notions, the combinatlon of
which will enable all possible sltuations to be defined, in principle.

(1) Determining these elementary concepts is obviously the most
delicate part of the preliminary work for machlne processing legal
-Information.

However, we find an initial step towards this in the legal vocabulary,
certaln expressions of which constitute the tables of law compendiums.
These expressions, which are intended to make reference to the tables or
indexes easier, are sometimes called "key-words" or "gulde-words",

(¢) "Ccdaity" here applies the collection and integration into a single document,
of texts bearing on a branch of the law, presented according to a rational
scheme called a "code".

(%) By "encoding", we mean here the transcription of legal inrormation into a
conventional script which can be used on the machine,
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In general, however, the key-words -~ established on an empirical basis -
cannot be regarded as true basic concepts, Indeed, the legal vocabulary is
often ambiguous. This will be found to apply to the word "droit" itself,
which In French can mean legal science, a faculty or prerogative or again,
certaln dues. In view of this diversity of meaning of the word "droit",
one 1s inclined to reject 1t as a basic concept without any further investi-
gation. The word "acte" is equally ambiguous, meaning elther the legal
action (actum juris), or the legal document (instrumentum juris).

In addition, the language of the law 1s burdened with synonyms, such as
"offer" and "pollicitation", and furthermore these synonyms may cover
nuances which are sometimes imprecise and of doubtful use. For example:
limitation, expiration, foreclosure, prescription; or again, annul, repeal,
rescind. The legal vocabulary sometimes becomes paradoxical. In French,
the members of a "soclété" are "associés", but the members of an "assocla-
tion" are "sociétalres", It will be seen already that it is essential to
give the words a single proper meaning, and eliminate synonyms.

(11) Beslides, the usual legal vocabulary, in particular, is too com—
plex and too rich. A slngle word covers a vast amount of information and
cannot generally be regarded as an elementary concept. In most cases, the
elementary concepts cannot be defined by a single word or phrase.

Moreover, experience and reasoning show that the number of elementary
concepts 1s relatlvely small, and that with a small number of well-chosen
concepts, 1t 1s possible to cover all institutions and situations. Such
reduction of the basic concepts to an elementary form will enable the
simplicity, speed in operation and efficlency of the machine to be
increased.

This 1dea may be expressed more specifically by reference to the expo-
nential law of information. The data, notions, situations or problems
capable of being expressed In basic concepts, affirmed or denled, increase
according to a dual exponential function, whereas the concepts themselves
increase in arithmetic progression.

Thus with two basic concepts, affirmed or denied, 4 logical combinations
can be constructed: 22, or, in binary notation, 00,01,10,11. Thesezcomblna-
tions can themselves be linked up to form 16 logical functions: 227, o, In
binary terms:
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Let us consider, for example, the two binary concepts, man-woman (H.F.)
and single-married (C.M.) There are 4 possible combinations:

FC HC M HM
00 10 01 11

The logical function man becomes:
0 1 _0 1
and the logical function woman.
1 0] 1 0
The aggregate of single people 1s represented by the function:
1 1 0 - 0
The aggregate of bachelors and married women becomes:
0 1 1 0,

etc,

We thus finally get a form of super-encoding in binary notatlon,
which will enable all the logical functions obtained from linking up the
concept combinations to be realized (whereas the mere encoding of combina-
tions offers only limited possibilities).
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With 3, 4, 5, 6 basic concepts, we get the following table:

Basic concepts Logical combinations Logical functions
3 2% = g 28 = 256
4 2% = 16 216 - g5, 536
5 2% = 22 2% & 4,109
6 B = ga 264 ~ 16.1018

One can see the rate at which the number of loglcal functions increases
when the number of basic concepts 1s Increased by a few unlts.

(c) Unfortunately, the method of developling the concepts is rather a
laborious one, requiring systematic exploration and analysis of literature
In the branch of law concerned. First of all, one assembles a number of key-
words or 1deas for guldance; then by successlve approximations one can
obtain concepts which become more and more exact and simple as the material
1s arranged in order.

It must be emphasized that "elementary concept" does not mean "rudimentary
concept', The elementary concept sometimes expresses an extremely pregnant
and significant 1dea, and it very often bears close affinity with 1ts cog-
nate words. In the fleld of chemistry, it may be compared with the atom,
which 1s no less complex than the molecule, of which it is a part.

1. Sometimes the breakdown 1s direct "Lease" can easily be replaced by
"contract for the hire of property" - a grouping of simpler terms;
"articles" by "deed of partnership", etc. However, the first terms will
frequently not exist (i.e. sultable words will not be avallable in the
current language). It may be useful to express them by symbols, because 1f
expressed in current language, they may be rather long. In fiscal law, for
example, the word "contribuable" (taxpayer) which has "redevable" and
"assujetti" as synonyms, 1s not necessarily a basic concept and it may be
advantageous to use the following notion: a person or body corporate,
subject to a fiscal obligation, either as a payee (receiving an income for
example) or as a payer (paying a salary, for example)., Moreover, it can be
seen to be a binary concept. Regarding taxes on income, the blnary concept
"value recelved or given", or "appreclation or depreclation" of assets
(since In French fiscal law, accrued values are in principle subject to tax)
should be used In preference to "profit", "benefit", "income".

In the same way, the word "marriage" 1s not a basic concept in civil law,
There seem to be grounds for retaining the concept of "union” which in
assoclation with others will evoke marriage, company mergers, communal
groups. One might also find that there 1s a concept "division” (divorce,
separation, splitting of municipal area, secession of territories, etec.) and
a concept "cessation” (decease, cessation of an undertaking, winding-up of

companles, etc.)
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2. Moreover, 1t must be emphasised that the 1dea of an elementary
concept 1s only a relative one., The analysis will have to be more detailed
i1t great precislion is deslired, when an attempt is made to apply mechaniza-
tion to a very extensive field. For the information machine, slight
analysls will suffice, whereas the consultation machine 1s more exacting.
In any case, the concepts must always be chosen In terms of the constituent
elements of the problem under consideration, the question posed, and not
In terms of the solutlon or answer deemed to be the unknown.

3. The advantage of binary concepts 1s that they are not only
sultable for encoding; they may convenlently be combined with other series
of concepts which do not have to be repeated in the memory of the machine,
as well, For example, for the concept "person subject to a fiscal obliga-
tion" one will have only a single-list of the different persons or bodles
corporate, whether they be payees or payers. In the case of the concept
"value given or recelved" there will only be one list for these different
values, the lists themselves belng series of elementary or compound
concepts (It will sometimes be necessary to use ternary, quaternary
concepts, etc.x) '

(d) In the information machine, the combinations of, and relationships
between, concepts are very simple., Whereas in a consultation machine all
the logical functions have to be used, especlally implication, two functions
suffice here: conjunction or logical product of concepts, expressed In
current language by the word "and", and disjunction, expressed in current
language by the word "or", Conjunction and disjunction suffice to bring
about the combinations and relationships of concepts defining the various
legal situations. '

3. Designing the Machine

(a) Any machine capable of selection can be adapted for machine informa-
tion searching.
1. The first stage of the information machine is the card-index. Sets of in-
formation, encoded 1f necessary, are recorded on the cards. The card-index
1s an Iimprovement on the book, the code or the table. It can easlly be
brought up to date by withdrawing or adding items, and the classificatlon
can be changed 1f necessary. In this way, the mobility of the basic informa-
tion 1s ensured. -
2., The second stage consists of using laterally-punched cards (selection by
rods) or cards with general punching (visual selection). The card-index can
then be consulted without any strict order for operating concepts being
Imposed: selection thus becomes commutative, and is speedler as well., In
addition, there 1s no reason in principle for bothering to reclassify any
cards which may be put back loose in the card-index,
3. Lastly, electro-mechanical processes (punched card systems) or electro-
nic processes (computers) can be used, Selection thus becomes automatic
and we can then speak of an "information machine"”,

* See Part II.
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(b) The contents of the elementary document will vary according to the
process used.

i. First of all, a cayd can be made out for each reference unlt (clause of
an act, legal declsion, doctrinal study). The punch-holes In the card, or
the recording on the magnetic tape correspond to the essentlal characterlis-
tics, 1.e, to the basic concepts applied In the reference unit concerned.

With the manual, visual, and even punched-card selection systems, 1t 1s
possible to have the legislative text or legal award, etc., recorded-on the
basic document, card or microfilm, allowing just a summary to be used. An
electronic computer, on the other hand, will normally only give references
(printed in plain language), and 1t will be necessary to refer to codes,
digests or card-indexes,

2. One can thus apply the method of using one card for each fundamental idea
or basic concept. The reference which covers the ldea or concept concerned
1s defined by its co-ordinates and marked on the card by a small perforation.
To find the reference (text or award) corresponding to a set of concepts, the
cards relating to these concepts are superimposed. The references can be seen
in the form of points of light. The advantage of thls system 1s that no
strict systematic arrangement of the concepts or complex codification is
needed (Selecto system).

(c) The choice of technique will depend upon the extent of the legal
field concerned and upon the requirements of the service, account belng
taken of the information capacity and selective speed of the various 1tems
of equipment.

1. The hand-sorted cards with lateral perforations allow 100 (4 x 25) elemen-
tary items of information to be recorded, which represents only about 6 basic
concepts (with 128 perforations it would be 7). The number of concepts canbe
ralsed to 36 1f they can be split up Into 12 independent serles of 3 concepts.

The visual-selection cards have a greater capaclty (e.g. Filmorex,

20 X 28 = 560; Kodak 42 x 70 = 2,940), and the scope of the Selecto system
seems to be of the same order. Adoption of card~indexes of this kind 1s in
itself a definite advance,

The ordinary punched card-indexes have an intermedlate capaclity of 800
(80 x 10), but they have speedier selection.

As for the capacity of the great electronic units, it Is practically
unlimited. i
2. The speed of selection must be taken into account, With hand-sorting,
12,000 cards can be dealt with per hour; 36,000 with visual selection and
60,000 with punched card selection. The selective speed of computers is
beyond comparison with the speed of.these systems (900,000 - 1,200,000
characters per minute). .

3., It can thus be seen that 1f the amount of material to be recorded is
large.(and this 1s the case with legal materlal, owing to the accumulatlons
from the past), automatic processes are needed,
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The punched card system 1s not itself very satisfactory, as demonstrated
by the test carried out in the Supreme Court of New Jersey (U.S.A.): Selec-
tion covered 180,000 cards on JuriSprudence and the walting period (maximum)
was up to three hours, definitely longer than traditional procedures take.

Remedlal measures can no doubt be found, such as dividing the card-index
Into relatively homogeneous and independent sections, which In some cases
willl enable the selectlons to be confined to a single section (but then the
benefit of fully automatlic operation and the possibility of comparison and
cross-checking between the different sections 1s lost). We thus find that if
1t 1s desired to speed up searching for the required information, electronic
processes must be adopted when the equivalent of 100,000 punched cards 1is
exceeded. Exploration of the memory 1s thus infinltely more rapid, particu-
larly when such exploration may not be exhaustive, 1f the memory 1s partially
faddressable", %

(d) Mechanization of legal information thus leads to a certain amount of
centralisation. '

With manual or visual processes, thls centralisation is confined to the
study of concepts. This 1s done by a single team of specialists, which con-
stitutes an "intellectual Investment®; the cards can then easily be repro-
duced and distributed among subscribers,

With an electronic computer, however, it 1s the work of consultation 1t~
self which 1s centrallsed. Owing to the cost of such a machine, automation
of legal information can only be undertaken on a national level., The machine
could be installed at a legal information centre linked by teleprinter, or
some other convenient means, to Parliament, to the principal courts and the
major administrations. Capacity use would thus be ensured, and 1t would cer-
tainly be profitable, in view of the working time made avallable,

4. Advantages of the Legal Information Machine in Greater Detail

In the further discussion below, we shall assume that we have at our
disposal a keyboard machine (digital); in effect, a computer,

(a) On the keyboard of the machine a concept will occur once only,
whereas in the analytical table of a digest the key-words must be repeated.

Let us consider company law, for example, Under each of the headings,
formation, dissolution, prorogation, etc., we shall find the following
sub-sections in the analytical table:

private company, limited partnership, limited 1iabllity company, Joint-
stock company, etc. :

But each of these sub-headings will occur as a keyword in its alphabetical
or logical place in the table, the key-words themselves becoming sub-headings.
One will see the following, for example:

* The electrostatic memory recently invented by the French engineer Edgar Nazare
seems to meet the requirements of the law machine (memory based on a register
system and binary notation, addressable and practically unlimited).
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Limited liability company
formation

dissolution

prorogation etc.

It will be seen that, 1f the number of key-words 1s m, the complete
table will contain m! lines (assuming that all the permutations are valid).
If the table is divided up only Into headings and sub-headings, it will
still contain m(m=1) lines.

A Keyboard of elementary concepts would thus allow a considerable amount
of simplification,

(b) A second advantage of the machine lies in the fact that for the pur-
poses of consultation the concepts may generally be taken In any order,
especlally when the question posed consists simple of a conjunction of con-
cepts, If 1t 1s a keyboard machine, no specific sequence for striking the
keys 1s required. With the digest tables which cannot give all the permuta-
tions, on the other hand, a certaln sequence must be followed, involving
the risk of wrong selection. In other words, with the Information machine,
the operation of selection 1s made commutative, and the machline reduces the
maze to be searched, )

Furthermore, by using fewer concepts than the number defining the problem
posed, one obtains information on more general situations. By substituting
one concept for another, information on closely-related situations can be
obtained. '

(c) A certain amount of training will undoubtedly be required for using
the machine. The operator will have to know the unnamed concepts and the
way to combine them. Only a minimum of preliminary tralning will be needed,
however, Moreover, a table of definitions for the unnamed concepts can be
supplied with the machine., A dictionary for translating the common concepts
into basic concept combinations may be conceived as well. The word
"dictionary" brings out well the idea that the Jurlst using the machine
will have to learn a new language.

Furthermore, the effort of defining and using new concepts will lead to
progress in legal sclence, owing to the heurlstic value of analysis and
synthesis carried out according to procedures different from the traditional
methods in law, .

Thus Mr. Aurel David - who has done work on the foundations and symboli-
zation of civil law - was able to reduce all the contracts to sale and hire.
Whence we get a more precise conception of what i1s truly human In man.

His capacity for work, his intellectual power, is no part of hls actual
person, since under certain conditions it may be made the object of a
contract (ref. g). Moreover, the present writer has reached the same
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conclusion in analyzing in fiscal matters the notion of income, which in
every case comes from one source: capltal, which may be elther a material
good, or the physical strength or aptitudes of man,

IT. AUTOMATION OF LEGAL ARGUMENT

One may concelve of a machine capable of providing an exact answer to a
problem put to it, and not merely a set of information on the problem.
Development 0f such a machine required more detalled analysis of the con-
cepts and the application of relationships more complex than those of the
information machine,

1. Principles

(a) Autcmation of legal argument can be achlieved in two forms:

1. One may merely mechanize a limited process: the machine will then
provide a decision within a highly speclalized field of law.

One may, for example, Imagine automatic involcing with the ald of
punched card techniques consisting chlefly of the calculation of taxes on
turnover applicable to the various products sold, according to their
nature and intended purpose or destination.

2. One may also concelve - more ambitiously - a consultation machine
which will answer any question put to it over a vast fleld of law.

Such a machine will obviously be more complex than the previous one,
but according to the exponential law of information, 1ts complexity will
increase much more slowly than the volume of legal Information which 1t
can handle. Thils means that a machine covering the whole fleld of law
would be simpler and less cumbersome than a series of machines handling
separate legal sectors. Moreover, such a machine would be more efficlent
than all the others together, because it would provide complete and general
solutions and would enable interesting comparisons to be made, Whatever the
slze of the machine, however, the theoretical solutions are the same.

(b) Elements of the Solution to the Problem. 1. The consultation machine
will first of all require more exact use of specific concepts than the
information machine, The latter supplies, In fact, documents or - what
amounts to the same thing - references to documents, whereas the consulta-
tion machine must provide the solution to a problem, The concepts must thus
combine with each other according to a strictly loglical system.

2. Moreover, whereas the informatlion machine only uses conjunction and
disjunction, the consultation machine needs all the loglcal functions:
affimmation, negation, conjunction, disjunction, equivalence, implication.
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- 3. Let us, therefore, study how these functions can be expressed and
handled in binary notationx.

Let A and B be two concepts. Expressing negation by a line above the
symbol, we may have, as we have already seen, the four following situa-
tions, according as the concepts are both absent from the combination con-
cerned, one of them is present, or both are present.

AB AB AB AB

Representing negation by 0 and affirmation by 1, these combinations
can be expressed as follows:-

00 10 01 11

Glving each of these combinations value O or 1, according as one of
the concepts in them 1s denied or affirmed, we get a series of logical
functions., In particular, A 1s expressed by

0 1 0 1
and B by
0 0 1 1

The disjunction of A and of B, which we shall express as "AuB", Is
defined in binary notation by associating the value O with the simultaneous
absence of A and B and the value 1 wlth the other combinations:

A 0 1 0 1
B 0] 0] 1 1
AuB 0] 1 1 1

The conjunction AB, the case where A and B are both verified at one and
the same time, will obviously be expressed by

A o] 1 0 1
B 0 0 1 1
AB 0 0 0 1

Every time we have to combine logical functions, even of an order more
than 2 (1.e, derived from more than two concepts) we will know that the
function "disjunction” belng 0111, the resultant logical function is
deduced from the functions for combination, by writing 1 when 1 occurs

* Cf, Louls Couffignal, "Les Machines 4 Penser" (ref.2). This work gives a precise
account of the mechanization of logic, from which we have taken inspiration here.
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in any of the functlions In the row concerned, and 0 if all the functions
in the row Include a 0.

It 1s easy to verify that the process of "comjunction® 1s very simple,
as well: the resultant function 1s deduced from the functions to be com-
bined, by writing 1 when there is a 1 in all the functions in the row
concerned, and O in the contrary case.

The process of implication is more complex. If Implication 1s expressed

as( » We may write:

A( B = AuB

If, in binary terms, A is written as 0101, A 1s 1010 and B 0011,
hence Au3 = 1010u0011 = 1011,

The function of implication is thus 1011 1n binary notation. It means
that, in comparing the various rows of the implying function and of the
implied function, we must adopt the value 1 to determine the resultant
function, except if there is a 1 in the row of the implying function and
a 0 In the corresponding row of the implied function, in conformity

with the following:

A 0 1 0] 1
B 0 0] 1 1
1 0 1 1

It the resultant function only contalns a series of 1's, 1t means that
the Implication is verified. If it contalns at least one 0, it is not
verified (see example above).

4, The concepts and relationships can thus be translated into the binary
language of the machine, but to arrive at this result it will be necessary
to arrange an intermediate stage and use an Intermediate language (or
rather, script) between the legal language, which remalns a human language,
and that of the machine. This intermediate script, which must define
symbols, will be, as 1t were, a legal algebra.

Indeed, the need for a system of symbols is manifested every time
one wishes to Introduce strict logic into a branch of knowledge (e.g.
mathematics or chemistry). Symbolism ensures accuracy in expressing basic
data and speed in notation. It enables reliable reasoning to be conducted,
avolding any ambiguity in the combination of concepts, But 1t remains
intelligible, whereas the machine binary script is a disconcerting
abstraction. ) :
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2. Concrete Example.

To 1llustrate our proposition, we shall give an example of mechanization
applied to a system of taxation on turnover.

This exercise In filscal algebra will no doubt appear rudimentary. The
concepts Involved would admittedly appear to be inadequate for the require-
ments demanded from the baslc concepts, in a more profound analysis.
Furthermore, the example 1s relatively simple, as the concepts in questlion,
affirmed or denled, are 4 in number,

Nevertheless, this example glives an intimation of what might be the way
in which a juridical machine will work.

(@) Account of the System and Equations. We shall assume that in a given
country a system of taxation on turnover 1s in force, the rules of which
are as follows:

The system 1s cumulatlve, so that every transaction involves taxation
0f the overall value of the product.

Any supply of goods by a taxpayer to a person or (corporate) body,
whether a taxpayer or not, involves taxation, if it 1s made within the
country, at a principal tax (Vi) the general rate of which is t,.

The sales of retallers (D), however, are subject to tax at a reduced
rate (t-), 1f they are current products (Pc¢), but If the same retallers
sell luxury goods (P1) the tax 1s levled at the higher rate (t,) never
charged when the sales are made by a wholesaler (G), whether he be manu- -
facturer or trader.

The manufacturers (F) are subject to the principal tax under the same
conditions as the traders (C)., However, 1f they make sales direct to con=-
sumers (manufacturing retallers, FD) they pay an extra tax (VZ) at a rate
t', in addition to the principal tax at the general or higher rate.

Lastly, exports are tax-free, but i1f the goods are exported by a trader
(1.e. a non-manufacturing person), he gets a refund (R) of the tax levied
at the previous stage, as well,

It the Items are represented as follows:

[N sales
—t exports
] : tax

the relationship orva necessary and
adequate condition,
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then conjunction of the concepts being expressed by Juxtaposition of the
symbols, and negation by a line above the symbol, we get

(1) ¢ s =8Vt

(@ coFe , =sv .k

P1 =
(3) ¢CD > =5V t+

(4) FD_c y = (8V4tp) (sVyt!)
(59 mP1_y = (sVyt,) (sVpeY)
(6) C_4 » =S8R
(7) F_4 5 =B8R
It will be seen from this example that 1t is possible to represent a

relatively complex system with a small number of logical egquations (7).

(b) Transcription into Binary Script. Transcriptlion of these equations
into "intelligible" binary script for the machine {s a relatively simple
matter,

It is easy to confirm that the terms on the left-hand side of the
equation only concern four basic blnary concepts.

Let us give the arbitary value 0 to one of the serles, and the arbltary
value 1 to the other,

0 l C D —f>P1

1 l F G —F>P

4
These four concepts can provide zz logical combinations in which
they are successively affirmed or denied. Their associated bilnary numbers
are as follows:

F 0101 0101 6101 0101 C 1010 1010 1010 1010
G 0011 0011 0011 0011 D 1100 1100 1100 1100
———0000 1111 0000 1111 > 1111 0000 1111 0000

P, 0000 0000 1111 1111 P1 1111 1111 0000 0000

.
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(c) Example of the Machine in Operation. (1) Let us form the loglical
function which expresses the causes of taxation at the extra tax t'. If u
expresses disjunction we get the following in symbolic notation:

Pe P1 ) = FD
SVzt' = (FD —=; ) u (FD _ _ ’
then effecting conjunction of F, D and
F 0101 0101 0101 0101

D 1100 1100 1100 1100
> | 0000 1111 0000 1111

FD  —— ! 0000 0100 0000 0100

(2) Using [ for the implication function, we now put the question

P.
S { SV, ?

7 N

We first of all carry out conjunction of the terms of the first part:

F 0101 0101 0101 0101

D 1100 1100 1100 1100
—_— 0000 1111 0000 1111

P, 0000 0000 1111 1111

FD Pe < | 0000 0000 0000 0100

' To find out whether the first part Implles the second, we shall combine
it with the second part by means of the implication function (1011).

P
c
FD 5 0000 0000 0000 0100

SVt 0000 0100 0000 0100

The resulting function 1s:

1111 1111 1111 1111
since 0 1 0 1
0 0 1 1
J J J ¥
7/
1 0 1 1
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That 1s, the relatlionship:
,_f>( SV t! 1s a true-one

On the other hand,

p
C
cD— __ SVyt' 1s false, because
PC
with CD —> 0000 0000 0000 : 1000
SVZC' 0000 ,0100 . 0000 0100

the resultant function is:
1111 1111 1111 0111

One can see, moreover, that when the machine gives a negative answer it
indlcates at the same time, by the position of the zeros, why the answer
is negative. In ract. ‘1t 1s easy to confirm that 'in order to have a 1 In
the thirteenth position, positions 13 and 14 of the first function must be
reversed, 1.e. manufacturing retailers are 1nvolved The machine thus gives
motivated decisions.,

It will also be noted that 1r one omits to insert a condition in the
question posed, the machine will point out this omission as well. In
other words, not only does 1t motivate its answers; a dialogue may arise
between 1t and the person consulting 1t, as well. ,

0f course, in this example, which comprises only 4 basic concepts, the
results are almost Immediately apparent, which would not be the case with
a greater number of concepts. With 20 baslc concepts, for example, ‘the
machine would provide much less obvious answers and would make 1ts
deductions quicker than a human being.

(4) Supplementary Rémarks. (1) In the foregoing example, the basic con-
cepts are bilnary., It might be objected that the numerical symbolism adopted
1s inadequate, 1f, for example, the concept constitutes an odd aggregate.
In practice, however, one can always reduce a complex concept to a -
system of conjunction:and disjunction of binary concepts.
We shall consider an example:
Let us imagine that we have to transcribe the following three concepts

into binary notation:
Manufacturers F
Farmers. . Ag
Traders N,
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representing the various parties subject to a glven tax:
we shall make
A1 = F u Ag

FulN

Ay

' These concepts, -obtained by disjunctlon, also have a concrete meaning:
A1 represents the producers (agriculture and 1ndustr'y) and A2 thé merchants
(commercants) in the legal sense(*) (who 1n French law include traders and
manufacturers, but not farmers). : i

We then write:

0101 producer

>
[
K

= Fu Ag

1010 non-producer

= Fu Ag

[
(=9
[

=FuN

l\')>
I

0011 merchant

1100 non-merchant

A2.=F‘uN-

and then get: .

=3
[
>
-
>
-
[

= 0001

0100

=
[0
L
=
fus
’\?
n

0010

=A2'A;'

To this 1ist we may add the- taxpayer: .

A =Fu AguN 0111
and ‘the non-taxpayer:

1000

A TRt

It may even be useful to draw up a llst of all 16 possible combinations
which have a concrete meaning. , o . .

% This 1s why we have chosen here the word traders (negociants) to-designate-
merchants 1n the usual sense of the term (sellers, not manufacturers).
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0000  A.A No-one 1111 Au A Everyone

1000 Iy Non-taxpayers 0111  A=FuNuAg All taxpayers
0100 Ag Farmers 1011 Zﬁ=FuNuX' Everyone except farmers
1100 Fun Non-merchants 0011 FuN merchants
0010 N Traders 1101 N Everyone except traders
1010 - Fuag Non-producers 010l  FuAg Producers
0110  AguN  Taxpayers 1001 AguN = AuF  Non-taxpayers or
non-manufac- manufacturers
turers
1110 'F non-manufac~ 0001 P Manufacturers
turers

We thus see what a large number of different combinations can be
obtained from two concepts which are affirmed or denied.

(2) One may also note that the order in which the concepts are chosen
is Immaterial; but this of course assumes that by "concept® we mean a
notion with a well-defined function in a system of relationships.
I1f, for example, we write

A SN

(a non-taxpayer sélling to a trader),
A and N have not the same function as in
Ne—>A

In other words, a notion such as "trader" may cover several concepts
(in lingulstics, this 1s the phenomenon of declension). If one wishes to
redquce the number of concepts, some order must be assigned to them (as in
French or English syntax, whereas in lLatin the word-order 1s opciona1° at
any rate, largely so).

It seems, moreover, that the electrospatic memory to which we have
already referred, enables the concepts to be taken in varying order, which
may lead to simplification.

More generally, it seems possible to concelve of machines programmed in
such a way that the meaning of the words and propositions depends - as in
natural language = upon the general context, whlch would constitute a
further advance.
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(3) It will 11kewlse be advantageous to dlvide the field of concepts
Into separate groups wherever possible., This will also lead to simplifica-~
tion of the machine's communication network, and will enable meaningless
combinations to be eliminated, as well.

However, the necessary precautions should be taken so as not to deprive
the machine of combination possibilities which might prove significant and
useful,

3. Designing the lMachine

We shall not dwell upon the design processes, the principle of which is
the same as for the information machine. Improved equipment is required,
however, and thls rules out manual systems. Moreover, 1f mechanization of
an independent process can be done by using a punched card system, a con-
sultation machine - to be really efficlent - needs an electronic computer
with a memory which 1s largely "addressable",

CONCLUSION

The limits to Mechanization

Whether for the Information machine or for the consultation machine,
there are obviously limits to mechanization bound up with conceptual diffi-
culties and with the existence of extra-logical factors. The machine is at
the most suited to pursue an argument. It 1s incapable of evaluating data,
and "a fortiori" of elaborating the principles of law.

(I) However complete the checking of legal material may be, however
subtle the analyses carried out, however elaborate the classifications, 1t
1s probable that certaln spaclal cases, certaln marglnal situations will
escape the designers of the machine, as demonstrated by the (apparent)
paradoxes of the loglc of aggregates, .

Furthermore, this difficulty is not pecullar to Jurisprudence., It occurs,
for example, 1in the natural sclences (classiflication of specles) and even
in mathematics, where 1t 1s sometimes necessary to discover - for the
expression of a function (and particularly for transitions to the limit) -
formulations which are at once more exact, more general and more significant.

Besides this, 1t may happen in law that in certaln speciflic cases, mere
application of the principle of law leads to results which are manifestly
absurd or iniquitous. It is then for the judge to seek out the underlying
slenificance of the principle, the exact limits to 1ts fleld of application
and, 1f possible, more exact and adequate expression of the latter,

He will no doubt sometimes have scruples about deviating in thls way
from the application of the principle: the danger lies in glving way to a
pragmatism which may be suspect. However, making Judgments often involves
departure from strict logic, which 1s proper to the machlne.
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(II) To Judge 1s lilkewlse not merely a process of applying the princl-
ples of logic. It involves use of all our resources, the totallty of human
experience, processes which are not wholly conscious but nevertheless valld,
It 1s precisely because we do not know the source and mode of development
of the moral principles, legal standards, aesthetic canons that we rely,
for making decislons and resolutions, on the comparison of consclences,
in the spontaneity of tastes and inclinations (ref. 4J.

Furthermore, there i1s no reason to suppose that these obscure processes
of human thought correspond to Inferlor spiritual states. The contrary 1is
very much the case: a desire to confine one's self to purely rational
measures, supposing that this would be possible, would mean condemning one‘'s
self to Impoverishment of thought, to desslcatlon of the spirlt.

Moreover, 1f the humanitles are in some respects tending to take inspira-
tion from the methods of the exact sciences, these latter are paylng more
and more attention to closed systems, the seat of complex equilibria,
whereas 1n bygone days sclence analyzed open systems above all. Now 1t was
in the fleld of the blologlcal sclences and the humanities that the import-
ance of the general and mutual Interaction of numerous complex factors was
first felt.

Thus although the juridical machine 1s suited to conduct legal argument,
it 1s incapable of evaluating facts. This task falls to man, because the
factual world often defles pure (rational) analysis. Finally, although the
machine may be able to suggest solutions to us, 1t cannot formulate pre-
cepts, Elaborating the principles of law 1s for man to undertake. ’

A Juridical machine can thus only be an aid to the jurist and not a sub-
stitute for him, '

We shall have no "electronic Judges" In the world to come, any more
than we shall have a machine to rule us. :
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DISCUSSION ON THE PAPER BY DR. L. MEHL

PROF. Y. BAR-HILLEL: I am sorry that I missed Dr. Mehl's oral presentation
and I shall now make my comments on his preprinted paper., I hope there was
no strong divergencies between the materlal presented on these two
occaslons,

First, I would like to draw a still sharper distinction than Dr, Mehl
did between the two types of information-providing systems; the one whose
output 1s a 1ist of documents, a set of abstracts, a set of documents, or
anything that stands in a one-to-one relatlionship to them, and the other
that provides a sequence of statements as an answer to a question., Not only
1s Dr. Mehl's distinction not drawn sharply enough but he also belleves
that these two systems show a close relatlionship to each other. I do not
think so. For the last three years, I have tried to lmpress people with the
fact that these two systems are quite differently organized and that there
exist no a priorl reasons to belleve that they:have anything of lmportance
in common., (ref.l) To my knowledge, there exists in England no mechanlzed
system of any generallty that provides answer to questions. Attempts to
create such systems have been made in the United States, and perhaps also
elsewhere, but I know of none that were really successful.

The two types of informatlon-providing systems have so often not been
told apart or, even when thelr differences were recognized, were regarded
as having a closely related structure, as with Dr, Mehl. One reason is that
the usual procedure of getting an answer to a factual question (of which
no one in the neighbourhood remembers the answer by heart) 1s to first
determine one or more documents (reference books, catalogues, research
papers, etc.) that have a good chance of contalning the answer and then to
scan through these documents - preferably with the help of an index - in
order to find the answer, The first stage of thls two-stage procedure of
providing answers 1s then indeed identical with the only stage of the
provision of a reference 1ist of documents that are (presumably) relevant
to some research problem, However, Jumping from this obvious fact to the
conclusion that therefore a mechanized one-stage answer-providing system
must be structurally similar to a one~stage reference-providing system 1s
a clear non sequitur.

In the customary two-stage answer-providing system, the first stage can
be mechanized to a certain extent, as I mentioned In my symposlum paper as
can, of course, the structurally ldentlcal only stage of the reference-

Ref.1 on page 787.
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providing system, I tried to show there that there 18 no serious chance

of mechanizing the second stage. Total mechanlzation of an answer—
providing system is therefore incomparably more difficult than the mechani-
zatlon of a reference-providing system. It 1s not Just a historical
acclident then that hardly anyone has so far trled to develop mechanized
answer-providing systems and that those who have tried did not get very
far, Dr, Mehl gives some indication how such systems could be developed,
but his indications are surely not explicit enough to tell how one should
really do 1it, . _

I personally do not think that you willl see any serlous developments in
this direction in the near future, For some very restricted fields one
could probably do something, though not very much, because the answer to a
specific question will in general not jJust be stored in the memory; most
of the time you will have to deduce 1t from what 1s stored, and unfortu-
nately machines that are able to deduce are hardly 1n exlstence so far.
The logic which Dr. Mehl 1s mentioning in his paper, namely propositional
calculus or Boolean algebra, 1s only a very small part of the loglc which
1s needed for real deduction., There 1s no indication that Dr., Mehl 1s
aware of thils simple fact.-

In addition, in order to serve as a medium of deduction, ordinary
languages would have to be normalized, a problem which Dr., Mehl realizes
wlithout seeing through all its formlidableness. No serious attempts exist-:
so far to provide such a normallzation for any fleld of appreciable
extent. If Dr, Mehl believes that this can be done in the foreseeable
future, I would want to most strongly insist that there exist no Justifi-
cation for this bellef, The problem of transforming ordinary language into
a formallsed language system whose underlying loglc is at least an applied
tirst-order functional calculus, has hardly been scratched so far, and
nothing Indicates that the enormous problems involved are on the verge of
being solved. (The only relevant study of which I am aware 1s a report by
Miss Thyllls Williams),

Let me also remind you of a fact well known to logicians that for
language systems of the kind mentioned there exists no mechanlcal method
to tell whether a certaln sentence does or does not follow from a certaln
class of other sentences, though such a method exlsts, of course, for a
system whose underlying logic 1s the propositional calculus. But then, as
sald above, such systems would be totally Ilnadequate,

The examples worked out by Dr. Mehl in connection with this problem
ingenlous though they are, show the difficulties rather than a possible
way out. If you go carefully through all the Intricate symbolism, you will
notice that the argument 1s totally ad hoc. No indication at all is given
how one could derive, from this example, any generalisation of how to
treat a similar subject. Similar examples are treated in first—year courses in
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in logic. But surely there exists no unique way, or rather no way at all,
for generalizing from such examples. So altogether, I am afrald that the
hopes that information retrieval systems combined with logical deduction
machines could be of help in solving problems 1n legal sclence are very
premature, to put 1t very mildly.

MR. R. BENJAMIN: Prof. Bar-Hillel had to apologise that he had read the
paper but not heard the lecture, I am afraid I have got to make the.
reverse apology; I have heard the talk but I have had no opportunity to
read the paper,

Dr. Mehl points out that an essential preliminary to any mechanised
literature search, in this fleld, 1s a rationallsation of the literature
fi1ling and indexing system, and that this rationallsation will be a major
help by 1tself, whether or not mechanisation follows it., Referring to the
possibilities of using electronic computers in the interpretation or
possibly also In the drafting of legal documents, I feel the same problem
would arise, and 1t would be a very severe one, From my very limited
knowiedge. it appears that legal documents use as few individual state-
ments or sentences as possible, and make those as long and involved as
possible, Computer language requires a very large number of very simple
and conclse statements; thus there 1s a very large problem In translating
between these two languages. Indeed to a layman the rationalisation
involved 1n putting some of the legal documents into the form of simple
statements sultable for a computer, might be a very big help In itself -
as well as being a formidable task,

MR, E. A. NEWMAN: I would suggest that, in certaln respects, Prof.
Bar-Hillel's criticisms of Dr, Mehl's paper are fallaclous. Information
retrieval 1s a subtle subject, and I shall attempt to make my polnt by use
of an analogy. For my purpose there is sufficient analogy between solving
a legal problem - or any other problem for that matter - and solving a
generalised Jig-saw.

Assume a store, contalning all the pleces of every jJilg-saw puzzle that
ever was, Assume that starting wilth one plece we have to make a complete
plcture, .

What we would 1ike 1s to find a label 1n the plece we have, in the form
0f a route Iinstruction to get us to a store location which would prove to
have Just the remaining parts of our picture - and these already fitted
together, The next best thing to thls is for the plece we have to lead us
to one plece that fits to 1t, and in turn leads to another plece, and so
on. We are very much worse off 1f the clue on the jlg-saw plece we have
leads us to a location contalning Just the remalning pleces of the puzzle
as a random arrangement, for then we have the difficult task of finding
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in what order the blits fit together, If besldes the Jig-saw pleces we
need, the store location contalns pleces of many other jlg-saws all mixed
up - then we have a collosal task ahead,

The purpose of a library retrieval system 1s to find for us the informa-
tion =~ the jJig-saw pleces - we need, correctly ordered and marshalled, The
Jig-saw plece we have 1s often Just a set of impulses in our central
nervous system = which make us speak, or move, or make sultable noises. The
resulting speech movements or nolses should lead us directly to a store
location containing just the information we require suitably marshalled.
Nothing short of this 1s entirely adequate,

To achleve this the storage system must contain a parcel of correctly
marshalled information for every problem we are ever going to wish to )
solve - to forecast these requirements is truly a Herculean task., Each
parcel must be.in a separate store locatlon so organised within the store that
the clue in our mind leads directly to it, In other words the information
retrieval system has to fit all the problems we wish to solve, and the way
we are goling to ask for the informatlion., Given foreknowledge thls could be
done. No store location would contain a book, but rather the relevant
information extracted from many books.

In practice we use a common language coding system that takes us to
several books and within the books use a common language index system to
take us to ltems, We converse with a librarlan - who to some extent knows
what 1s in his books -~ and with his help convert our question into one
that fits the system, But one thing is sure; to be of any use the coding
systems we adopt must be related in some way to the problems we wish to
solve, and the form our questions willl take, When Prof, Bar-Hillel suggests
that the indexing system one uses 1s quite different and unrelated to the
question one asks = that 1s nonsense; 1n so far as it 1s so the index
system is no good. ,

Further, as Dr, Mehl says, because in legal matters 1t 1s possible to
some degree to anticlpate the problems to be solved, and the form questions
will take = to that degree it 1s possible to make a good index system -
and In so far as it will relleve the llbrarian of some question matching -
thus far the retrieval system can be automatic,

MR. J. W, FREEBODY: I think there must be something fallacious in

Mr. Newman's own argument because 1f hils hypothesis is true how 1s 1t
possible for one to solve the type of problem which requires some
originality of thought for its solution?

DR. I. C. PRICE (written contritution): This 1s a most intefesting and
clearly written paper. The development ©of techniques for searching for
items of information and combining them logically would seem to have appli=~
catlons to much wider flelds than law: for instance, sclentific literature
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searching, literary and textual criticism, and the mechanisation of office
administration.

The use of large computing machines for legal purposes ralses a number
of interesting questions. If In a2 modern soclety the statutes, regula-
tions, by-laws and legal precedents have become such a tangle that large
computers are now required to deal adequately with regular legal business,
the approprilate cure would appear to be common sense and self-control in
the leglslature rather than computers in the jJudiciary., But the use of
formal loglc in clarifying legal concepts and detecting inconsistencies 1is
another matter, It could be argued that the deslrablility of avolding
ambigulties and inconsistencles, whether in new statutes or in case law,
Is such that formal logic ought to be used wherever practicable: and it
may well be that the compllication of the problem of applying formal logic
to real legal problems would be such as to requlre the use of computers.

One fleld which might be used for a "pllot" Investigation is the -
detection of Inconsistencles in the rules of an assoclation. This task
would have two advantages, In that the fleld of concepts used 1s much
narrower than that in the common law, and the law 1s already codified. The
task of detecting inconsistencles In assoclation rules 1s not entirely a
trivial one: flaws are sometimes discovered in complicated rules, even
when great care has been taken in drawing the rules up. An example occurred
in the election rules of the Cambridge Union in 1956,

When the technique which the author has appllied to his "tax" example is
applied to a practical situation that might arise in the application of
the rules of a soclety, one limitation shows up very seriously., This is
the size of the storage required to describe a situation with » concepts.
The storage of the description of each situation requires 2" bits, Quite
a simple problem can involve 30 concepts, which means that each storage
location in the legal machine would contain about 109 bits, which is about
104 times larger than the whole lmmedlate access store of a large modern
electronic computer. So I doubt 1f the author's method of reducing legal
argument to Boolean arithmetic will ever be used in practice, It might be
better, though more difficult, to dry to develop a method of mechanical
reasoning using Boolean algebra rather than Boolean arithmetic.

DR. L. MEHL (in reply): In spite of the precautions I hoped I had taken in
my paper and speech, I find that my designs of juridical machines give
rise to serious objections., However, I thought I had been prudent in my
statements., It seems I was not. But now, I cannot go back and my duty is
to face all the questions arising out of my ambitious designs!

The first question, examined by Prof, Bar-Hillel, 1s the distinction
between the information retrieval machine and the machine for legal argu-
ments: I persist in thinking there is no difference Iin a sense, because
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the second machine, the machlne for legal arguments, has not the preten-
sion to create Information. This machine only transforms the data accor-
ding to loglcal rules. Of course, the analysls of the concepts and of the
relations between them 1s more compllcated In. the second machine and more
preclse, but I do not belleve there 1s really any essential difference
between thls machine and the one for information retrieval.

Indeed, thils statement 1s not universally valid. But It 1s true in the
area of legal problems, because the solutlon of these problems consists
generally in finding a similar case foreseen by the written law or stated
by a precedent award., In these conditlons, 1t 1s possible, in legal
matters, as Mr, Newman sald, to anticipate, in a great number of situa-
tions, the problem to be solved. If the case iIs not expressedly foreseen,
then the machine can only help the Jurlist find the solutlon; but it 1s
unable to give it. I insisted on that point 1n my paper. In other words,
as Mr, Freebody noticed, the machine 1s not able to solve a type of
problem which requires some originality of thought for its solution. It is
quite obvious also that, although the machine 1s, Iin principle, suited to
conduct legal argument, it 1s incapable of evaluating facts.

May I add, with great respect to Prof, Bar-Hillel, that I am aware that
Boolean algebra 1s only a part of the logic needed for real deduction. I
know that loglical problems are not all mechanizable, at least In the
present state of our knowledge. Thls question was especlally studied by
Markow, Novikow (indecildability in group theory) and more recently by
Jean Porte, (France, C.N.R.S.). ‘ ' '

But 1t seems reasonable to begin with the simpler quéstions where
Boolean algebra is available. I question also the affirmation that my
example 1s totally ad hoc. The same system of formulation may be effici-
ently applied to other questions, Concerning generalisation of the system,
I explalned for example how a complex concept can be reduced to a system
of conjunctions and disjunctions of binary concepts, The system here
proposed 1s applied to turnover taxes, but it 1s also avallable for all
taxes, and I examined also the questions of income-tax.

The system requires transformation of ordilnary language into a forma-
lized language, a formidable task sald Prof. Bar-Hillel and Mr. Benjamin.
Certainly 1t 1s, 1f we formalize the whole human language., But here the
purpose 1s rationallzing juridical language, that 1s to say a technical
language, and to divide the difficulties. I propose to begin with tax
terminology (because tax law 1s very preclse). .

There 1s still an important problem concerning the storage of informa-
tlon, as Dr, I, C. Price explained in his interesting written contribution.
He polnts out that, even with a reduced number of basic concepts, each
storage locatlon would contaln a number of bits which can be a hundred
times larger than the whole Iimmediate access store of a modern computer.
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Dr. Price suggests the use of Boolean algebra rather than Boolean arith-
metic; I agree with him. I explalned also in my paper that 1t would be
advantageous - I might have sald necessary — to divide the field of
concepts into separate independent groups in order to lead to simplifi-
cation of the machine communication network and to eliminate meaningless
~combinations,

May I conclude by expressing some surprise concerning some of the
objectlons that have been made, There are numerous attempts and deslgns,
and some realisations in mechanical Information retrieval (for example In
sclentific literature, in patent office, etc,) The only originality of my
paper, concerning the first machine, 1s to try facllitating information
retrieval in the legal sphere by the same processes, If I feared anything,
in presenting my paper, it was being trivial, and stating the obvious.

As to the second machine, I agree with Prof, Bar-Hillel that 1t is not a
prospect for the immediate future., But that ls true only 1f we are
thinking of a machine able to treat all juridical questlons; In a narrow
sector of Juridical questions, it 1s possible to build such a machine,
and particularly for tax questions, because tax questions are a very
logical part of law, and in fact, such a machine, 1n a restricted meaning
now exists., I gave in my paper the example of automatlc involcing. It is
possible - and I belleve the system exists In fact 1n certaln companies -
1t 1s possible, when the invoice 1s automatically made, to lnclude also
the automatic calculations of turnover taxes, for example., The problem of
knowing what is the rate for such and such a product, according to 1its
nature, to 1ts origin, to its destination, 1s a loglcal one, and computers
are able to solve 1it.

I am, of course, conscious that the machine for legal argument which
I propose 1s a very elementary one, but I think it 1s not a bad method to
divide difficulties and to begin at the beglinning.

I have tried to explain my thoughts in English: this 1s not very easy
for me, so will you excuse me if I have not been very clear. Thank you.
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THE MECHANIZATION OF LITERATURE SEARCHING*
by

PROF. Y. BAR-HILLEL

SUMMARY

"FOUR sources of inefficlencles in the process of literature searching are
briefly described. An "ildeal" solutlon 1s outlined as a frame of reference
and 1its shortcomings discussed. Mechanlzation of abstracting and indexing
1s rejected as impractical for the foreseeable future. The only stage in
the whole process where mechanization 1s practically feaslble at the
moment is the procurement o0f a 1list of all the documents from a given docu-
ment collection which fulfill a Boolean function over the subsets of the
universal index-set of the collection. Abstracting and indexing are more
complex intellectually than translating, and their complete mechanization
therefore less likely than completely automatic machine translation."

MOST sclentists and technologlsts, when engaged In research on some more or
less definite subject, regard the reading of relevant literature as an inte-
gral part of thelir effort. It seems that only very few outstanding scholars
are In a position nowadays to achieve important results without consultation
of previously published material. It 1s well known that this consultation of
the relevant literature is in danger of belng inefficlent in many dlfferent
ways. First, and most important, the research worker might overlook some
relevant publications. Secondly, he might spend too much time on reading
irrelevant material. Thirdly, he might have to waste much time in order to
arrive at the list of possibly (or probably) relevant reading material,
Fourthly, time and money will have to be spent in getting hold of coples of
the pertinent literature, whether through the gathering of aun adequate
library and document collection or through the obtaimnment, by varlous means,
of coples of those books and other documents which are required for each
special occasion; and there are very many ways in which this process is
often inefficient, and seemingly tends to become even more so.

% This work was supported by a Grant-in-Ald from the Natlonal Sclence Foundation.
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It 1s only natural that, with the adveni of machinery which proved
1tself capable of performing operations which were for a long time regarded
as pecullar to human bralns, people began asking themselves whether these
inefficiencles could not perhaps, partly or wholly, be overcome through the
use of approprlately adapted machinery. I shall not dwell on those aspects
of our problem that deal with providing coples of the reccmmended reading
materlal. I shall ratker concentrate on the three first aspects of the
literature search problem.

In order to get a good grasp of the varlous aspects of our problem, it
might be advisable to start with its "ideal" solution. The solution which
immedlately comes to one's mind consists in pushing, for every given
research problem, an appropriate button, or combination of buttons, as a
result of which action one would immediately be presented with a reference
11st, all items of which would contain material pertinent to the problem
and such that no document contalining pertinent material would be missed.

It requires but little reflection to discover that this ideal suffers
not only from the defects common to all human 1deals but 1s, in addition,
at every stage, so full of amblguities, vaguenesses and obscurlties as to
be close to contradiction. It 1s already an intolerable simplification to
assume that all documents of the world can be classifled, relatlve to a
given problem, into two mutually exclusive and simultaneously exhaustive
classes: Relevant and Irrelevant., Two decisive features are disregarded by
such a conception: first, that relevancy 1s a comparative rather than a
qualitative concept, a more-or-less rather than an all-or-none affalr;
secondly, that a document of little relevancy in the eyes of X might well
be highly relevant in the eyes of Y, for reasons that are too obvious to
need elabeoration. In other, more technlcal words, relevancy, In the sense
pertinent for our context, 1s a pragmatical rather than semantical concept.
Even 1f a literature search system could be devised that would be "ideal"
for X, 1t might well be far from ideal for Y, and there 1s no way out of
the dlalectics of thls situation with regard to any system designed to
serve more than one person. There is no need to advance further reascns to
show that the mentioned ideal 1s unattalinable onm principle, not through
human fallure. Hence it 1s a false and deceptive 1deal and getting rid of
1t 1s a necessary condition for a clearer view of the sltuation.

Let'us‘therefore set our aim on a more practical target and be satlisfied
with a system that Just works more satisfactorily than the exlsting ones,
on the average, for a given group of users. Having eliminated the problem
of setting up a universal system that would be optimal for every prospective
user as a pseudo~problem based upon a pipe-dream, we are now confronted with
the real problem of how to cope with the fact that the group of users of a
glven system 1s in general not stationary. A system which 1s efficlent at a
glven time may become Inefficient not only through changes In the body of
literature to be searched but also through changes in the body of searchers.
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This 1s, of course, commonplace, well-known to everybody working in the
fleld at times, but apparently forgotten or repressed at other tlimes, hence
worth belng stressed agaln. .

our "ideal" system can do us one more pedagogical service, How exactly
1s one to go about selecting the appropriate buttons to be pushed? Or
rather, how does one set up a set of buttons so that, through selection of
an appropriate subset of these buttons, the list of relevant references will
be presented? This 1s our real problem, of course, after the utopian _
universal machine has been scaled down to a mechanism adapted to the needs
of a given group of users.

We are now back to the bread-and-butter problem of Improving extant
literature searching methods and, during our preliminary discussion we seem
to have entirely lost sight of the Issue indicated by the first word of the
title of this paper, "mechanlzatlon". Where does mechanlzation enter the
plcture now?

Some 10 years ago, electronic computers made thelr sensational début and
proved themselves able to solve computational problems at speeds that were
many degrees of order higher than those attainable by humans. Hence they
were able to solve problems by sheer speed, even 1f the Instructions given
to the machine were far from being the most efficlent ones, s0 that no
humans were able to solve them by following these Instructions, simply
because thelr life was too short for such an endeavour. This striking
feature of high-speed computers induced many thinkers to speculate about
invoking their help in many other situations, where the methods usually
employed In solving the problems arising in them were 1lnefficient. Here,

80 one thought, was an opportunity of improving inefficient methods-not
through the tedlous process of analyzing the causes of thelr shortcomings
and of finding out, perhaps by trial and error, which changes were apt to
better their performance - but rather by performing the same operations,
inefficlent for a human, at such a high speed that they would thereby
become efficlent, at least more efficlent than existing methods involving
human belngs.

To glve an illustration, which I did not invent: surely, the most
thorough method of searching the literature for a given research problem
would be to read all the documents of the world or - to make. 1t slightly
less utopian - the whole collection of books and other documents 1n the
Library of Congress. This method is clearly inefficient but - so it was
argued 1n all seriousness - only because the speed of human reading 1s so
small, Coding this library onto an appropriate storage medlum and having a
sufficient number of reading heads scanning this medium, the whole contents
of the library could be scanned through in a few minutes, perhaps even
seconds, and then ... And then what? At this stage, some thinkers went
overboard. Intoxicated by the success of the electronic ccmputers - this is the
only explanation I' can give of the phenomenon — they thought that scmehow

.
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the machine would be able to decide during this scanning procedure -
occasionally called "reading", very suggestively but also very, very mis-
leadingly (notice the term "reading head") - which of the scanned documents
were relevant for the research problem at hand, Notice that the research
worker himself could indeed have done Just this - disregarding the question
of the languages In which these documents were published. As a matter of
fact, had we been able to Increase the speed of our own reading (with
understanding!) a billlon-fold, this might have been a solution (certainly
not, even in this Imaginary case, the solution) of the literature search
problem, Monitored by the slogan, "Whatever a human can do, an appropriate
machine can do, too", one can see the seductive power of the argument.
Nevertheless, there 1s scarcely need for pointing out the enormous fallacy
committed here., Scanning 1s not reading with understanding. There are no
serious proposals in view how to Instruct the scanning device to select the
relevant documents. Though this seems now to have been generally recognized,
albelit with considerable reluctance, only slightly more sophisticated
speculations have recently been hitting the headlines.

Let us now dlscuss some of the recent proposals to mechanize parts of the
literature search process. Since this process is composed of many partlal
processes, 1t 1s a definlite possibility that one or more of these stages
could indeed become more effective through mechanization.

It might be worthwhile to work backwards. The last stage of a llterature
search consists In reading the documents which were recommended in the
preceding stage, and which should be all the documents that contaln material
of relevance to the Investigator's problem, if the previous stages were
fully effective, and in making notes in your head or on paper for further
processing. Though I admit that it 1s highly seductive to speculate on some
.scheme of mechanizing the note-taking - and I myself could easily supply
you with many schemes for mechanized note-taking - I am utterly convinced
that none of my schemes, or those of anybody else, will work in the sense
of producing notes which are even remotely comparable in thelr quality
with those taken by an Intelligent reader. I would not lilke to sound too
dogmatic, certainly not before this audience, but I must insist that the
onus probandi lles entirely on those who would claim that note-taking ls
performable by machines presently existing or in the stage of development,

Before one reads a document in toto for the purpose of note-taking, one
often prefers to read first an abstract or review in order to declde
whether extensive reading of the whole document is really profitable. It
1s probable - though I know:0of no serious investigation along this line -
that this approach 1s time-saving and should in general be encouraged on
condition, of course, that an authoritative abstract or review 1s avallable.
For some purposes, an author's abstract might suffice,:for others an
abstract or review by a recognized authority in the field 1s requested.

Let me dismiss, from the beginning, the possibility of having a critical
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review mechanically prepared, I shall glve no reasons, first because the
1dea strikes me as too absurd to require serious consideration, secondly
because I shall presently argue against the possibility of performing
mechanically must less demanding operations.

The most one could In all seriousness think of as belng performable at
the moment by a machine at this stage of a literature search would be the
preparation of an abstract of a certailn severely restricted kind which I
shall call, for the lack of a better term, an auto-extract, 1.e. an
automatically prepared partlal sequence of sentences from the originél
document. The term 1s colned in analogy with the term 'auto-abstract' used
by LUHN (ref. 1) against whose approach the present critical remarks are
partly directed. It is agaln very easy to invent countless different methods
of asslgning "signiflcance-values" to all the sentences of a given document
and then to print out so many of the sentences with the highest significance
values In their original order as an auto-extract, according to some
criterion or other. One of these possible methods has actually been employed
recently (ref.1); 1t 1s by no means the most attractive one.

Though the final proof of this pudding will again be in its eating - it
has been clalmed that the results obtained so far by the mentioned method
have been encouraging (ref. 2), though it has not been mentioned by what
standards they were so - 1t 1s not difficult to point out 1ts many defects
which make 1t highly doubtful whether it could possibly attain its
restricted aim. But the first thing to be clarified 1s whether this aim 1is
at all a valuable one, to begin with. Now, would you be satisfied with a
100~word extract of a 2000-word paper, even 1f prepared by the greatest
authority, 1n lieu of a 100-word abstract, where the abstractor 1s free to
choose his own words? I personally doubt very much 1f an extract could, in
general, be even ‘remotely as efficlent as an abstract of equal length, but
I admit .that the reasons I would bring forward in justification of this
evaluation of mine will not be very compelling for someone who has strong
feelings in the opposite direction. Nevertheless, I would insist that before
one embarks on developing and improving mechanical extracting, the worth-
whileness of extracting as such should first be tested. Notice that for a
human being abstracting and extracting are processes which probably differ
only slightly in the effort required for their performance, whereas for a
machine the difference 1s enormous, indeed so much so that it is very hard
to imagine what abstracting in the machine's own words could possibly mean.

The next stage - you recall that we are working backwards - would be
the selection of abstracts or reviews (or of the documents themselves - in
case that no authoritative abstracts or reviews are avallable) to be read
by the investigator (or by some member of a team of Investigators). It is
here that one easily discovers great possibilities of effective mechanizaf
tion, and 1t is at this stage that a certain amount of progress has been

(94009) 795



definitely made. Assuming that each document of a given collection - for
the present purposes we shall disregard the quantitative aspects of
whether we have to deal with scme private reprint collection, the document
collection of some medium~sized industrial outfit, the Library of Congress,
or some fictional World Center of Documentation contalning coples of all
the documents that have ever anywhere appeared - has been somehow assigned
a set of retrieval characteristics, there exists no theoretical problem
whatsoever of mechanically procuring a 1list of all and only those documents
that fulfill any Boolean function of these characteristics, If each docu~
ment of the given document collection 1s indexed by scme subset of the
total set of indexes (I shall use this term as short for *retrieval
characteristics' and beg you not to be misled by its other connotations},
there are innumerably many devices, among them many working ones, that will
present you, after so much time and with a cost of so many pounds, with a
1ist of those documents from the collection which fulfill the condition
that their index-sets contain, say, the indexes ia ’ ia', eves ian' do not
contain the indexes ib ’ 1b2v ooy ibm, contain exactly one of the indexes
ic ‘and 1c,, contain id 1f and only 1f they contain also 1d2i etc, It Is a
pity that so much ado has been created by some of the workers in the fleld
of mechanization of information retrieval around this theoretical
triviality.

I have not the slightest intention of belictling the ingenuity of those
inventors who succeeded in constructing working machinery that performs the
task Just discussed in a time and money saving way. But 1t must be stressed
that thereby only a small portion of the total literature search process
has been mechanized, though I would not dare to give you a quantitative
estimate of the importance of -this portion.

Many different methods of assigning indexes to documents exist, and the
discussion of their'relatlve efficlency for manual retrieval is still -
golng on. It 1s an {nteresting historical fact that though retrieval of
documents indexed by any of these methods 1s mechanizable,’ new methods of
indexing were developed of which their inventors claimed that they allowed
for sti1ll more efficient mechanization of the retrieval process (refs. q 4
5 and 6). It even seems that some or these new methods may have their C
advantages for manual reCrieval, which would then be a rather interesting,
though not wholly unexpected byaproduct or therpursuit or mechanization
in-the fleld of literature search.

Some of.the.new methods Qf .Indexing are. 1ntended no;“gnly Lo.; improventhe
economical aspect, measured In time and/or money. of the retrieval process
but also Its quality. So far, mechanization meant “Just a speedier and
perhaps cheaper procurement of a 11st of ‘documents which could have been
_provided also by more orthodox means. The quality ‘of these l1lsts would have
been the same. So many vital documents would still be missing, and S0 many
. documents would still be recammended for reading that would turn out to be
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irrelevant for the Investigator's purpose. Can mechanization be utilized for
Improving the quality of the reference l1st put out by a literature search
system? I personally regard this problem as the most pressing one in the
fleld., I am sorry to state that not only has very little of value been
achieved so far 1in this respect but that Incompetent and faulty theorizing
has created a pretty thick fog around the issue, so that progress can be
expected only after this fog has been dispersed. Since, however, these
faulty theorles have almost nothing to do with mechanization as such,. thelir
fallure lying in an earller level, I shall not elaborate here upon my dog-
matic verdict, especlally since I have been doing this on other occasions,
(ref.4).

Almost everybody in the fleld would agree that the success of any litera-
ture search system depends highly both on the quality of the indexing and on
the coincidence of the various Index sets with the formulation of the search
question by the investigator (or its reformulation by the search expert).

It 1s easy to see that these are not two independent aspects of one and the
same problem; consequently, any attempt to improve the first aspect alone in
disregard of the other 1s almost certainly doomed to fail in improving the
whole system. This remark 1s meant as a criticism of all present and even
future attempts at auto-indexing for retrieval purposes and, more generally,
of any attempts to asslgn to documents an index-set composed entirely of
expressions occurring in the document itself and to let it go at that.

Let me propose here a system of auto-indexing which, to my knowledge,
has never been publicly proposed before in this form and which seems to mer
superior to any other system I have heard of, (A certaln variant of this
system would, 1incidentally, also provide for an auto-extracting system
which would, as I see it, be better.than the one indicated above.) Assume
that, after some convention or other on what an English "word" is - the
exact nature of this conventlon would be highly important, but I shall dis-
regard this point for my present purpose - has been adopted, we are given
a list of the average relative frequencies of all English "words" - I shall
again not enter into the innumerable questions arising in this connection,
especlally In connectlon with the term taverage!. It would then be possible,
for any given document, to rank-order all the "words" occurring in this
document according to the value of the ratio of their relative frequency
within the document over their average relative frequency. By some mechani-
cally implementable standard or other, an initlal segment of this 1list is
selected as the index-set.

As I sald before, I believe that this system of auto-indexing 1is superior
to any other I know of - notice that only the first step would be manual,
whether this would mean encoding the document into so-called "machine-
languége" or inserting the document into a mechanical document-reader, 1f and
when such a device 1s put in production; it 1s still very easy to point out
its many shortcomings. Even 1f there should exist a statistically strongly
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significant correlation between the words with the largest ratio of their .
relative frequency of occurrence in a given document over thelr average
relative rréquency in the language and their membership in the Index-sets
prepared by the most authoritative indexers - and offhand, in the absence
of any empirical tests, I think that some such correlation will indeed
exist -, a failure of coming close to a satisfactory set of indexes in 20%
or even 10% of all Indexed documents would almost certainly disquallfy this.
method for all serious purposes.

You will probably have noticed the close parallel between my present
argument and that used above against auto-extracting. The analogy reaches
still farther, though perhaps not with the same cogency. Above, I expressed
my doubts about the effectiveness of any method of abstraction by extrac-
tion, 1.e. by presentation of some sub-sequence of the total sequence of
sentences of the orlginal document. I would now like to express my equally
strong doubts about the effectiveness of indexing, even 1f done by human
authorities, a given document by exclusively using expressions occurring in
the document, unless supplemented in some way oOr other by indications that
should be effective in bringing this index set into coincldence with the
formulation of the investigator or of the reference librarian who does the
mediating transformations. Since this supplementation 1s clearly beyond the
capabilities of presently existing or envisageable machinery, and since
having 1t done by some human post-auto-indexer would probably involve an
amount of effort of approximately the same degree of order as preparing an
index-set ab initio, I regard auto-indexing by any method, including my own,
as definitely unsatisfactory, even after the introduction of all kinds of
refinements and even when the preliminary problems which I mentioned above
but refrained from entering into have been satlsfactorily solved.

It 1s perhaps worthwhile to dwell a little longer on just one specitfic
shortcoming because of 1ts impllcations, e.g. for machine translation. It
1s easily conceivable (and I shall therefore not bother to exhibit examples)
that a document could contain many occurrences of a certaln string of two
words - of a certain digram, 1n the "lingo" of the trade - of very low
average relative frequency, though each word as such is perhaps quite fre-
quent. Our method would fall to select these two words as indexes, and the
fact that their combination 1s highly indlcative of the document would be
entirely lost. One could think here - as in a similar situation arising in
machine translation - of Improving the method by taking.into consideration
not only the average relative frequencies of each single word but also
‘those of all digrams. But the number of such digrams would probably be of
the order 10% in English; and no practical method 1s in view how to arrive
at their relative frequency list, in addition to the fact that the theoreti-
cal difficulties of preparing word rrequency 1lists would here be multiplied
many times.
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Let us summarize: Only one stage out of the many stages, of which a
literature search 1s composed, seems at the moment susceptible to mechani-
zation. This step consists in the selection of all those documents (or, for
most such systems, in the preparation of the 11st of all those documents)
belonging to a glven document collection whose Index-sets fulfill any
Boolean function over the subsets of the universal index-set of thls
collection. This step 1s of sufficlent importance to warrant further deve-
lopment of mechanical devices by which it could be carried out with ever
Increasing efficlency. It is now almost beyond doubt that different
devices will be optimal for different sizes of the document collection to
be searched. There 1s no point going here into the detalls of the varlous
types of machinery 1n operation or development.

But the Iimportance of this step is strictly limited, and the complaints
about the inefficiency of present methods of literature searching will not
be allayed by its Improvement to any decisive degree. Though I think that
something can be done to Increase the efficlency of other stages of the
literature search process, thelr improvement will be brought about rather
by better organization of the abstracting and Indexing services and by the
recognition that the adgquate provision of such services requires more and
better-trained people. Though here and there certaln partlal steps could
agaln be mechanized, I regard 1t as chimaerical to expect that abstracting
and indexing as such could ever —'and by tever' I mean 'during the next two
or three decades' -~ be mechanized 1n a satisfactory fashion.

Many people belleve that there exlst strong analogles between the
machine literature search and the machine translation problem and seem to
expect that a solutlion of one of these problems would greatly contribute to
the solution of the other. I myself have dealt at times with both these
problems, but in spite of this - or shall I say, Just because of this - I
consider this bellef as almost entirely unsubstantiated, based upon miscon-

-ceptions enhanced by certain semantical traps, and definitely misleading.
Abstracting and Indexing seem to me to be processes In which routine plays
a considerably smaller part than In translation. In a translatlon, the
sequences of sentences in the target~language will, in general, consist of
sentence-by-sentence equivalents of the sentences of the source-language
sequence (though occasionally sentences will be combined or split up, for
stylistic reasons). An abstract is not equivalent to the abstracted docu-
ment and does not carry the same information; for certaln types of
abstracts 1t 1s not even true that they carry less information than the
original document. An index~-set carries no Information at all, in any
serious, non-metaphorical sense, and the customary declarations to the
contrary are, in my opinion, based on no more than carelessness. The
assignment of an index-set to a document neither preserves 1ts Information
content nor part of it; 1ts only task 1s to provide clues by which thils
document will be brought to the attention of an investigator.
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Since completely automatic high-quallty translation seems to me a Dplpe-
dream, completely automatic abstracting and Indexing are even more so. I am
quite ready to subscribe to the already mentioned slogan that "whatever a
human being can do, an appropriate machine can do, too"; but I do thils only
becapse,l regard the slogan as utterly trivial. At the moment, I am not talking
about what machines could do in principle but only about what actually
existing or blueprinted machines could do, and 1t 1s with regard to these
that I utter my definite opinions. If someone wishes to write sclence-
fiction about information-processing centres of the (undetermined) future, let
him do so and I shall discuss 1t with him over a glass of beer and even
offer some startling suggestions of my own. If he is interested in improving
the literature search process today, I would strongly advise him to forget
about mechanizing abstracting or indexing. May I add that it 1s with a good
amount of sorrow that I have come to this conclusion which 1s gquite counter -
to my temperament and my convictions (never published) of a few years ago.
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DISCUSSION ON THE PAPER BY PROF. Y., BAR-HILLEL

CHAIRMAN, THE EARL OF HALSBURY: I wonder how much the difficulties stem
from the fact that the words of a finite vocabulary cannot have a precise
meaning; otherwise we shall find ourselves with nothing to say on most
occasions, If you do a computer translation from, say, English into Russlan
and back agaln, a proverb llke "out of sight, out of mind" may come back as
"invisible 1diot". This 1s an extreme example of how the spread of meanings
can cause confusion In the use of words.

DR. L. MEHL: It 1s sald In the scripture:- "Perseverave dlabolicum" - I
persevere In my thinking, Prof. Bar-Hillel sald, 1f I understood him
correctly, that transformation of Information 1s a bad concept or at least
imprecise but I only mean by transformation of Information that the machine
and I think especlally the machine for legal argument - can only give us
what we have put into it. In other words the machine cannot create Informa-
tion, and I agree with Prof, Bar-Hillel when he says that 1t 1s Impossible
to mechanise completely logical operations. But it 1s posslble I think, to
build a machine which 1s able to answer questions. I must also point out
there 1s a difference of great Importance between the gemeral problem of
information retrieval and the problem of information retrieval for legal
questions, because the legal provisions (laws, acts, regulations, bye-laws)
and the declsions of jurisprudence do not represent an Innumerable amount
of documents. The conceptsutilised for expressing these provisions are
generally precise and the problem of abstracting and indexing 1s not im-
possible to solve.

When I studied the question I noticed that, contrary to common opinion,
the system of law 1s generally logical and preclse. When you read a legal
text you have the feellng that 1t is very complicated; that there are a
great number of baslc concepts In 1t; but if we make the effort to analyse
and rationallse the juridical problems, the matter becomes clearer and
clearer and you will notice, and this 1s very important, that the fundamen-
tal concepts are not very numerous, It is the reason why I think that the
questions of information retrieval in law are perhaps easler than in the
other areas of knowledge, despite first appearances (i1f we except the exact
sclences 1like physics and chemistry).

Prof. Bar-Hillel said also - and I agree with him - that abstracting and

-Indexing resist satisfactory mechanlzation at the present time. Abstracting
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and indexing pose difficult intellectual problems, they are human jobs,

and there 1s a great difference In effliclency between manual retrieval and
mechanical retrieval., Of course, as Prof, Bar-Hillel sald, the essentlal
condition is to have good abstracting and good indexing, but the advantage
of a machine for information retrieval, 1f this condition 1s realised, 1s
that 1t 1s then possible to take the characteristics - the basic concepts
of the problem - in any order, On the contrary, when you use a manual
retrieval process, for example an index or a table, 1t is necessary to
follow a certain way, and 1f you make an error on the way it 1s possible
that you will never find good information. I think 1t is a very important
difference particularly when problems are complex. What 1s also important -
and I explain this In my paper - 1s that if you put a question to the
machine omitting part of the data of the problems, the machine answers

that 1t lacks data, That 1s very important if you now consider the machine
for legal argument and 1f you put a question to the machine In the formxk:-
"Is 1t true that ,eeee..?" it will answer yes by a series of 1, 1, 1, 1, in
a binary system 1f you are right. If the machine answer no, the position of
the zeros indicates why the Implication 1s not verified. You see that the
behaviour of such a machine 1s not quite passive, and that there 1s a
possibility of a dialogue between the machine and 1ts user.

MR. E. A. NEWMAN: In certain respects I am in agreement with
Prof. Bar-Hillel's highly ilconoclastic paper: in a number of respects I
am not. I am in agreement with Dr. Mehl most of the way.

What you want to do to make an ideal iInformation service 1s to scrap
all the books you have, and Instead to have records in separate 'pigeon
holes', each record containing the organised meaning of that information
from assorted books relevant to the solution to one of your problems.
Whenever you ask a question you want all the informatlon you need In a
neat parcel, an abstract 1f you like. In certain clrcumstances the parcels
will have material in common. This does not matter. Nor do you mind 1f you
have to repeat parcels for different questions. The labelling system must
be such that 1t gets you directly to the parcel you want. This 1s a perfect
system provided you can completely anticipate every questlion that your
questioners are golng to ask. If a librarian knows this he can arrange to
have all the answers set out in the right store locations and can organise
these correctly., The difficulty 1n general 1s that we do not know at all
what question will be asked. In a manually operated library, information
stored In the librariant's brain 1s part of the store location system. If
the information 1s Incorrectly organised to sult the question, the
questioner and the librarian can mutually reorganise it by talking together.

% In this form of the question, the search by the machine 1s easier, and the
search time shorter.
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Even after thls, however, the Information obtained usually contains much
not relevant to the question. In a case 1like Dr, Mehl's, the questions
that are going to be asked are very limited in kind, further the people
who are goilng to ask them are a very definite type of people. Thus one
can make a reasonable forecast of the questions they are going to ask,

In his paper Prof. Bar-Hillel discusses the difficulties that one has
in an informatlion retrieval system. One is not getting all the information
you might possibly get from all the sources you have., I think most of us
find that even all the relevant information 1s far too much, and few of us
would worry much about not having quite all the information we could get.
our real trouble is we get a lot we do not need.

In paragraph 2 of page 792, he defines an 1deal system. Thls seems to me
far from being ideal; you push an appropriate pattern of knobs to get the
information you want, but do not know what the appropriate pattern is, so
you are 1in preclsely the same difficulty you would be in without the assis-
tance. You do not want to have a complicated transformation to get at the
right knobs to push: Prof. Bar-Hillel says this 'ideal' system contains
ambiguities, vagueness and obscurities. It seems to me that the definition
of the 'ldeal' system contalned no ambigultles, no vaguenesses and no
obscurities, It was all very clear indeed, i1t was merely no good as a
system.

prof. Bar-Hillel says that one difficulty is that different people want
different Information. This Is very true. They might be solving different
problems or have a different clue. Because of this they must in fact sort
out what they want; but it i1s not true to say that the information 1is not
necessarily either relevant or not relevant, To the problem they want to
solve, some of the information 1s precisely relevant and some 1s not
relevant, One surely cannot imagine a situation where it is partially
relevant, It either fits the pattern or not. Of course, they may have some
difficulty In declding whether relevant or not but that i1s another matter.

On page 793 he does ask how a questioner knows which knobs to push. He
then asks a qQuite different question which he says 1s the same, that is:
how do you make these knobs get to the record you want? Could he explaln
how -these questionsare l1dentical? _

On page 798 of his paper Prof. Bar-Hillel implies that the major problem
with 11ibrary retrieval, that of allowing for context is also that with
language translation. On page 799 he implles that library retrieval and
language translation have little in common. What does he really think?

MR. P. E. TRIER: I would like to comment on Prof, Bar-Hillel's delightful
proposed system of auto-indexing, based on the excess ratio of frequencies
of kKey words above the statistical mean. I shall not shoot down the system,
because Prof, Bar-Hillel has done this himself, but I can illustrate the

(94009) 803



shooting-down process by an example: 50 years ago E. W. Hobson wrote a
classic treatise on the Theory of Real Functions. Littlewood, more recently,
was heard to remark, perhaps apocryphally, that in the whole work he had
only found one single mention of real functions, in a footnote to the pre-
face. It read as follows: a lecture 1s the place for the sort of provisional
nonsense whose real function 1s to open the door to systematic study.

DR. J. PATRY: Prof. Bar-Hlllel wrote In his paper that the documents are
relevant or irrelevant to the problem you are working on. It 1s more use-
ful, I think, and more important to say: Some documents are useful and
others are not., They are relevant to a problem, but they are not always
useful to one person. It 1s much more difficult to mechanlse the search
of papers from the second point of view, because it varles from one person
to the other, and for a particular person it varles with the time. On the
other hand, I agree with Prof. Bar-Hillel that auto-indexing 1s very
difficult, because of that personal Influence. The indexing must be done
by a human being and not by a machine, because the importance of the
different parts of the contents vary from one documentation centre to the
other, :

MR. H. W. GEARING: The coding problem for retrieval would seem to be
essentlally similar to the statistical problem of definition and classifi-
cation. Where the definition does not automatically carry with it some
measurable characteristic as, for example, when we classify children into
age-groups, or postal or administrative districts according to some
latitude or longitude definition, then we have to decide, before drawing
up our code, what will be the most convenient code headings and their most
convenient sequence, for retrieval, or for subsequent presentation in a
summarised form., For example, in the comparatively. trivial case of a sales
analysis in a large company, we are presented with a large number of
possible bases for classification of our data, In order that we may sub-
sequently be able to retrieve it to answer the sort of questions that the
managements in the different departments ask. The problem is similar again
in the case of the filing of machine drawings, where the component des-
cribed in the drawing may be used in a multitude of machines. It becomes
more, perhaps much more, complicated in the case of filing patent
specifications.

It would seem, in the fleld of literature and law, that if we could
have a committee of librarians who could 1ist the attributes under which
any plece of literature or law could be classified, it would only remain
to devise a loglcal sequence of codes, within each attribute. For example,
the attributes might be under the headings of historical, geographical,
Industrial, legal, and scientific with subdivisions of sclentific
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classifications, and so on. The setting-up of such a system, after a survey
of a sample of the literature to be classifled, should not, I suggest, be
difficult. The difficulty would arise subsequently in finding enough
qualified human belings to read through the mass of literature 1n detall,
particularly those books without 1ndex, so as to code all the paragraphs of
possible future Interest under the attributes involved. This problem in a
smaller form has already been met by those who set up coding systems for
economic and statistical Information. It 1s essentlally one of training and
supervising the people concerned. As I see 1t, In literature and law, the
principles have already been established in the past experience of
librarians, of statisticlans, and, in the particular case of the law, by
the work of those who like your noble predecessor, Sir (Reference to the
Chairman, The Earl of Halsbury) have prepared extensive summaries of the
statute and case law, as 1t stood at a glven date, without which the law
students of today would make very poor progress. In commerclal statistics,
we have met a further problem! We find that we have to traln those who ask
questions of the tabulating room, to frame their questlons in such a way
that they can be answered from the coding system. Presumably In the case of
literature and law also we should have to train the people, who came to the
library, to ask thelr questions In an appropriate form, but where they did
- not know how to ask them in that form, we could probably find out the codes
in which they were Interested by a suitable process of Interrogation.

MR, W. S. ELLIOTT: Why are we talking about dealing with the literature,

the sclentific papers, that have been produced in the past? Let us forget
them. Could we get the professional Institutlons together - the institutions
which are going to publish serious papers, worthwhile papers, in the future -
and get them to do something from now on about a universal code which can
be used some time in the future when perhaps we will have machines of
surricient power to use 1t.

PROF. BAR-HILLEL (in reply) There are about a dozen specific comments I
should have to react to in the filve minutes allotted for this purpose,
'Therefore, I hope to be forgiven for not reacting to all of them and not
doing justice to some of the others, '

(1) With all due regard to Dr. Mehl's authority, I see no attempt on his
side to Justify his claim as to the basic simplicity of juridical language
and theory. Untll I see such an attempt carried out to some serious degree,
I intend to remaln skeptical and to continue regarding legal problems to
have at least the same degree ot complexity as the average problems for
whose "solution information retrieval systems are set up.

(2) Whether too much suggested reading material 1s the major drawback of
existing information retrieval systems, as Mr. Newman thinks, or too little,
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as most workers in the fleld tend to belleve, 1s not a question that can be
uniquely and simply answered. I am sure that there are situatlions where you
will be critical of a system that does not supply one with some vital

reference because somewhere the indexing system has misfired, and that you

~would, In such situations, prefer a system that provides you with this

reference together with a certain amount of useless materlal.

(3) It seems that Mr. Newman did not take seriously enough the quotes
around "ideal", I expounded thls "1deal" system not only to knock it down --
and I am grateful to Mr. Newman for helping me in this task -- but also
because I thought 1t would be of some pedagogical help in explaining certaln
fallacies in the thought of those who belleve in the possibility of far-
reaching over-all mechanization of information processing and retrieval. I
am still not sure whether Mr. Newman thinks that I did not succeed In
exploiting this artifice well-enough or whether I overdid l1t.

(4) I find 1t very difficult to understand why Mr. Newman 1s so sure that
documents must be classified as either relevant or irrelevant to a certain
problem, as well as his problems Iin imagining a situation where you would
want to say that a document 1s partially relevant. Assume you are Interested
in diseases of cats., Is a document discussing diseases of dogs relevant or
irrelevant to your problem? Is it not more helpful to regard it as partlally
relevant In the sense that for X's interest in the problem 1t 1s relevant
and for Y's Interest irrelevant (as well as in other senses)?

(5) On page 798 of my paper, I say indeed that library retrieval and
language translation have in common that certain initially (because of
semantic traps) attractive methods fail to work satisfactorily in either,

Is one really entitled to say that they have much in common, thereby con-
tradicting what I say on page 7997

(8) I am grateful to Mr. Trier for his help in shooting down the auto-
indexing business, but I should like to add, in all fairness, that Mr. Luhn
with whom this whole idea originates is aware of the occurrence of such
cases as mentioned by Mr. Trier and proposes to deal with them by assigning
special welght to terms occurring in titles. However, adding this refinement
and the inmumerable other ones that will be needed to meet other sources of
fallure will in all probability make the resulting system too complex and
COStly to be of practical use. The original system, on the other hand. is
elegant 'and quite cheap -- but not good enough.

(7) I have no objection to Dr. Patry's proposal to use 'relevant for' as
a semantical term, denoting a binary relation between a document and a
problem, and to use 'useful to...for- - -' as a pragmatical term, denoting
a ternary relation between a document, a person and a problem. In these
terms my point was indeed that auto-indexing 1s so unpromising because 1t
TSt be extremely difficult to weight the index terms in accordance with
the usefulness of the indexed document Oof some group of prospective users
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for thelr prospective problems, much more than welightlng the index temms in
accordance with some user-abstracted criterion of relevance.

(8) Mr. Elliott's proposal -~ not a very original one, as he 1s doubtless
aware -- has to be put before UNESCO or perhaps the General Assembly of the
United Nations where 1t will probably suffer the same fate as the related.
proposals of using an International Auxiliary Language for sclentific
publications. I can only pray that both proposals wlll eventually be
accepted, but in the meantime we had better go on and Investligate carefully
to what degree translation and Information processing and searching can be
mechanlzed, trying to correct man's irrationality by the use of machlinery,
a procedure which might not seem very attractlve to some but 1s still
practically more or less necessary.
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TO WHAT EXTENT CAN ADMINISTRATION
BE MECHANIZED?

by

J. H, H, MERRIMAN and D. W, G, WASS

SUMMARY

MOST current examples of automatic data processing (A.D.P.) may be regarded
as slightly advanced mechanical models of tasks performed by clerks, The
paper examines the extent to which a less mechanistic approach may be
possible and suggests limitations that may be Imposed not only by human
limitations but by difficulties of correspondence and slignificance between
machine and manual situations,

"1, INTRODUCTION

LET us assume that automatic data processing (A.D.P.) can do the things that
we are planning for it to do at present, such as payroll, stores accounting,
and statistical analyses, There will, of course, be many problems to be
solved before these tasks can be regarded as satlsfactorily completed, and
before we can speak with confidence out of experience, But these problems
do not appear to have any fundamentally insuperable content, The difficul-
ties are manmade rather than intrinsic. They originate in part from the
difficulty of adjusting the organisms of office life to new rhythms, new
environments, new relationships, In part from imperfect understanding and
appreciation of the power and range of new techniques, and 1In part from a
lack of perception of the limitations and deficlencles of these systems.,

We may reasonably suppose that, during the course of the next five years,
these difficulties will be overcome and that, throughout Government
Departments and Industry, there will be a growing number of Installations
at work on these jobs. With this perhaps over-simplified premise, it 1is not
too early to start thinking about a possible future form of A,D.P, in
Government Departments in, say, ten or fifteen years' time,
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2. THE IMMEDIATE FUTURE

2.1 The move towards integration

Although computers were developed as an aid to sclentific work, and ¢
as such were general purpose,mald-of-all-work mathematical slaves to thelr
sclentific masters, most commer¢ial applications have up to now been planned .
as single purpose'installations. In Government Departments we are, by and
large, installing equipment which will do only one or, at the most, a few
jobs, We have installations for pay, and to these we are adding statistical
Jobs. We have installations belng planned for stores accounting, and to
these we are adding provision and purchasing functions. These additions,
however, are being regarded as secondary objectives and 1n most cases the
installation 1s regarded as having a single main purpcse,

We are, therefore, llkely to see in the Immediate future a movement away
from the concept of single purpose automatic data processing installatlions
to installations or systems of installations which, 1n the first place;, will
be multi-purpose and, in due course, Integrated. At present though, we
cannot achleve integration without human assistance and the written word.

~

2.2 Prerequisites for integration

In an automatlc system, integration is achievable only if data are able
to be exchanged readily and freely between the ccmponent parts of the
system. One prerequisite of Integratlon, therefore, 1s the exlstence or
avallability of a common language. In its simplest form, thils language
could be commonly agreed code marks on pleces of paper; in a slightly more
advanced form, 1t could be agreed standard forms of punched cards and codes,
In a still more advanced form, the common language could mean completely
standardised programmes, order-codes and magnetic tape codes., Although the
prerequisite of a common language 1s a desirable one, 1t 1s not essentlal.
Civilisations have managed to exist and to communicate wilthout such a
common language, even though th?re have been excursions from time to time
into the possibilities of one. If a common language 1s not practlcable,
then automatic translating devices (or dictionaries) must be considered.
These seem to be inescapable premises on which to build integration,

The extent to which 1t 1s possible to achieve integration 1s, however,
controlled by two other factors. The first of these 1s the ablility to
transmit data from processing centres in one part of the country to another
without fear of error, and the second 1s the extent to which it is econo=
mical to bulld bigger and faster central systems, Up to a certaln stage,
the bigger the computer the cheaper. Beyond this point, ‘however, there is
a line of diminishing return, both in terms of price to be paid for the
apparatus and the extent to which it becomes humanly possible to build in
the necessary intelligence to manipulate very large installations and to

(94009) 812.



programme them, We may suppose that the price factor 1s not a substantive
one. Changes In technology may reduce 1ts Iimportance,

The abllity of most human minds to keep pace with the increasing complex-
1ty of integrated data processing may, however, in the end, set limits to
the size and complexity of the installations themselves. If we are, there-
fore, to Imagine large complex multi-purpose Integrated data processing
systems, we must Imagine them to be serviced, to an increasing extent, by
separate Installations which will analyse the operations of the iﬁiegrated
system, determine the most appropriate operating conditions and which will,
to some extent, relleve the burden of programming by automatic access to
inbuilt programming routines, It is from this concept that we would expect
major developments in overall economy and efficiency to stem as these
"monitoring®" computers assess the efficiency and fallures of the processes
being undertaken In the main system, and thereby "learning" from these
experlences. It 1s from studles of the subjective probablility of partial
success or partial fallure In various programming situations and in the way
in which the machine complex may react to certain circumstances that the
worth-while application of A.D,P, to tasks of management may evolve,

243 The Technical Problems

These developments for the immediate future depend upon techniques which,
generally speaking, are avallable at present but need further development to
bring them to points of commerclal and economic reallity. These techniques
are:=-

(1) The creation of data as an automatic by-product of other human

activity., Techniques are required for the creation of data In a form

which can be readily and directly assimilated by machines without inter-
mediate translation processes. Techniques such as automatic character
recognition are already possible, but clearly more work has to be done to
convert them into thoroughly rellable commercial tools. In many sltua-
tions, however, an organisation may have virtually complete control over
" the data at thelir point of origination and their final point of reception.

Under such clrcumstances, therefore, it 1s necessary to consider whether

automatic data creation by the recognition of written characters 1s

necessary, or whether greater overall economy could not be achleved by the
creation of a parallel chain of data in machine language automatically at
the same time as the data 1s belng created in a visible record form.

There seems to be no reason why machine development should be constrained

by the complexity of arabic or latin script when simpler coded forms

capable of belng printed at the same time as the arablc or latin
characters would enable simpler machine processes to be adopted.

(11) Techniques for the abolition of the written word as a means of data

transfer from point A to point B, Analysis of the internal organisation
of offices shows that the cost of letter preparation, enveloping, sorting,
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franking, distribution in the office, fiiing, outwelgh grossly the cost
of transmission in written form through the mall or by private carrler.
Great potential economy, therefore, exists in the abolitlon of written
records at all polnts except those where access to information in written
form 1s essentlal for the conduct of the business, Before these economles
can be secured, however, the technicalltles of data conversion, data

“transmission and data recreation require to be progressed further Into
commercial reality and economy,

(111) Analysis of the A.D,P, systems belng planned for Government Depart-
ments shows that over 30% of the cost of these Installations 1s accounted
for by programming. The essentlal technical:problems-of:automatic:;pre-
gramming may be sald to be overcome, but much remains to be done before
automatic programming and coding 1s an acceptable commerclal device,

(1v) There 1s a growing demand for systems for very large information
storage and associated with these systems versatile information
retrieval, Before such systems may be reallsed in practice, considerable
development 1s required on techniques of storage and the phllosophy of
1ts retrieval. Many techniques can be seen to be possible in this field.
As yet, no problem has been sufficiently clearly formulated to enable
the worth-whileness of the various techniques to be estimated.

3. LONGER TERM PROBLEMS

3.1 General

We must now assume that the technical problems posed in the foregolng
paragraphs have been solved, and look to the Impact of these developments
upon even longer term planning, so that the possible form of A.D.P. systems
of 10/16 years hence may be assessed and courses of research and develop-
ment postulated. By such examination, we may be able to lay down, 1f not the
philosophy of systems design of the future, then at least the constraints
within which those system designs may operate.

3.2 Problems of Symbolism

It seems possible that the growing complexity in A.D.P. systems will lead
to a situation in which the. relationship between symbols as they exist in
‘the machine and the symbollsm of a real world will be progressively more
difficult to trace. This 1s no new problem. Business is, after all, now
generally conducted by the making of marks upon a piece of paper., In most
cases, these marks bear a definite relationship (usually a unique one) to
objects or symbols in the real world. For example, descriptions upon a
ledger relate to physical identifiable items in a stores bin. The problem
is, however, made more complex in the A.D.P. system of the future, since
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the symbol relating to a particular external object may no longer be humanly
l1dentifiable without the ald of a machine interpretation process. The
relationship between the two 1s therefore dependent upon the behaviour of
the machine, which in turn 1s dependent upon the programmer and the desligner.
Knowledge, therefore, of the characteristics of objects both In the real
world and In the machlne: willll. tend to become restricted to a relatively few
people. This willl create difflcult problems of access to that Information
under certain conditions and may therefore impose, of 1tself, constralnts
upon the universallty of application of these machlnes,

3.3 Problems of Interrogation

The greater the volume of Information held in mechanical or electronic
form, the greater will be the task of making that Information available in
cases other than those where a direct "Yes"/"No" answer 1s sought. Before
information can be held in machine code form, 1t must be translated Into
that language., The translation process depends critically upon the extent
to which there can be a unique one-one relationship between the external
meaning of the information and the machine meaning, In many cases, Iinfor-
‘matlon to be encoded in this way 1s not capable of being defined uniquely
on a one=-one correspondence basis and there, therefore, has to be a sublec-
tive assessment of the Information content of the data subjected to flling.
Clearly then, these data cannot be satisfactorily interrogated unless the
same subjJectlve translation process 1s followed, If it 1s not followed,
then the Interrogation can, at best, only be partilally successful. Partial
success, however, may not be recognisable as such. It may, therefore, be
increasingly difficult to determine the degree of precision with which
interrogation i{s being answered unless the form of the questions 1s rigidly
related to the form of the filed data.

3.4 Problems of Rigidity, Resilience and Feed-back

Clearly, the greater the absorption by A.D.P. of an organisation, the
greater will be the dependency of that organisation upon any constraints
imposed by the A.D.P. system, In'practice, most systems will be designedand
~ programmed to meet the speciflc requirements of the organisation., If these
requirements change, there 1s no guarantee that the A.D.P. system wlll be
able to accommodate them. Unless the A.D.P. system, therefore, 1s a reslli-

ent one, 1t may be found that it is imposing constraint upon organisational :.. .

' changes that are admissible. Either, therefore, A.D.P. systems will have to
be made sufficiently flexible to accormodate the estimated degree of change,
or else a knowledge of the constraints of the system will have to be fed
back into administration and brought into the consideration of changes of

policy.
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3.5 Human Problems

The development of A.D.P. systems will lead to a gradual absorption of
the routine, easler and more mechanical tasks., These tasks have,*in the
past, been one of the tralning grounds for the less routine, more difficult,
more advanced operations, Training techniques will, therefore, have to be
modified to take account of this changing .situation, This will exist, not
merely in the mechanistic field of A.D,P, system operators, but will affect
those coming into contact with A,D.P, systems. o

There 1s also a potential human problem in determining how best to
organise an A.D.P. system to meet the unexpected demand, Whereas, in the
past, 1t has been possible, for example, to aggregate a considerable volume
of human experience in clerical and executive tasks and to evoke from that
experience considerable skill in dealing with the occasionally unusual, in
the future experience in the routine operation will be contained within the
machine system in machine language. The difficult problem will, therefore,
have to be solved (1f it cannot be solved by the machine) de novo. This
problem may become acute for example in very large information storage
retfieval systems at times when it is not known in preclse terms what
question should be asked of the system and, indeed, the degree of brecision
necessary cannot be reached until there has been considerable browsing. The
provision of the machine equiimalemtt of browsing (i.e. the tentative, test-
ing, probing search that 1s sometimes divergent and only in moments of rare
success, convergent) seems difficult to visualise,

Assoclated with all these problems 1s the problem of maintaining interest
in a fully-mechanised relatively highly reliable system, soO that the
necessary degree of skill may be exercised at times of crisis and
unreliabilicy.

Underlying these 'human' problems of A.D.P. 1s, however, the greater
‘problem implicit in all mechanisation, that of the growing dependence of
the human race upon tite: complexities of technology, This dependence 1s
defensible and, indeed, acceptable insofar as technology provides a greater
degree of perfection or satisfaction to human ambitions. If situations deve-
lop where this 1s not so, then not only 1s the position indefensible but 1t
may also produce worse result than had mechanisation not been attempted. In
the fleld of A.D.P. 1t 13 possible to visuallise a situation where dependence
upon devices in a particular sector of human activity becomes complete and
our premises of providing a greater degree of perfection or satisfaction of
ambition were satisfied. A change of external environment, caused let us say
politically, and not foreseen by the designer of the device, may then be
supposed, The device 1s useless, But worse; the experience of the lmmedliate
past cannot be tapped, The situation may be retrieved only by a painful
manual recollection of events leading up to the externally imposed change.
The more perfect the machine, and the more widespread 1ts acceptance, the
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more explosively lmperfect 1s the overall situatlon In the consequences of
failure under conditlons not foreseen by designers and administrators.

4, THE "UPPER" LIMITS TO A.D.P.

An attempt at this point in time to predict the extent to which A.D.P.
1s 1likely in the long term to supplant the human agency 1n 'Adminlstration'
would be most hazardous., It 1s perhaps possible, however, to make some
assessment of the area within which, for one reason or another, a purely
mechanistic agency would be unsuited. Broadly speaking, 1in any organisation,
the hilgher one goes in the hlerarchy thee less routine becomes the type of wo
work. By the expression "less routine" is implled "the less are declsions
taken according to some formulated rule®, In the highest reaches there may
be a complete absence of formulated rules and many of the declslons are
made "on merits", that is to say all the relevant considerations are taken
into account and a conclusion reached to which, in the oplnion of the person
forming 1t, the consliderations point. The decislion 1s thus a subjective one
and depends on the welght attached by the person concerned to the various
relevant factors. Once the relevant considerations have been eliclted and
the welghts to be attached to them assigned, the process of forming a con-
clusion 1s relatively simple.

The decisions of the higher administrator, therefore, tend to differ in
two respects from those of the clerk:-

(1) there 1s far less scope for referring to an authorlty e.g. a code of

rules; Indeed, even where reference to an authority 1s made then thls 1s

usually oblique and indirect. (Were the references direct and unequivocal,

1t seems doubtful 1f the case merits the attentlon of administration),
and (11) there 1s less repetftfve work.
Thus the two main features of clerical work which make it amenable to A.D.P.
tend to be absent from higher administrative work. The actual process of
administration may not be entirely unsuited to A.D.P., for, since 1t must
have a loglcal basls, 1t may be executed by a computer, But the extent to
which 1t may in fact ever be performed mechanically as an integrated process
would seem to be limited by two factors:-

(a) there 1s an element of subjective judgment In every administrative

decision as to what is a relevant consideration; and

(b) there 1s a further element of subjective Judgment as to what weight

should be attached to each ragdvant consideration.
It is difficult to concelve of a computer - of finite slze - having the
capacity to weigh what are normally called "imponderables" and balance them
against other imponderables, unless a similar exerclse with the same Impon-
derables in the equation had previously been carried out. Yet this Is what
in the main higher administration amounts to.
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But agalnst this the possibility must be admitted that A.D.P. may provide
administration with some most powerful aids to Judgment, A good deal of the
subjJectlve Judgment to which an administrator 1s driven by defects in his
present equipment could be made objJective 1f the means to processing were
avallable, For example, declisions based on purely economlc consideratlons are
1ikely to be made more soundly and with greater realisation of thelr conse-
quences as the theories of econometrics are developed and the formulation of
accurate numerical equations In economics and thelr solution by A.D.P.
becomes possible,

But 1n some ways this 1s only another way of saying that wherever possible
objective Judgments should replace subjective Judgments., This 1s truth which
would command general assent, It remains equally true, however, that in a
world peopled bys human beings the judgments which bear upon them Inevitably
have a subjective element, and that element can never safely be devolved upon
a mechanistic agency, for to so devolve would deny in the last analysis the

spiritual nature of man,
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DISCUSSION ON THE PAPER BY MR. J. H. H. MERRIMAN
AND MR. D. W, G.WASS '

MR. A. J. BROCKBANK: My Interests In the computer fleld are connected with
the practical problem of applyling the use of a computer installation to a
commercial organisation, and in that context I have an appreicable interest
in what Mr, Merriman has Just had to say. I was interested to have clarifi-
cation of his definition of the "administrative level®, I would respectfully
suggest that so far as industry 1s concerned his definition 1s not wide
enough. There are significant groups of people employed 1n Industrial
organisations who are classified as occupying administrative positions but
are not concerned with these higher levels to which Mr, Merriman has made
reference, I accept Mr., Merriman's contention that at the pollicy level the
possibllity of computers replacing intellect is unlikely to come into
operation for some considerable time, In regard to the middle level group,
I am, however, belng driven more and more to the conclusion that in the
relatively near future the utilisation of computing techniques 1s going to
affect such groups very significantly., The ones concerned are those whose
Job 1s to bridge, from thelr experience, the lack of avallable information
owing to 1nadequacles in exlsting data processing systems, In my view with
the ability to have all the facts relating to a glven sltuation before us,
then the need for this human 1ink becomes unnecessary.

The other aspect of this matter which I think 1s Important 1s that in
certaln spheres of Industrial and commerclal activity, where even with all
the facts avallable human judgment 1is exercised, a computer can be pro-
grammed to adequately take a number of decisions in this fleld.

On the question of riglidity, one aspect of computers which at least has
impressed me, and I hope I have not here drawn a false conclusion, is that
they appear to enable one to change organisatlonal approaches and systems
to meet changed requirements far better than 1s possible with existing
mechanised type of equipment.

MAJOR E. J. GUTTRIDGE: When reading Mr. Merriman's paper I hoped to find -a
complete specification on Automatic Data Processing Equipment for industrial
and commercial use in the next ten years,

Obviously this would have been a very bold action on his part and I would
therefore like to congratulate him on the many sign posts which he erected.
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The paper does create an Impression that during the next ten years there
will be a progressive move towards centralisatlion of Data Processing. No
doubt there 1s unintentional., There 1s sufficlent evidence to indicate that
a movement away from over centrallsed administration is beginning and 1t 1s
essential that designers of data processing systems take note of this in
order that the smaller organisation 1s not neglected. The remote communica=-
tion of input and output will only provide a limited solution.

It 1s my opinion that the major development during the next phase will
be devoted to the requirements of small decentrallsed organisations. The
first steps to be taken are of a systematic nature as distinct from sheer
hardware development,

Most of the more novel technical advances are still on a research basis
and the near future should be used for the explolitation of established
techniques coupled with a truly integrated approach to the systematic
requirements of business and industry.

MR. C. STRACHEY: I would like to take up a polnt Mr. Merriman made at the
beginning of his paper, though I do not think he mentioned 1t again in his
introduction. He said that he was going to assume that all the data pro-
cessing problems we were glving computers at the moment were solved, and
that they did not present any insuperable difficulties; he sald, I think,
that all the difficulties were man made., I am not sure that I agree with
this, I think there are some data processing problems, particularly those
concerned with timetabling, or shop loading, or works control, for which
no adequate method of solution yet exists, These problems are essentlally
combinatorial and thelr complexity increases very rapidly with their size,
If we consider the problems of organising any sort of time-tabling pro=-
cedure - say loading machine tools - so long as the unit is small a human
brain can make quite a good job of it, though the methods by which it works
are not at all clear, As the organisation grows there comes a moment when
the time-tabling gets beyond the capacity of the man who 1s doing 1t, It Is
then necessary to increase the proportion of people operating quite
disproportionately tecause no one person can comprehend the whole fleld of
the problem. The trouble really is that the complication goes up exponen-
tially and for large problems becomes quite out of hand. I do not think we
yet have any satisfactory way of tackling this sort of problem. Almost the
only method suggested so far 1s linear programming, but for this type of
problem it involves matrices which are far too large for any reasonable
sort of machine to deal with. The whole of the area seems to me to be one
of considerable intellectual difficulty and I am not at all convinced that
we Know how to tackle these problems yet.
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DR. S. GILL: I think I would agree with Mr. Brockbank that we are more llkely
with electronic computers to be able to adjust the system to changling cir-
cumstances than with older forms of equipment. But I think that the problem
will arise from the extension of the mechanised system to cover more and
more of the enterprise., This of course will lead to the problem of rigidity
which Mr. Merriman has polnted out., And I think i1t 1s important that when
we do mechanise a large system we should arrange the mechanisation so that
suitable data 1s printed out which can be readily comprehended by humans,
S0 that some one, or two or three people preferably, can keep themselves
familiar with the progress of the enterprise and are in a position to take
over control 1f the mechanised arrangements look like falllng under a
certalin change of clrcumstances.

With regard to the problem of centralisation which Major Guttridge raised,
1t does seem to me that the problem of communlcation between a number of
different places is likely to set a limlt to the practical slze of a comput-
ing installation, and this factor, together with the factor of rellability,
seem to be the two things that will limit the useful slze of computers that
we are likely to be able to bulld., The two factors mentioned in the paper,
namely, the price factor and the difficulty of programming a large Job on a
computer, seemed to me to be somewhat irrelevant. In fact, 1f anything, I
would say the price factor operates the other way, and tends to favour a
larger installation,

MR. B, R. ASTON: I would like to start with the first point Mr. Merriman
made, as to what 1s an administrator. The way we are looking at thls 1s that
an administrator is someone who makes a decision, and he 1s golng to make
that decision on the basls of information that 1s handed up to him, When he
makes the declision he will then hand an Instruction down, and very rapldly
we feel we are getting a situation very similar to the closed loop of a
control mechanism - certainly a loop effect, and I would like to ask

Mr, Merriman what he thinks about this 1dea,

MR, R, BENJAMIN: I have a small comment on Mr. Strachey's remark, concerning
the point where the loading of the machine "gets out of hand". It gets out

of hand quite as much for the man as for the computer, In each case the num-
ber of possible solutions In the matrix becomes excessive, and some sort of
short cut 1s required, However, It 1s fairly easy to think of reasonable
short cuts: as a first approximation, one could classify manufacturing tasks
in order of Importance or difficulty, and classify the machine-tools In order
of desirabllity of use - that 1s roughly the inverse of versatillity -, soO
that if the most urgent problem 1s solved with the least versatlle combina-
tion of machine-tools that are otherwise sensible for doing the Job; you

will then have preserved the maximum flex1bility in deploying your remaining
machine-tools for the next urgent job, and so on. By doling this sort of thing
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you can keep the growth of complexity with problem size roughly linear-
instead of a square law, and you can still get a very good approximation to
the best loading; although I admit you cannot guarantee to get the best
possible loading of your workshop. It 1s quite feasible to refine this
general approach to take other factors into account, without getting excess-
ive complication 1in your computer programmes.

MR, M. A. WRIGHT: Mr. BenjJamin says that short cuts are needed to solve
machine loading problems: 1 agree., He says, that one method of dolng this
involves classifying work-pleces and machines, It 1s possible to imagine
that work-pleces could all have different prescribed priorities and 1if so
Mr. Benjamin's suggestion would lead to a useful solutlon, If some artificfal
classification system were introduced, the number of possible solutlons of
the problem would be reduced; but the restrictions imposed by using the
classification system would exclude the possibllity of finding a large
number of solutlions. The remaining solutions could all be very inferlor to
the true optimum solutlion. Thus, the method of classification may be very
important,

It 1s interesting to note that methods of classification are important
in many other applications. They offer prospect of a simple, but often a
poor, solution unless the appropriate classiflcation method 1s chosen.

In their paper Mr, Merriman and Mr. Wass say (see p.817) that there 1s
an element of subjective judgement In every administrative decision as to
what 1s a relevant consideration. I am not very clear on what this means so
to begin with I have assumed the followlng definitions:- a relevant con-
sideration 1s one which affects the decision and a "subjective Judgement®
1s a judgement on what will affect the decision, which is made without
Kknowledge of the decislion. I would guess that decislons based on this kind
of subjective judgement would be likely to be wrong. However, our decisions
are often right and I suspect we are able to make them because we have some
experience of similar problems. We may use a classification technique and
may not be consclous of the processing, For example, we may make a tentative
guess at the answer so that we can check whether we have included all the
nrelevant conslderations®, If we have not, then we change "conslderations"
and repeat the process. Dr. Selfridge has explained a machine which works
on similar principles., His machine does not require an "infinite" store so
it 1s possible that the selection of relevant considerations may not limit
the application of ADP to administrative decisions as 1s suggested In the
paper. The other limiting factor, mentioned in the paper, 1s the "attachment
of weights® to relevant considerations, It 1s possible to measure some
considerations either absolutely or relatively; but where human reactions
are involved, this 1s difficult. But even these difficulties may not be
insoluble even with relatively small computers, If this were, perhaps the
main difficultles in using ADP for decision making would be the time taken
by a machine to gain experfence..
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MR. J. A. GOSDEN: I would like to ask Mr. Merriman about his statement that
30% of the cost of an installation is accounted for by programming because
he claims that the techniques of automatic programming will make large
savings in the costs of programming. Before commenting on this statement it
1s necessary to be sure that programming is properly defined, putting a
task onto a computer takes three phases

(a) Defining the Task.

(b) Planning how the Task Is to be effected,

(¢) Translating the Plan into Computer Language.

It is possible that Mr. Merriman includes all three of these in his
estimate of costs, I would like to make a distinction between (a) and (b)
which are Programming, and (c) which is Coding, I would say that the
automatic programming that exists and has been dlscussed here this week,

Js only automatic coding, The problem of automatic programming 1s still
largely unsolved, Systems such as FORTRAN have introduced techniques to
optimise the organisation of a single programme within itself, but nothing
has yet been done about declding how to organise a suite of programmes to
tackle one task., The high costs are assoclated more with phases (a) and (b)
rather than (¢), and I do not think that a significant reduction of their
costs is near at hand,

Finally, I should like to reinforce the remarks made by Mr, Strachey
about the complexity of combinatorial problems. There has been a large
amount of work done on one particular problem, playing chess, and it has
not yet been possible to attain the ablllity of an average human chess—
player, and the most recent programme (ref.1) expects to take 8 - 10 hours
making a move in the middle game. Machine shop loading 1s a similar type
of problem, Humans can get a solution that works but is probably a long way
from the optimum,

MR. J. He H. MERRIMAN (in reply): Three polnts of substance have been ralsed

in the discussion:-
(1) Rigidity and flexibility in A.D.P. systems, To say that "computers
appear to enable one to change organisational approaches to meet changed
requirements® 1s to overlook the growing number of systems that are being
bullt around, not general purpose, versatile computing centres, but
speclal purpose, custom=bullt units, the logical content of which 1s
closely matched to the tasks they have to perform (for example, on-line
control of continuous flow chemical processes, alr-line seat reservation
systems, air trafflc control assistance, banking). In such cases, unless
the direction and rate of possible future change can be guessed at

REFERENCE:

1. NEWELL, A,., SHAW, J. C. and SIMON, H. A. Chess-Playing Programmes and the Problem
of Complexity. IBM Journal of Research and Development, 1958, 2, No. 4.
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reasonably accurately, and provision made now to accommodate this
change when 1t occurs, the A.D.P. system may in fact be as difficult to
convert as were the earller broad cauge railway systems to narrow gauge,
General purpose A.D.P. systems, however, with their usual large volumes
of loglcal redundancy present somewhat less difficulty provided
programming changes can be accommodated.

(11) The pressure of A.D.P. to centralise processing. Moves that there
may have been away from centralisation during the last two decades have
now mostly halted or reversed as a result of the growing economic
pressure In favour of centrallsation - at least of the processing element.,
To decentralise, say the 'loglstical! control of a large organism is to
predicate such a large increase in two-way, near simultaneous, closely
dependent data flows between the component partsfor any, say optimising,
operations as to make the operatlion Impracticable by presently foresee~
able techniques at least, Centrallsing, In contrast, calls for, in the
main, simple, (though bulky) unidirecttonal independent data flows.

(111) Administrative decisions and thelir nature. To attempt to assign to
such decislons a value to indicate "rightness" and "wrongness" must
itself be a subjective process and Incapable of expression in other
than translient terms. A more fundamental difficulty would -seem to be
that because the value scales tend to be transitory (in that they depend
in turn upon human reactions) the labour of encoding, both logically and
in machline terms, 1sn't worth it,
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POSSIBILITIES FOR THE PRACTICAL
UTILISATION OF LEARNING PROCESSES

by

DR. S. GILL

INTRODUCTION

IN the beginning, practical applications of high-speed ccmputers were
limited by a number of factors including the following:

1., available input and output equipment.

2, capacity of storage devices.

3, computing speed.

4, the practicabllity of preparing programmes.

A considerable amount of research has now been carried out on all of
these factors, and technical advances have greatly lessened the limita-
tions imposed by the first three. We are moreover within sight of even
greater achlevements in these directions. However, although a great deal of
work has been done on the subject of programming, 1t seems likely that
before long there will be many extremely promising potential applications
of computers that we shall be prevented from reallsing solely because of
the difficulty of preparing the programmes.

Language translation 1s making great strides at present. The possibillty
of applying computers to thls task 1s as yet somewhat dependent upon the
avallable storage devices and on the means for feeding text into the system,
However, with the development of character reading machines and of larger
stores, language translation will be limited only by our ability to write
programmes defining the translation process. Crude programmes already
exist, but there will be tremendous scope for thelr refinement.

Similarly traffic control (particularly the control of alr traffic) 1s
potentially a very important application of computers whose realisation 1s
being delayed principally on account of the complexlty of the programming.
Suitable computers with the necessary external data links could soon be
made available i1f it could be shown that effective programmes could be
written.

In the field of business and industrial management, it is conceivable
that a computer could play a large part in making policy decisions, taking
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into account a great many relevant facts and combining them with a much
greater degree of precision than unaided people can., In this case 1t is
quite possible that existing methods of storage would be adequate and that
the problem would not take many hours on exlsting computers, The stumbling
block 1s the production of a programme embodying the rules for making the
appropriate deductions from a great varlety of facts. -

Looking a little further into the future, it 1is perhaps not entirely
fanciful to plcture a computer in control of a surgical operation. No new
techniques of instrumentation would be needed in order to feed information
to the computer about the patlent's respiration, blood circulation, body
temperature, etc. The computer could take into account many more such mea-
surements than can at present be made by the surgical staff and could wield
(by means of servo-mechanisms) a large number of surglcal Instruments,
Provided that the necessary programme could be prepared, the computer could
arrive at an accurate decislon on 1ts course of action far more rapldly
than can a human surgeon, and thus may be able to perform operations which
are at present made impossible by the time factor. It is true that a very
large store would be required to hold the coded equivalent of the surgeon's
medical knowledge, and the computer would have to be provided with an lnput
in the form of a television camera to scan the site of the operation, but
neither of these requirements seems beyond the range of foreseeable develop-
ments, Preparing the programme would however be a colossal task.

It {s worth noting that, whereas each human surgeon requires long years
of training to prepare him for a professional career which lasts only for a
limited number of years, a computer programme, once it is prepared, could
be fmmediately duplicated and made avallable to any number of similar
installations, and would be permanently useful.

TYPES OF LEARNING PROCESSES

Present efforts at assisting the programmer in arriving at a working
programme are concentrated in the field of automatic coding, which enables
programmes to be written in a language that 1s as close as possible to the
language in which the problem originates. However, 1t does not relleve the
programmer of the task of extracting from the mass of more or less relevant
information assoclated with the problem a concise statement of the task to
be performed by the machine,

The object of a learning process 1s to carry out the extraction of a
comparatively few relevant facts from a mass of data. If the process is
suitably designed, these facts might comprise a programme, or part of a

programme, for a computer.
There are a number of ways in which various examples of learning pro-

cesses may be classified, in particular the following:
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1. The process may be limited in scope merely to determining the appro-
priate values of some parameters whose meanings have been lald down in
advance, or 1t may be sufficiently sophisticated to be capable of builld-
ing up loglcal structures of a very broad general type.

2. The process may be entirely autcmatic, or 1t may be effected by a com

bination of human and mechanical activity.

2, The results of the process may be put to use In the same computer as

that which carrles out the process itself, or they may be incorporated

in a programme or in the logical deslgn for another computer. (In the

former case the process may be carried out continuously and may therefore

be able to take Into account long term varlations in the prevalling con-
ditions.)

4, The process may concern itself purely with an examination of the data

which is presented to it, or it may be able to make a selection of the

data which 1t 1s to receive. In the latter case it would obviously be
able to save some of the time which would otherwise be wasted in scanning
through irrelevant data.

5. The data which the process scans may be obtained from the outside

world through a sultable input channel, or they may be generated within

the computer by some computing process such as a simulation of a physical
system. (In the latter case, the process would certainly be able to exert
the power of selecting those items which it wished to examine),

Although 1t 1s not yet possible to see clearly the way in which learning
processes are likely to be developed in the future, it seems probable that
examples of many different types of process, according to the above classifi-
catlions, will be used.

Applications in the Training Field

A learning process is already belng used in the Solartron machine known
as "SAKI" which 1s used 1n the training of card punch operators. This
machine adjusts 1tself to the operator's rate of learning and presents her
with tasks suited to her current ability. In fact it extracts, from the
record of her reactlons, the relevant facts to enable it to provide the
appropriate exercises,

There seems no reason why similar principles should not be extended to
the teaching of other skills, provided that the necessary data links can be
constructed. Typing s an obvious subject; another possible appllcation 1s
flight training.

In these learning processes the learning 1s carried out concurrently with
the teaching process which makes use of the experlence gained by the machine;
the machine 1s therefore able to adjust 1ts behaviour as the pupil Increases
hls skill.

(94009) 829



Husic '

One of the first applications of a comparatively elaborate form of auto-
matic learning 1s 1likely to be the composition of music. It is true that
this will call for a rather sophisticated type of learning process, since
the structural characteristics of the type of music to be.composed may be
somewhat elaborate, However, music lends itself convenlently to digital
coding, and varlous attempts have been made in the past by experlenced com-
posers to lay down detalled rules of composition, so that a basls for auto-
matic composition already exists., Some simple tunes have in fact been com-
posed by computers (Brooks, Hopkins, Neumann and Wright, 1957, ref. 1). There
1s still however considerable scope for extending the rules so as to cover
more ambitlious melodles, and also to orchestrate them, and this could pro-
bably be done by applying a learning process to a large number of existing
compositions, ‘

By varying the 1ist of compositions presented to the computer, the style
of music which resulted could be altered., It 1s possible to envisage a two-
stage process, 1n which the computer began by making a passive analysis of
some given works, and then proceeded to compose‘a series of works itself
which could be criticised by a human musician, thus adding to the computer's
experience.

Information-Handl ing

There are many problems involving the recognition of various representa-
tlons of information, e.g. printed, written, or spoken numbers or words. In
all of these problems the chief difficulty lies in malntaining a useful
degree of discrimination in spite of the presence of noise and distortion of
the original Information. A satisfactory recognition process must usually
take into account the relative probabllitlies of various types of distortion,
and 1t is quite possible that a learning process could be used in order to
study the actual distortion experlenced. In the case of written and spoken
Information, these distortions can be quite complicated, so that a powerful
learning process might be required.

A simllar problem Is the Interpretation of mis-spelled words; this has
already been mentloned as a possible application of leaming processes
(Tizard, 1957, ref.3) . In all these recognition problems, the learning
process would need to examine a large number of specimen 1tems In order to
bulld up its experlence of the noise and distortion, and it would be
necessary for a human to supply the correct interpretation of each specimen.

A process which has been suggested (Brown, 1958, ref.2) as a means of
arriving at a successful programme for language translation 1s in fact a -
type of learning process. Its originator suggests that some very elementary
rules should be applied to a sample of text, and, whenever the rules break
down, they should be amended in order to cover the cases so far encountered.
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His suggestion 1s that a human should not only detect the cases where the
rules break down, but should also then make the necessary amendments to the
rules; the computer would be used merely In order to apply the rules to new
specimen sentences. It will perhaps be possible one day to use a learning
process which merely examines a lengthy sample of text and a translation of
it, and devises its own rules for the translatlion process; this would
clearly call for an extremely powerful learning process and is not likely to
be practicable for several years. However, in the meantime Brownds suggestion
has a great deal to commend {t.

The Control of Physical Systems

There 1s a class of problems arising in a varlety of different flelds,
involving a system of continuous variables which can perhaps be treated for
a first approximation as a linear system, but in which the parameters of the
system are not capable of direct observation and may perhaps change slowly
with time. In such cases quite a simple learning process might be able to
determine the parameters by Investigating the behaviour of the system over
an initial period, and thence to make predictions of the future behaviour of
the system. Such problems might include the studies of economic systems and
of the water flow in large systems of rivers, In so far as such systems
could be considered as linear, the learning process would be comparatively
straightforward; 1f however one attempts to take Into account departures
from linearity there would be considerable scope for ingenufty in the
learning process.

It 1s perhaps possible that this approach might also produce useful
results in the sphere of weather forecasting, in which the rigild application
of the laws of physlcs requires a somewhat lengthy and cumberscme computa-
tion. Some work has indeed been done in the U.S.A. wlith a view to making
forecasts by examining past records of similar circumstances, and this is a
step towards the application of a learning process.

Many problems are arising nowadays in which the varlables are not con-
tinuous and in which tasks such as optimisatlion are therefore difficult.
There are several such problems in the field of production scheduling which
require the optimisation of a function of a permutation (the permutation
being the arrangement of processes to be performed by varlous tools in ful-
filling given production requirements). In many such problems a complete
optimisation is impossible, and a near-optimisation 1s sufficient. Various
ad hoc procedures can often be devised which will usually produce a fairly
close approximation to the optimum solution. However, the Dest procedure
may not always be easy to find, and may depend on the inclidental features of
the problem. It is therefore possible that learning processes might be able
to evolve successful optimisation methods adapted to various types of
problem,

(94009) 831



Such a learning process may turn out to be similar in structure to the
one used by Newell and Simon in the United States to develop successful
methods of manipulating logical formulae in order to prove mathematlcal
theorens, Research in this line would seem to be promising. It 1s likely
to find direct applications in the design of switching circults, and also
the learning principles involved may well be valuable in a number of pro-
blems In which classical mathematical logic is not directly appllcable.

THE PROBLEM OF OBTAINING EXPERIENCE

In the fleld of traffic control it would not be appropriate to apply a
learning programme directly to a real trafflc system, because the whole
system would probably be wrecked before the learning process had accumu-
lated enough experlence to be capable of handling the situation. However,
in this case the physical part of the system could be simulated suffi-
clently well to enable trial runs to be made by a computer alone, so that
the learning process could operate on a hypothetical serles of situations
in order to galn its experlence.

In the case of surgery however the problem is much more difficult. One
would not be able to afford to let the computer learn by a long serles of
mistakes, and 1t would therefore be necessary to let it draw on the exper-
ience of generations of human surgeons. In other words, the programme
must be presented to the machine in a pre-digested form. However, this
does not mean that it must be presented in any of the types of coding that
are normally used for computer programmes. The ideal solutlon would be to
prepare a "compiler programme" that could accept informatlon in the lan-
guages In which existing text books are written. Once such a compller has
been produced, the whole of the existing store of medical knowledge could
be incorporated into the computer programme. This would of course need to
be supplemented by sections of the programme to deal with the Interpreta-
tion of the Input signals and the control of the surgical instruments.,

Perhaps "compiler® is not an appropriate term to describe the programme
that would be required for such a task, since 1t would need to be tremen-
dously more powerful than any existing automatic coding system. It would
need to be capable of applying the rules of grammer to the interpretation
of the sentences presented to 1t, and of coding and tabulating in some
systematic way the information which they contained. The production of such
a programme would in itself be an enormous task, but it would be of value
in many fields other than surgery. It would in fact glve the computer
access to the whole accumulated fund of human literature. As yet one cannot
foresee the lines along which such a prograrme might De constructed, but
again 1t seems llkely that some kind of automatic learning procedure may
assist in 1its development.
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CONCLUSION

In comparison with the foregolng suggestions, the present stage of com=
puter usage seems extremely rudimentary. The subject differs from most
technologies in that its development will depend comparatively little on
the discovery or explolitation of physlical laws, but primarily on the sheer
application of intelligence. Thils however will be needed In great abundance.
Even the comparatively crude programmes that we are using today call for a
great deal of brain power for their construction, and it is very difficult
to say how much more effort will be required in order to realise the more
excliting possibilities discussed above., The author feels however that this
is purely a question of time, and that In due course we shall see computers
performing tasks which are now regarded as essentlally calling for
intelligence.
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DISCUSSION ON THE PAPER BY DR. S. GILL

MR. J. A. COSDEN: First, I would 1like to point out one of the problems which
we have to face in glving effect to some of the suggestions made by
Dr., G111; that 1s the problem of producing good systems that "fail safe"
and organising methods for trying them ocut. If we take the case of teaching
a machine to compose music, any errors may make us uncomfortable, but
errors in learning to wield a surgeons' knife are much more serious., The
difficulty 1s to try and predict the internal and external conditions that
have to be guarded against. Errors exist in all sorts of systems and we
have learnt to live with them. Some of these systems are golng to require
quite a lot of re-orientation before we can live with them.

I would also like to ask a question that i1s not particularly directed to
Dr, G111, and it concerns the way adminlstrators work. An administrator
lays down a procedure for his staff and only situations outside the scope
of the procedures are referred to him for decisions, After several simllar
situations have turned up, he saves himself further labour by generalising
his decisions into a new procedure, Now, can we teach machines to generalise,
and 1f so how can we discriminate between a good and a bad generalisation?

CHAIRMAN, THE EARL OF HALSBURY: It seems to me that we need more insight into
the hierarchy of difficulties that are involved in some of the things we
have been talking about. The type of difficulty Mr. Strachey referred to 1s
one type. Another type of difficulty can be illustrated by the sort of
experience I had once in attending a derating appeal where the business
before us was to construe the words "scientific, charitable or soclal
activities" for the purpose of the Act. What was a "soclal" activity?
Learned Counsel on each side proceeded to argue thils case for two hours.
They took instances of the use of the word soclal, as In the context of
social worker, soclal 11fe, social sclence and so on. In each case the word
tsocial® has a different connotation, These differences represent one kind
of difficulty. The Judge was asked on thls particular occaslon to glve a
considered judgment and state hils reasons, which he did. What he did not
state were the reasons that lay behind the reasons. Those of course were
embodied in a degree course in law, 20 years experlence at the bar, another
15 years on the Bench and so on, Computerising these would involve diffi-
culties of a much higher order,

Speaking as a computer wlth some 1010 rmultiple threshold relays in 1t, a
computer which spent three years taklng a degree course, I ask: could one

A
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design an appreclably simpler organism to do the same sort of job? I doubt
it. We must be clear as to the hilerarchy of difficulties involved in think-
Ing and learning processes; and which of them could be solved by the type
of computer we could hope to bulld. I agree with Dr, Glll that the old
fashioned computer of 10 years ago has still a very long and useful 1life

to run,

MR. R. H. TIZARD: When one considers the application of a learning type of
machine to practical problems, I think there is one factor that 1s over-
looked. There 1s an obsession on the part of people concerned with developing
learning machlines to start off with a machine which 1s entirely empty of
previous experience and learning. Not only 1s the sort of machine we can
make now extremely small In its capaclity compared with the capacity of the
human brain, tut one must also bear 1In mind the length of time spent in
putting experience Into the human brain before it can be considered to be
of any use whatever, For Instance 1n political affairs this time 1s con-
sidered to be 21 years. Therefore an Important requirement for any appli-
cation of this nature is to build in in the first place as much experience
as one can. This can be done in two ways: first of all in the design of the
equlipment 1tself; secondly in a method of supplying experience to an empty
machine In a very rapld way before it 1s put on to carrylng out its work,
After thls 1s done there 1s a third way in which one can Improve 1ts rate
of experlence, that 1s by teaching it - allowing humans to teach it - as it
does 1ts work, Here I think there 1s one very Ilmportant practical problem
which 1s overlooked, and that 1s that the methods of communication between
the human and the machine at the moment are so elementary that they will
form one very serious obstacle to the practical use of learning machines,

MR. P, REDFERN: It seems to me that many of the problems which we shall have
to tackle in the next decade or so will be of such complex mathematics that
we will have to rely to a great extent on automatic programming procedures
to help us i1f we are to reach our goal. That leads me to suggest that in
designing machines we must pay more attention to the order codes that are
used., This 1s because In preparing an automatic programming procedure for
the machine we must in fact tell the computer what its own rules of pro-
cedure are,

If these rules of procedure embodied in the order code are powerful but
nonetheless essentially simple, then the task of preparation of an automatic
translation programme will be eased. But 1f the rules of procedure are
complicated by many restrictions and exceptions (e.g. 1f there are complica-
tions of optimum timing), the task 1s made more difficult and the
possibllities of producing a powerful and efficient automatic programming
procedure is reduced. If the order code of machine A is C times as complex
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as that of machine B but of equal power, then I would venture to suggest
that an automatic translation programme for machline. A might be of the order
of CZ times as complex as that of machine B,

MR. C. STRACHEY: I have three rather disconnected comments, The first 1s
about the problem of a machine making mistakes, I should not mind being
anaesthetlised by an anaesthetising machine provided 1t made fewer mistakes
than a human anaesthetist; after all, human belngs occaslonally make
mistakes. In general when replacing human beings by machines the important
thing 1s not that the machines should make no mistakes, but that they
should make fewer than the human belng they replace.

Secondly, I should support what Tizard sald about teaching learning
machines. I was a schoolmaster for some period and spent a long time
teaching some rather elementary learning machines, and I can assure you
that the problem of communication both ways 1s exceedingly important. I
think that 1f a machine which 1s trying to learn, cannot actually ask
questlions it must do something which 1s more or less equivalent, It could,
for example, make experiments or suggest tentative solutlons, It 1s only
by something 11lke this that one might hope to teach a machine to do
something without making a great many disastrous mistakes.

The third point 1s about the desirabllity of deslgning machines to make
automatic programming easy. I think it is important that the design of
computers should be such that 1t 1s possible to write an automatic pro-
gramming system, but I do not think that 1t 1s particularly important to
make 1t easy to do so; after all a system like a FORTRAN has only to be
written once, It 1s, however, of no use trying to write an automatic
programming system for a machine which is Intrinsically too complicated to
make the resulting programme economically worth while., I think that machines
having multiple-level stores probably come into thls category.

MR. G. M. E. WILLIAMS: Pursuing Mr. Tizard's point of the problem of human
beings communicating with machines, I am going to assume that Dr. Gill's
paper and all the discussion so far is in terms of a purely digital machlne,
It always strikes me as odd in the case of punched card equipment applica-
tions for example, that so frequently lengthy tabulations are produced
because the meaning of these long columns of flgures 1s so difficult to
comprehend by anybody looking at them. A decision on general pollcy or major
stragety can surely be made more easily on a mass of data presented in
graphical form. A little work has been and 1s belng done in this country

on output of digital machines in graphical form, for instance in examining
the results of observations obtalned by telemetry from gulded weapons and
also in elementary attempts to control processes by computing machlnes.
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The Input equipment problems of dlgltal machines have advanced less
than those of output in alpha numeric form partly because of the technical
difficulty of eliminating the human element and partly because of the
analogue to digital conversion usually required causing the speed of input
equipment to fall below that which a digital machine could accept.

I think that a larger proportion of effort and a wider outlook than high
speed printing is needed for output devices. The proper amalgam between
analogue and digital devices should be the alm and not Just analogue results
alone expressed in two-dimensional form, A dlgital surface generator might
provide another application for some of the work which has been expended on
computer control of machine tools and such a generator would be a powerful
means of cormunicating computed results to human belngs.

MR. D, W. WILLIS: I would like to ask Dr., Gill whether he knows of a
learning programme in which the performance of the machine has given us
some information, I myself have seen learning programmes demonstrated when
the programmer appeared surprised at the result the machine gave. It seems
to me that, having worked out a learning programme, there 1s no longer any
point in making the machine do it - in fact there 1s no point in programm-
ing it as long as you know 1t can be programmed. I would ask Dr, Gill why
in fact he wrote the learning programme he mentioned; was 1t to measure
the speed of his own reactlions?

CAPT. S. JEFFERY: During this meeting we have discussed elther automatic
programs or mechanlized thought processes with the aim of satisfying in

some manner the problems which we cannot satisfactorily program today.

Dr. Gill has briefly noted in his paper one extremely significant area,
"The comblination of human and mechanical activity"., This man machine rela-
tionship 1s becoming increasingly important particularly in light of the
present studies in computer technology. The next five years will make
available machines operating 10, 20 or even 50 times faster than the present
1 microsecond devices, In view of thils tremendous data handling capabllity
one must become more concerned with the problem of how the human can
effectively apply decision elements throughout a data processing event., The
compléx programming problems we are faced with today might concelvably be
reduced to practice as a result of an integrated man-machine, where the man
can apply tests, human decisions and effectively control all facets of the
data manipulation or process.

DR, S. GILL (in reply): I agree that the problem of coping with the great
mass of mistakes that are sure to be made as we learn how to make learning
processes 1s one of the greatest difficulties which we have to face, It 1s
one of the reasons why I feel that thls second revolution in computers 1is
1likely to be at 1ts peak in 1980 rather than in 1960.
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I also agree that 1f we are goling to make much practical use of a
learning process 1t will probably not be very economlcal to start with
practically no Information in the machine and expect the process to accumu-
late all the inforrmation 1t requires, We should try to put In as much as
we can at the beginning in order to give it a good start. On the other hand
while we are in. the experimental stage 1t 1s perhaps worth while experi-
menting with very elementary processes in a machine with practically no
preconceptions, simply in order to get at the fundamental principles of
learning.

I agree with Mr, Strachey that the most efflclent use of a multl-level
store i1s often something which cannot easlly be achleved by an automatic
process, On the other hand, the order code 1tself seems to me something
that does not fundamentally effect the sultabllity of a machine for
automatic coding. One of the alms of automatic coding 1s to Insulate the
ordinary user from the details of the order code, which have to be con-
sidered only by the man who writes the translating programme, To some
extent therefore complications In the order code can be more readlly
tolerated when using automatic coding. It 1s only when these compllcatlons
reduce the effectlve speed of the machlne that they become serious,

With reference to Mr. Strachey's comment about the desirability of a
machine beilng able to ask questions, I think that I do make the distinction
in the paper between processes which do, and those which do not conduct
experiments., Obviously the former will be more powerful, but there might
well be situations in which experimenting 1s 1mpossible,

In reply to Mr. Willls' question, the actual reason why I myself con-
structed a simple learning programme in 1951 was partly because it was fun,
and partly because 1t added some impressive material to my Ph.D. thesis,
The only sense in which I was "surprised" at the machine's behavlour was
that the machine succeeded In beating me In a guessing game. Apart from
this I learned nothing from the programme 1itself.

The question of graphical and other analogue forms of Input and output
i1s part of the whole question of the relationship between the man and the
machine, 1in which there 1s obviously great scope for.developments, If
satisfactory techniques can be developed, 1t does seem quite llkely that
we shall establish systems in the future which operate by an Intimate
combination of human and machine activity. This problem even arises to
some extent in running a conventional computing installation 1f the speed
of the computer 1s extremely high, because satisfactory procedures rust
be established for scheduling and recording the problems belng solved
whilst keeping 1dle time to a minimum,
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AUTOMATIC CONTROL BY VISUAL SIGNALS

by

DR. W. K. TAYLOR

SUMMARY

VISUAL signals, derived from spatial patterns or llght intensity distribu-
tions by means of a transducer system, are 1n general analogue signals. A
method of combining them to form error slgnals for controlling visually
operated tracking servomechanisms 1s described. The more complex operations
of sorting and reading can also be controlled by the signals 1f they are
subjected to appropriate transformations but because the outputs of a sort-
ing or reading machine are effectively digital signals there must be an
analogue-digital conversion stage before the final output. The new methods
of machine synthesis described in the paper preserve the analogue character
of signals up to the input terminals of a final conversion stage before
which only the simple operatlons of adding and subtracting appropriate pro-
portions of selected signals are required.

Electrical networks for performing the signal transformations and
analogue-digital converslon are described and analysed. The characteristics

-0of sorting or reading machines synthesized by the new method are compared
with those exhibited by the human operator,

It 1s concluded that the synthesls procedures described in the paper
lead to the construction of sorting and reading machines that have many
characteristics of the human operator, of which the ablllty to guess the
operation to be performed on the evidence of visual signals that are dis-
torted in intensity and/or spatial position 1s probably the most important.

INTRODUCTION

A MACHINE that 1s capable of learning to recognize simple visual patterns
1s described in earller papers (refs. 1 & 2). In this machine an input
classification signal 1s supplied at the same time as visual signals rep-
rasenting the distribution of light intensity over a sample pattern,
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The colnclidence of the slgnals 1s recorded in a memory unit that increases
the transmission of paths from the visual slgnal input terminals to an
output terminal that corresponds to the classification, until the signal
appearing at the latter terminal 1s sufficlent to operate an indicating
relay. This setting-up procedure 1s repeated for all patterns and clas-
sifications that are of interest In any particular application,

Information stored in the memory units of this machine after a period
of learning can be extracted in the form of path transmissions and incor-
porated permanently in a second machine that is incapable of learning new
discriminations but which otherwlse has all the characteristics possessed
by the first machine at the time of the Information transfer. Machines of
this second type can be considerably simpler than pattern learning
machines containing the same information since they have statlc instead
of dynamic memory units. They cafi be equally efficient, however, Iin
controlling operations 1n response to visual signals i1f the response
characteristics do not have to be changed by the signals. In addition to
the simplificaticn of a static as compared with a dynamic memory a fixed
purpose machine can have a much smaller storage capacity than a learning
machine that has to be potentially capable of storing information about
the wide range of possible patterns that may occur during the training
process. The learning machine must have sufficient memory capacity to
learn any discrimination within {ts range of accuracy and the non-learning
machine can be thought of as a frozen version of the former in which the
memory 1s made static and the unused storage space discarded. The two
types are thus functionally equivalent over a short interval of time.

A statlc type of recognition machine may of course be constructed with-
out reference to the memory of a learning type if scme other means of
obtaining the necessary information about the visual patterns of interest
1s avallable., If we only wish to construct a machine that will recognize
a small number of sample patterns together with variations of these within
certain 1Imits an approximate analysis can be carried out manually and an
attempt made to synthesize the simplest machine that will glive reliable
results. This analysis and synthesls procedure forms the principal subject
of .the present paper. '

INPUT AND OUTPUT SIGNALS

In the machine referred to above (refs.1,2) electrical signals cor-
responding to the light intensity at different parts of the visual fleld
are obtalned from a matrix of photomultipliers which can be sald to
simulate receptors In the retina., The disadvantages of thls transducer
system, namely the high cost, weight and volume of a large matrix, have
led to 1ts replacement by a televisiocn transducer system 1n which the
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video output waveform of a television camera is synchronously gated through
suitable smoothing circuits to a matrix of output terminals. The smoothed
output voltage at any terminal in the matrix 1is approximately proportional
to the integrated light Intensity over a corresponding square element of
the camera tube surface and hence to the light recelived through the camera
lens from a corresponding element of the visual fleld.

It has been shown (refs.1,2) that the matrix of signals produced by a
so0lid objJect or shape can be transformed by a device that has been called
a "detall filter" into a simpler matrix of signals in which only the out=-
lines of the object or shape are preserved. It will be assumed that this
detall filtering has taken place or that the criginal patterns of Interest
are In the line form, as handwriting is, so that a detall filter 1is not
required., The ehlargements of handprinted and handwritten letters shown in
figs.la and b serve as examples of line patterns but the following dis-
cussion applles to any concelvable distribution of intensity.

Analogue Input slgnals x4 ... Xg see Xgy proportional to the integrated
vidoe signal over corresponding squares of the visual fleld matrix, are
formed by networks that switch the video signal to a matrix of S integrat-
ing capacitors, In:.the examples of fig.l, the resulting input signal
amplitudes have the values shown if a constant black level over the letters
generates positive video signals and 1if the background glves zero signals,

The objJect of the synthesis procedures to be described 1s the design of
a machine that will generate binary output varlables 2y eee 2, 0ee 20 in
response to the S analogue input signals Xq eve XgeeeXg according to rules
specified by the designer. The machine can thus be represented by a box
between the inputs and outputs as shown in fig.2.

Xy — Z,
‘ : Pattern :
Analogue X A ] S = Dig/‘/'a/
(V/su_a S{gna/) o: ﬁ;co‘zr.uhon Ve (Con/‘ro/ S@na/ )
Inputs o achine oz Outputs
C
Fig.2
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The binary outputs may be used to control a wide variety of operations.
Letters, cheques, etc., may be sorted automatically by arranging for the
outputs to open mechanlcal gates. In the case of letters a large number
of variations in the writing and printing of an address 1s required to
produce the same sorting operatlon but with cheques the acceptable range
of a signature is limited to variaticns that fall within much closer
tolerances. Informatlon derived from written or printed instructions may
also be fed through the recognition machine into an electronic digital
computer thereby eliminating the Intermedlate stage of punched card or
tape preparation, ,

Tedious statlstical work such as the estimation of conditional prob-
abilities of letters and words in a written language could be mechanized
by supplying the bilnary output signals to the input terminals of a condl-
-tional probability computer (ref.3) as the pattern recognition machine
scans the pages of books.

One final example of the many applications that could be mentioned
Involves the selectlion of recordings of spoken letters or words by the
control slgnals as a page 1s scanned by the Input lens, thus providing
blind persons with a possible means of *"reading" newspapers and printed
books.

. ANALYSIS OF THE INPUTVSICNALS

To minimize the cost of the machline i1t 1s necessary to employ the
smallest number of input slgnals that 1s consistent with reliable
operation. In fig.l there are 81 signals and it 1s clear that the mininum
number will depend on the complexity of the patterns that have to be
discriminated., Each member of the Infinite set of different configura-
tions that a fixed amount of light flux can take up within a small square
produces the same output signal and the members of the set cannot be
distingulshed. In general It can be sald that patterns must c¢ross a
different set of squares 1f they are to be distinguished but the sets need
only differ by one or more squares.

The analysis of the input signals follows the procedure adopted in
earller work and Involves the formation of the sums of sets, each set con-
taining any number of signals from one to the maximum of S. In practice the
average number of slgnals In the sets 1s usually far less than S. The
following semi~manual method of selecting the sets 1s based on the automatic
process that takes place during the training of the learning type of machine.

A pattern that 1s requlired to produce a binary output at terminal 2, is
Placed before the television camera and a lens that causes the pattern to
occupy approximately 3/4 of a monitor screen is chosen, A meter 1s then
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connected in turn to the x termlnals and the % non-zero slgnals, denoted by
the non-zero numbers In the examples of fig.1, are recorded.
There are 2‘ - 1 possible ways of forning sets containing from 1 tc 4
and in general m non-zero sigrals. The sum of the / non-zero slgnals divided
vy &m 1s subtracted from the average value of the x signals In the sets of m
to form y slgnals glven by
1 s

1

m%nxs_ETUMS (1)
Thus for any glven sarple pattern that produces /4 ncn-zero input signals
there are In general o - 1 values of y of which only the largest 1s
significant for the synthesls procedure. In the example of fig.la the
maximum y slegnal 1s 4.47 unlits and occurs when m is 19, the particular set
of 19 signals belng thcse surrounded by thicker lines, For the fig.ld
example the maximum signal 1s 4.00 units and the corresponding value of m
is 21.

The actual synthesls of particular y signals is achieved by means of the

network shown In fig.3. It will be noted that the signal § x is 1nde-
S

rendent of m and can be used for supplying any number of networks of the
form shown on the right of fig.3, providing the loading effect 1s negllgible.

X

!

o
0---0---0

U)H

i - — -
- - -

|
b
P
1
i
i
]
I

o
}ﬁ ;ﬁz -;44
< High qain d-c amplifier with sign change.

F1g.3s, y=Slgnal Networkse.

(94009) 848



CHARACTERISTICS OF THE y SIGNALS

The relationship between the x and y signals given by equation (1)
satisfies two conditions that are found to give desirable control character-
istics In the case of visual Input signals; (firstly that all classified
input patterns of equal Intensity should glve maximum y signals of equal
amplitude and secondly that for any set of m equal non-zero Input signals
(the remainder S-m belng zero) there should be a y signal that 1s greater
than any other y signal when the set occurs,

Cne consequence of the first condition is that a machine with an Iinput
matrix sufficlently large to accommodate words of any length would gilve
approximately equal amplitude maximum y signals for all words, irrespective
of length., This approximate equality can be 1llustrated by assuming that
the m input signals in the set corresponding to the maximum value of y are
equal to the average value x,,, and that all other x slgnals can be

~,

neglected. The maximum value of y is then ymax'”'% Xy which 1s Independent

of m and therefore of the word length. If the ¥ - m non-zero input signals
not included in the m are taken Into account by assuming them to be some
fraction ¢ X5y of Xav instead of 2zero the maximum value of y becomes

_1 [ (M=m) :-J
—'E'xav l=-¢c — ’

' ymax. m

The value of ¢ at which the outputs of the two networks desligned to give a
maximum output when ¢ 1is zero and one become equal can be found from the
equation

ay E-c(y:mz] = Eym [wc(zz.—_r_n_)

m m

It m = M/2 then ¢ = 1/3 which implies roughly that a long word made up of
two short words of equal length, one of which 1s only ¢ times the Intenslity
of the other, will be recognized as the long word when ¢ is greater than 1/3
but as the more Intense short word when ¢ 1s less than 1/3,

According to the second condition the maximum y signal produced by a set
of m non-zero and equal signals x, should be greater than any other y slgnal,
irrespective of m, when the set occurs. In terms of eqn. (1) this inequality
may be written

Sxg- 15 S xe- 15, Sxe- 15 xg]

 Max.|m+e s 113 S s <Max. 'S é §'s JHMax, (m-j S 285°S :

mtk m m—j _j
1&k&Sm 2<5m&S, 1£f<n-1 (2)

where it 1s understood that the set of m signals that the network with m
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inputs was synthesized for is present. The integers mtk and m-j are the
number of inputs of y-signal networks with more or less than m inputs
respectively. When the values of the x. are inserted the inequality simpli-
fies to

)

m m
K 1D 2 -
mtk m=j
which is independent of the actual value of x,. The inequality will be seen
to hold for any possible value of m and the corresponding ranges of . and j.

REJECTION OF INSIGNIFICANT PATTERNS

It has been shown that networks can be synthesized that wlll give a
maximum output signal in response to any glven sample pattern. The varlation
of this signal as the pattern 1s changed will now be considered and it will
be seen that the network 1s insensitive to small changes In a complex
pattern. If In particular a pattern that produces m equal x slgnals X, is
changed by having any k& signals removed or by having 2 signals added the
output of the network that was giving the maximum value of y decreases by an
amount A ;@. The rate of decrease of output with k2 from the maximum value of

xa/z 1smthus ra/2m on both sides and y 1s zero when 2 = m. It will be noted
that complex patterns giving rise to a large m value can suffer more dils-
tortions than simple patterns before the output y 1s attenuated to zero but
that the percentage distortion required to reduce the output to zero 1s
independent of complexity, being 100% In all cases for this form of
distortion.

If the reduced y signals produced by distertions are above a threshold
level they can be made to select the same output as the maximum signal and
the machline can then be sald to generalize from a particular sample pattern
to distorted versions of the sample. One form of distortion that is of
particular Interest 1s produced by moving the pattern relative to the input
matrix without changing i1ts shape. When the movement 1s only a fraction of
a matrix square the value of y will in general only decrease slightly but
a movement of one or more squares may reduce it to zero. Thus if a gilven
shape 1s to be recognized at all positions in the fleld a y network must
be synthesized for a sufficlent number of sample positions throughout the
field, This also applles to tilted or upsldedown shapes, VWhether or not all
the possible variations in the positidn of a shape are required to produce
the same 2z output will depend on the application., The essential point to
note 1s that the machine, In common with the human observer, can control
different operations according to differences In the position or orilentation
of a given shape providing the differences are sufficiently great but that
1t 1s also a simple matter to arrange for the machine to glve the same out-
put for all positions and sizes of the 'same shape. These observations also
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apply to projected images of three dlmensional obJects, so that the image
of a cube when projected from various directions may glve the same z output
or different outputs as declded by the deslgner.

A second form of distortion that occurs in practice results from poor:
printing or writing in which parts of a character may be missing. The remaln-
Ing parts make a contribution to the y signal that 1s approximately propor-
tional to the ratio of the part to the whole. In other cases there.may be
contamination of the character by additional slgnals and again the y signal
will be reduced, approaching zero as the complexity of the additional parts
tends towards that of the character. If the diminished y signal will still
select the appropriate output. the machine can be sald to ignore the distor-
tions but a small difference can 1f necessary be detected since 1t 1s always
possible to syntheslze a separate network for the new pattern 1f the differ-
ence 1s such that a different maximum y slgnal can exist.

In summarizing these properties it can be sald that a machine of this
" type tends to generalize from a sample pattern to patterns that resemble it
unless the latter are analysed in.detall and provided with separate y net-
works where the analysls indlicates that this is possible.

ANALOGUE CONTROL OF THE BINARY OUTPUTS

If y signals can be derived from a set of differing sample patterns so
that each signal is a maximum when 1ts assoclated pattern occurs and if the
maximum y signal causes a z signal to change from a resting level to an
active level the change serves thereafter as an indication that a pattern
identical with or resembling the sample pattern for which the y slgnal net-
work was synthesized has been presented., Any new pattern that gives the same
maximum y signal as a member of the set will not be distinguishable from
that member but i1f the new pattern is not identical with the member 1t can
always be resolved by increasing S until a different maximum y signal can be
found.

A simple form of binary output that i1s often convenlent consists of a set
of relays, one for each z signal., ThHe actlve level 0f a z signal can then be
represented by one state of the relay and the resting level by the alter-
native state. To be specific the energized state, representing the active
level, will be symbolized by the binary digit 1. Since relays operate at a
threshold level of input it 1s important to have a signal that 1s nearly
always well above or below a threshold 1f indeterminate operation is to be
avolded, Furthermore 1t 1s essential that only one or no relay should be
energized at any instant if each type of pattern is only to change one or no
z signal from the resting level O to the actlve level 1, The possibllity of
two or more nearly equal y signals producing more than one Indication can be
reduced by means of a "maximum amplitude filter" (ref.2) that amplifies the
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@ Hiqh qain d-c amplifier with sign c/mn‘ye.

All resistors equq/ valve.

Fig.4. Maximum=Amplitude Filter.

percentage difference between nearly equal signals, attenuates equal
signals and leaves distinct maxima unchanged except for a constant
multipllier which can be made £ 1. One form of the filter 1s shown in
fig.4¥. The Inputs yy are the y slignals defined in previous sections which
are assumed to be negative going or zero and the outputs Y, are the
filtered inputs with a change of sign., The operation can be 1llustrated by
assuming that ¥y n 1s the maximum negative input signal and that all the
outputs except y., are zero. Under these conditlons Yon 1s approximately
equal to “Y1in and since the voltage fed back to the. units i1s greater than
the remaining inputs the rest of the outputs must be held at zero by the
dlodes as assumed initially. In the unlikely event.of r identical-inputs
of amplitude y,, being larger than the remaining (N-r) 1nputs the corres-
ponding r outputs Yor are also equal and are given.by Yor —y /r. The Yo
signals can thus be used to operate relays and there ls a 1low probability
that more than one relay will operate at any instant.
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An alternative form of output stage that may be driven by the origlnal y
signals after a change of sign or by the outputs y, of the maximum amplitude
filter consists of a set of thyratrons suppllied by an alternating voltage
through a common resistor and the output relays as shown in fig.5. During
the negative half cycles all the thyratrons are non-conducting and the first
tube to conduct as the voltage rises for the positive half cycle 1s the one
with the highest grid supply voltage. When thils tube conducts the anode
voltage of all the tubes falls to a level at which lonizatlon cannot be
initiated and the only relay to operate corresponds to the maximum y signal.
In practice 1t 1s often necessary to arrange for the same z output to be
operated by more than one y slgnal. Output z, for example may be required to
indicate the occurrence of both styles of letter 4 In fig.l, as well as
printed letter A's of various shapes and sizes. This result 1s achleved by
connecting the z4 relay to the anodes of all the thyratrons suppllied by
signals from y networks that correspond to the set of A-type patterns and in
general this will reduce the number of final outputs to C, which may be
smaller than N,
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AUTOMATIC TRACKING OF VISUAL PATTERNS

When a pattern 1s magnified until 1t occuples a large proportion of the
visual fleld the number of y networks corresponding to different positions
of the pattern 1s reasonably small if the matrix only contains a small
number of squares. For the A4 in fig.la for example, the number 1s approxi-
mately 10 1f only horizontal and vertical movements are considered, A small
pattern such as a single dot may be of interest however, in applications
that require fixed magnification and it 1s clear that the dot can in general
occupy any of the S matrix squares. A considerable saving in the number of y
networks can then be achieved by introducing an automatic control system
that stabllizes the positions of patterns relative to the matrix and also
serves as an automatic tracking device for moving patterns, A pattern can be
kept at the centre of the matrix by two servomechanisms which shift the
image of the pattern sideways and vertically until appropriate sums of x
signals are balanced. The central position can be made stable for continuous
patterns by Introducing appropriate correction networks and a particular
pattern always moves to the same stable position on the matrix. In fig.1 the
latters are shown in the central stable positions, )

Three methods of controlling the relative motion of pattern and matrix
have been investigated, In the first method the camera tube or matrix of
light sensitive elements 1s mounted on a platform that can be tilted or
rotated by two motors controlled through suitable amplifiers by the error
slgnals. The maln disadvantage of this system, namely 1ts large size and
slow response, 1s overcome in the second method by using instrument serve-
motors to drive a mirror in the optical system.

In the third method of position control the position of the camera tube
scanning raster relative to the light sensitive surface 1s controlled by
currents supplied to horizontal and vertical deflection colls, The cholce
between these methods depends on the application and in particular on the
speed of response and tracking angle required.

CONCLUSIONS

The synthesis procedures described In this paper lead to analogue
operated pattern recognition machines that are considered to be particu-
larly well adapted to visual signal Inputs. The most important character-
istic of tue machines is that the y signal produced by distorted versions
of a sarale pattern 1s only reduced in approximate proportion to the
amount of distortion and still holds the same output active unless the
distorted patterns have new significance or the distortion reaches the 100
level. A speclal condition arises, however, when automatic tracking is In
operation, The distortions must then be made in such a way that the error

%
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“signals of the horizontal and vertical servomechanisms remaln approximately

zero if the decrease in the y signal 1s to be proportional to the amount of
distortion. A circular letter O for example with a circumference of slxteen
units may be distorted, without changing the stable positlon appreclably, °
by removing elght edually spaced units of circumference to leave a dash line
circle. The y signal 1is then reduced to approximately one half the original
letter 0 value and produces the same output unless a separate y-network
exists for the dash line circle, If, however, the eight units of clrcum-
ference are all removed from one side of the letter, reducing it to a seml
circle the error signals become non-zero and in the new stable posltion the
y signal 1s reduced to a much lower proportion than one half of the complete
sample value. It 1s also characteristic of human recognition that evenly
distributed distortions, such as might be produced by printing or writing on
rough paper, lead to less errors than concentrated distortions in which an
equal but continuous area of the pattern 1s missing or obscured.

The important characteristic referred to above emerges quite simply as a
consequence of the analogue signal addition metheds described 1n this paper
and 1s not easily incorporated into machines (refs.4 and 5) in which binary
signals, derived from analogue visual slgnal inputs at the outset, control
the states of logical gating circuits that supply binary output signals,
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DISCUSSION ON THE PAPER BY DR. W. K. TAYLOR-

MR, R. H. TIZARD: There are in my opinion two purposes, and only two
purposes, 1n making the sorts of machlne which we have been hearing about
In the course of this symposium. One reason 1s because one expects to
learn something as a result of making the machine. The second purpose 1s
that 1t has some practical use, Dr., Taylor's extremely interesting work in
this field probably satisfies both of these objectives. But I wish to talk
only about the second one; and although he has not written very much about
this in his paper, from what he has said I deduce that he 1s not ashamed
of this practical use,

I think Dr. Taylor's contribution here 1s a very considerable one and
does lead to possibilities of character recognition by very simple means
which have not hitherto been discovered. I would suggest that the question
of analogue versus digital means 1s not fundamental, and that the basic
and really important poilnt 1s the method of determining what I might term
a probablistic colncidence between the observed word and the pattern word.
This 1s done in fact by summing, the coindences of digits between the word
as measured from the character and the pattern word, and in this way it
Is possible, without very complex logical networks, to show coincidence
which 1s not exact but 1s very near, In order to produce a simple machine
to do this, there is a falr amount of deslgn work required to obtain the
DParameters for the specified type of characters., After talking to
Dr. Taylor about this, I was interested In the possibility of doing it
with a computer programme, and I have now made such a programme, It 1s a
"learning" type of programme, in which the machine 1s fed with characters
0f the type the finally-designed machine will be expected to read, In
this way 1t can be used as a design tool, but 1t also has the advantage of
belng able to prove to what extent one can cut down on the amount of
information needed, for Instance by using only the quantised levels O and
1 for each of the black and white squares. I only completed this programme
the night before last, and it has not had much time to be tested, but I
think the results shown so far are encouraging.

The first test was. intended to show whether this sort of method could
be used for handwritten characters which vary very considerably, as
Compared with typewritten or printed characters. The characters were drawn

(94009 . 857



e

ke e s At

i I

AT

1 J

i

1

:r;’.nm,‘ S AR, o grrecn e

I
e ¥
e
AFTYS TN
e

- v v .
LA ,‘ ) 51
i o0l Az f' J \\ :
ot * . ; .

. 6,“’” - e R L L
o = L
»;.<i:;; Co ARy

H ; AT

L
s B
. P

L)X O

| YOUR AP [EREAOINNE D

Fig.1.

out on squared paper (fig. 1), and since I did not have a photocell reading
device of any sort there was a manual translation from this form to a
punched card form, 1n which, simply, a hole in the card corresponded to
any square through which a line passed, and no hole in the card corres—- .
ponded to a square through which a line did not pass. The letters A to H
were fed into the machine, four samples of each, and these were labelled
with the normal code, and the machine learned them., Then the same char-
acters were put In agaln without labels. The programme is designed so that
the machine produces one answer, and then 1f it 1s told that is wrong it
produces a second choice, It can also, by a welghting technique, declde
automatically the degree of certalnty of the character chosen,

When these characters, A to H, in their four different forms were fed
through the second time without labels, 1t made only one mistake, and that
was on one of the G's, AS you can see the G's are very similar to the C's,
particularly when you consider the coarseness of taking only 0 or 1 for
each of these squares.,

I was then kindly presented with some assistance by the staff of the
Laboratory to draw out some more letters and punch up the cards, which is
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rather tedious work. I gave them the first sample set and asked them to
continue the rest of the alphabets. Unfortunately I have not had time to
test them, but I have made the machine learn all four alphabets and then go
as far as G again, and the fact that 1t had a lot more characters to
distinguish from did not make it very much worse — in fact 1t made a second
mistake, There has been only one case so far in which the machine has been
required to recognise a letter which it had not seen before, and that is
the A shown in the square. It is quite a lot different from the other A's
but 1t was recognlsed without difficulty. To indicate the loss of informa-
tion content fig. 2 shows what the A In the second row looked like when
punched on the card., The shape of course 1s distorted, because the
Hollerith cards' columns and rows are not to the same scale,
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The results so far appear encouraging for the Very short time that this
has been used, and I think 1t does lead to some hope of being able to Tead
this sort of handwriting with a machine which 1s relatively cheap, One way
In which 1t might be used, is for the sorting of postal letters, There is
now a machine in existence for the mechanical sorcing'of mall, 1n which an
operator punches keys according to the address, I think that the process
could be made fully automatic provided the addressing of the postal towns
were done in the way shown 1n fig.3. It should not be difficult to persuade
the public to do it in this way on a pre-printed form of this nature; and
as I am, like many other people in this conrerenée. a great bellever in
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kicks and rewards, I would suggest that the right way to do 1t is to say
that anyone who writes characters which can be read automatically wlll

have his letter delivered sooner. This should be made possible by arranging
that during the development perlod of this device the postal service ls
suitably deteriorated from 1ts present high standard,

MR. W. T. BANE: I would like to comment on this question of whether or not
to quantise the input slgnals before they are processed and to draw

Dr. Taylor's attention to some work on a problem which has certain similar-
ities to the one we are discussing., I refer to the problem of processing
the output signals from a search-radar so that targets are automatically
detected. ‘

The design of a search-radar 1s often such that as the antenna sweeps
across a target, a whole series of echoes 1s recelved, If there were no
noise in the system, the problem of detecting a target would be simple;
one would merely have to examline each Interval of range and determine
whether or not the particular pattern of pulses has occurred.

Noise however 1s present and its first effect 1s to distort the pulses
that comprise the pattern. Ideally, one would base one's decision of
whether there 1s a target present on a consideratlon of the particular set
of pulses presented. Alternatively, and more simply, one can first quantise
the pulses before processing. .

A falr amount of work has gone into certaln areas of this problem and I
should like to quote a three-year-old paper by Harrington (ref.1) analysing
the process., Although he uses some heavily simplifying assumptions, I think
the results are of interest; he concludes that the effect of quantisation
1s effectively to ralse the lower 1limit of signal-to-noise ratio (the
smallest useable one) by about 2 d.B. This is not much, and he further
points out that even 1f the 1deal process were carried out by analogue equip-
ment, Imperfections in the equipment might well contribute a similar loss.

I do not claim that the results apply directly to the problem we are
discussing; I merely want to point ocut that in thls case, which may be
regarded as a rather speclalised pattern recognition problem, the effects
of quantisation are not great.
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DR. W. K. TAYLOR (in reply): I would 1llke to go back to the question of
clipping level because Mr., Tlzard polnts out that it can be varied auto-
matically. The point 1s that there 1s only one clipping level per char-
acter and no matter where 1t 1s the slgnals below It are neglected or
insignificant signals are given full value. By keeping to the analogue
signals the correct welghting of all the avallable Information 1s preser-
ved. The two-state devices required for forming binary signals are far
more complex and costly than the reslstors that handle the analogue
signals.

The simplest way to obtaln the x-signals 1s to construct the transducer
matrix and measure them when the characters are presented., The analysis of
the patterns is the real difficulty and the transducers eliminate the
problem of manual measurement that Mr. Tizard found so tedious, even for
binary estimations, It 1s a simple procedure, once you have the x-signals,
to deslgn and construct the y-networks in order to recognize them. One
simply starts with all the non-zero x-slgnals and eliminates the smallest
values one at a time untll the y-signal starts to fall. The maln advan-
tages of the new machine over a computer simulator is it!'s small size.
cheapness and high speed. There 1s every reason to belleve that a machine
with sufficlently low resistor values would recogniz: a million characters/
second, assuming that they could be supplled to the transducers at thils
rate.
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4B-6. AN ANALYSIS OF NON MATHEMATICAL
DATA PROCESSING

by

E. A. NEWMAN

SUMMARY

THERE are classes of data processing problems which are more complex than
those normally done by automatic digital computors, and which can occur in
clerical work.

This paper glves preclise definitions for a number of concepts which are
necessary In discussing such problems, and does a certain amount of
prelimlnary analysis.

AUTOMATIC digital computers are in wide use for scientific computation. For
such work they are most valuable,

Recently much attention has been given to the possibllity of mechanising
the kind of data processing which occurs in clerical work,

Such data processing can differ from that involved 1n sclentific compu-~
tation, in two ways which are almost the converse of each other,

First, in some clerical data processing the amount of Input data 1s quite
large compared with the amount of processing to be done on it and output is
similarly large. Secondly, the data processing is often exceedlngly complex.
In fact 1t can range over almost the complete fleld of human thought.

So far therefore, clerlcal mechanisation has not progressed very far.
Mechanisation has only been attempted of clerical processes which are
arithmetic or pseudo-arithmetic in nature., Such processes are Just those
that tend to give input and output problems, problems which can only be
solved by apparatus which is only slowly coming into use in this country.

Mechanisation of the more complicated clerical processes has not been
tackled since they involve data processing of a kind that 1s little under-
stood, and data manipulating processes have to be fully understood before
-they can be mechanised,

This paper 1s written against thls background and attempts to look at
data processing in a very generalized way., It is difficult when talking or
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writing about the more complex kind of data-processing problem, to be at all
precise. This arises from two related causes - first, few of the 1deas
involved have been precisely defined, and second, there are rarely words
avallable for the 1deas, For this reason this paper contains a large number
of definitions,

Most of the data that Interest man are about systems, or the interaction
between systems. It can relate to influences acting on systems, to internal
events occurring within the system as a result, or about the influence the
system Las on other systems. Always the data must compare or contrast one
situation with another. Data can be defined as any entities or concepts
which show 1f situations or experlences are the same, or, if not, specify
thelir differences, and data-processing as any operation on symbols, where a
set of symbols is defined as a set of entities of such nature that a certaln
system can distinguish any one from all the rest, a symbol belng one of
these entities, A set of such symbols can be called a language. It will be
noticed that this set of definitions directly Impllies the existence of a
certaln system, and indeed includes thls system. This 1s fundamental; the
1dea of a symbol 1s meaningless unless one also Includes the system.

To say that a system can distingulsh between input patterns elther
means 1t 1s aware of the difference, or that a second system can tell that
the input patterns cause different internal or output patterns in the first
system. The second system can only do this if the input and output patterns
of the first, and the Internal state patterns of the first, are in fact
input symbols of the second. There are great difficulties here. They are
essentially matters of philosophy but these are not matters that can be -
lightly dismissed on that account. At a simple level it might be argued
that 1t 1s sufficient to say that a sSystem can distinguish between input
patterns 1f these produce differing patterns within it. But in the last
resort this means very little. A man examining the system might come to any
one of very many different conclusions about the system, depending upon the
sensitivity and kinds of detecting system hé uses. Further as Mr. Pask has-
pointed out fref.2) 1t 1s not possible to discover anything about a system
without altering It at least in some degree. To assume a detecting system
does not resolve the dilemma - it moves 1t up a stage. Here, to make the
chain conceptually sound one has to assume a little more than this, and
assume the existence of scme system that has self-knowledge. Systems are -
able to distinguish between symbols, 1if this self-aware system can tell’
that the response to the symbols 1s different., This leaves the dirncult
problem of what 1s meant by awareness unanswered.

It 1s easy to see that the language of a system is dependent on the way
other systems react with 1it,

It 1s evident that a great deal of data=processing involves the recog-
nition of pattern, and judgement as to whether patterns are alike or not.
This involves the question of what a pattern is, and what 1s meant by
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likeness, These are not simple questlons. In particular it must be noted
that two patterns which would be Judged very lilke 1in one context would be
Judged as quite unlike In another, However, starting from a few more defl-
nitions one can bulld up an idea of pattern, and likeness between patterns
which on the one hand 1s mathematically precise, and on the other haad is
consistent with intuitive ideas. It 1s possible to have symbols which are
bullt up of more elementary symbols, For example, assoclated with a machine
with 10 input wires, each of which could have a potential on it or not there
would be 20 elementary symbols. The machine might be able to recognlse
combinations of these and so distinguish 1024 "built-up" symbols. Elementary
symbols one can call "marks" and bullt-up symbols patterns. A mark in one
pattern might be 1tself a pattern made of more elementary marks. It should
be noted that marks can only make a pattern if each one bears a speclal
relation to at least one other such as, for example, a spatial relatlon.
One can deflne a symbol P (a pattern) which contains a symbol Q {a mark) as
being of higher rank than Q. If system 4 divides a sub-language T of a
system B into sets, S1 of symbols containing no other symbols, S2 of
symbols contalning one or more of Sl, 53 of symbols contalning one or more
of 52. and so on, then one can define these sets as being of symbols of
steadlly higher rank. If two patterns have a common mark as part, one can
defline them as alike.

One can also deflne sub-rank within rank 1f one says that the highest
sub-rank symbol of two symbols of equal rank 1s that which contains most
marks of one rank less. One can make simllar definitions of sub=sub-rank.

The followlng formula, based on the above conceptions can be used to
glve a mathematical definition of likeness.

If the ranks of two patterns are Rl' Ré, and that of the cormmon marks
are R, Rb etc., the degree of llkeness can be defined as

Rop Ry
b= R R, TER, TR R, - 2Ry ot

This also gives a definition of X 1s more like Y than Z 1s like Y.
Where patterns are the same thls formula glves a llkeness of «<, where they
are quite unlike 1t gives a likeness of O. The formula will be found to
fit in with Ilntultive i1deas of likeness. Very llke things have major sub-
patterns in common and only differ in small polnts of detall. Very unlike
patterns only have small polnts of detail 1in common.

It will be noted although the 1likeness so defined 1s quite definite
provided the systems A and B are both defin2d, 1t 1s not independent of
context. The calculated ranking scores of sy:bols of 8 will depend
greatly on which sublanguage of B 1s taken, and this will affect the llke-
ness score. This 1s also conslstent with Intultlve ldeas. The estimated
likeness of two patterns depends both on the observer system - be 1t man
or machine - and on the context, and this 1s In fact due to different
observer systems using different sub-languages of the patterns.
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One possible kinc of data manipulation task - one which on reflection
will be found to cover a very wide range particularly in more difflicult
data-processing tasks = 1s that of one system, the learner, dlscovering the
language of another, the subjlect.

There are two quite different kinds of task that could be Involved, one
in which the learner is solely an observer, and the second in which the
learner and subject are part of an interacting system (ref.2).

In the first case one must assume that the symbols of the subject change
tfrom time to time, due to some cause outside of the control of the learner.
The learner must now note what changes in the system occur as a result of
these changes of the symbols. In the other case the learner in fact 1tself
causes changes to the symbols of the subject, in which case 1t can be
called a participating observer, It 1s convenlent to divide the subject
system 1nto three parts, although such a division 1s a llttle artificlal,
These parts are the input organs to the system, the body of the system and
the output organs of the system, The only relevant input, output or body
states of the machine in the context of the learning situatlon are those
which are symbols of the learner system, If the learner is a pa?ticipacing
- observer, then some of the states 0of the subject are output states of the
observer, . .

At first sight 1t might appear a simple matter for a learner to
discover which are input, output and body states of a subject. But 1f the
learner has no prior knowledge the last is in fact quite difficult. The
problem 1s best considered In terms of direction of information flow.

A number of symbols of an observer might occur coincidently; when this
1s so 1t happens that the probabllity of B occurring given 41s 1, 4
implies B. If at the same time the probability of 4 occurring given B is
less than 1, A contains B, It one assumes that a number of symbols can
occur coincidently with 4 or B or both, and there exist a number of sets
of symbols Sy, Sge..S, (including the set of no other symbols), then if’
for each S the-probability of A given S but not B is the same as that
given S and B, A is independent of B. It can be seen that the task ot
tinding that A 1s independent of B 1s more dlfficult than that of finding
A contains B,  There 1s the simllar concept that A 1s partly dependent
on B.-This 1s so where A 1s not independent of 5, but the probability
of A given B 1s less than 1,

It A contains B and 1s independent of it, then there is information
flow from 4 to B.:

If in a system there 1s no information rlow to 4, A 1s an input state,
1f there 1s no information flow from 4, 4 1s an output state, 1f 4 is
neither an input state nor an output state, it is a body state. Co.
It can happen that an observing system will find that, 1n a subject
system the same input symbol always causes the same body state and this
in turn the same output symbol. In order to make this general, the various
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symbols might contain a time element and be a tlme sequence of more simple
marks. In what follows in this paper it will be sald that, 1f an observer
finds a subject's behaviour to be invarlant, 1t says the system 1s static.
A system which 1s not static in thls sense will be called dynamlc.

As can be seen the property of a subject system belng static 1s dependent
on both it and the observing system. Another observer might say the subject
1s not static. For example, 1f an observer treats numbers in serial form as
entitles, 1t will class a serial adder as static — 1f on the other hand it
only reacts to separate binary diglits i1t will classify the system as dynamic.

A system can fall to be statlc for two reascns, First, its behaviour can
be dependent on the past history of input or body states - where thls ls so
it 1s sald to contain storage - or secondly the body or output states can
contain (or appear to contalin) an element of randomness, when the system can
be sald to be nolsy.

All learnt properties of systems are partially those of the learner, Hence
one learner might find a subject to be nolsy when another finds it not to be.
For example 1f the two observers can observe the same body and output states
of a subject, but there are input marks of the subjJect which can be observed
by the first observer, but not by the second, then the second will belleve
the effects of input symbols contalning these marks to be subject to noise,
while the first observer will not.

It 1s evident that there must be a 1:1 g¢orrespondence between input
symbols and body states, and that the number of output symbols must be less
than or equal to the number 0f body states.

In so far as the machine state depends on history of input symbols one
can say 1t has accessible storage. In the context used previously, a learner
machine must have storage. The task of the learner machine in discovering
the language of the subject is to find which body state changes of the
subject correlate with input changes, and find which input symbols cause
whlch of these body state changes. It also has to find which body states
corresponds to which output states. A further task 1s to find existing
hierarchy amongst input symbols, body states and output states but this
in general a means to an end rather than an end in itself. It is evident
that the complexity of the learning task depends greatly on the nature of
the subject. If thls 1s static, the task 1s relatlively easy. If it 1s noisy,
and contalns inaccessible storage, the task 1s very much more difficult.

To learn fully the language of a subJect, a learner must find every
correspondence between possible Input states and body states. Any combina-
tion of input mark symbols might prove to be an input symbol, The learner
must walt until every posslble combination has occurred, and store the
result.

In practice 1f one calculates all the patterns that could be made from
a set of marks one finds in general 1t vastly exceeds those patterns that
are in fact liable to occur. This is another way of saying there 1s a great
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deal of order in the world we know. Further those patterns we meet tend to
be very much alike. .

A learner machine that makes use of these things when studying a subject
will in general do immensely less work than would one that did not. 1f the
system under study is at all complex the total number of possibilities 1s
very great. A pattern containing only 100 different marks 1s quite trivial
as patterns go. Yet the total number of patterns whlch could be buillt from
100 marks 1s of the order 10 0. The time taken to examine this number of
possibilities - even 1f one did them at 10 /sec 18 very large even compared
with the probable age of the solar system. It 1s thus Impossible to
consider all possible symbols.

Only very few of the possible symbols are of interest, and further even
these few tend to be very alike. If one learns from experlence in one fleld
what kinds of patterns do occur, one can usually assume that patterns
occurring in another field will be similar.

If a learning system starts from no knowledge, there 1s only one course
open to it. It must at first limit its input symbols to a very few. All
patterns then appear to 1t to be relatively trivial., It can study these by
considering all possibilities, and eliminate from further consideration
those that appear unlikely to exist.

It can then increase the number of its own input symbols in easy
stages, and so study finer and finer detall. At each stage 1t must use what
1t has learnt at an earlier stage in order to cut out of conslderation most
of the patterns which are theoretically possible. Thus in due course it
builds up a complete hierarchy of pattern.

In the general case, the order in which detall 1s introduced is
important. One will only converge to a complete ranking if it 1s ‘correct,
and there 1s no way of knowing correctness. However, in practice where only
a very few of all possible symbols exist, and where all complex symbols )
can be divided into a few groups of similar ones, the order is much less:
important.

When a learner system has a great deal of information about the
structure of probable patterns built in, it can study a new system in
various ways. One way is to investigate the subject system using only a
limited number of symbols, and to extract those stored patterns which,
when examined using the limited number of symbols, are very like that being
investigated. There should only be a few of these, The selected patterns
can then be examined and compared with the subject pattern using the full
language of the learner. The probability is that the patterns will, even
at the fine detall of inspection, be very like. Small variations can then
be made to the selected patterns until identity with the subject 1s
achleved.

A sligncly different technique 1s to examine the subJecc pattern for
marks of the lowest rank, and see how many stored patterns in the learner
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contain this set of low ranking marks., If the number 1s large, examine the
subject for symbols of next higher ranking, remembering that these must. be
built only from those lower-ranking symbols already found. Agaln compare
these with stored patterns. Continue this until the number of found stored
patterns is small. When this stage 1s reached, make small varlations tc the
found patterns to achleve 1ldentity. It will be seen that when we say we use
argument by analogy, we 1n fact are usually using one of these two methods.

One kind of task that 1s involved here 1s the manufacture of a pattern
from marks, or from another pattern and marks. For example i1f a machine 1s
attempting to find, in 1ts store, a pattern which is the same as a glven
one, but instead finds all the relevant marks, and a pattern which 1s very
like the given one, 1t might prove quicker to form the pattern, than to
find 1t out of store. It should only use relevant Information. The follow-
ing definition fits what 1s usually meant by the term relevant. Let us
assume that a problem involves certaln symbols of a system A. In the
context of the entire language of A these symbols will be ranked in a
certaln way. In general sub-languages of A will not give the same rankings,
but there will exist sub-languages of A which will. In particular there is
a minimal sub-language that will do so. This sub-language consists of those
symbols relevant to the problem. The finding of such a sub-language 1s a
relatively small extention of ranking of group of symbols.

It 1s easy to see that In order to operate in the sort of way described,
the learner must be a participating observer., It 1s also necessary for the
learner to find 1f certain patterns are included in others,

In the generallzed sense how can one find if one pattern 1s included in
another = how can one rank symbols? In general one can never be certaln.
However the 1ldea can be put in terms of conditional probabiiity (ref.3).
Let us suppose that the observer has continually varying input symbols. It
might be found that pattern 4 is always, or nearly always found when
" pattern 7 1s present, and B when 4. Then B and 4 are the same. Another
possibility 1s that although 4 1s almost certalnly present when B is, the
reverse 1s not true. Then 4 contains 5.

Supposing we have symbols A B C D E, where 10010 would mean an event
where 4 and D occurred but B C £ did not. Then 1f the following sequence
occurs:- 11111, 11101, 01101, 01001, 10100, 11111, 11111, 01001, 1110%,
00101 00000, 10100 1t is possible to deduce that 4 contalns C, B contains
E, and D contains 4 and B.

In order to perform a learning process in the way so far discussed,
the learner must make use of stored information,

It must elther take the symbols it tries from its storage, or it must
create them, or 1t must do a little of each. To create symbols to try,
1t must be nolsy.

It 1s evident that the nolsy system needs the less storage. It is not
80 evident that a learner whlch creates 1ts symbols of necessity goes
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through a far greater sequence of operations to learn the subject's language
and response than does that which obtains them from a suitable organized
store. The problem of good store organization is not trivial.

For some tasks such as wage accounting efficient techniques can be found
even when using widely differing equipment. Other tasks are surprisingly
difficult to mechanize efficlently, either with existing equipment or with
any which can be foreseen. Such tasks are library retrieval and index
problems. .

The difficult tasks are found to involve very difficult information
retrieval aspects and the easy ones not. The root of the problem of infor-
mation retrieval is very difficult to think about: largely because of this,
many people have looked for the panacea of an "ideal store®. Unfortunately
this cannot exist.

Information retrieval is always part of a larger problem, such as the
problem we have been considering; some Information 1s avallable and more is
required. This can be obtalned In some cases by working it out from infor-
mation present, but usually it has to be got out of a store. To be
efficlent such a store rmust have a great deal of structure and the users
must know this and take full advantage of it.

Suppose we have a store with much structure - enough to enable us to
inspect every bit without duplication. If there are ¥ bits in the store
and we need P bits, the quantity of information we must handle is of the
order of NP bits (* x NP 1f we know the value of P). If we can divide our
store into B blocks each of P/a bits then we need handle only (aV/P)% bits
of Information at a cost of only 8 logZB bits of data processing. If we
can organlze the store so that the label 1s the route to the record, the
extra data processing 1s reduced to long bits. We get an enormous saving
in data processing if the block size is correct, with a spectacular
increase 1f 1t 1s too small.

This implies (a) the designer of the store must know beforehand enough
about all possible problems to know the best block size. (b) the problems
must be such that the clue contains the information required to select
tne record and requires little data processing. (c) the designer of the
store must know all possible clues so that he can Juggle with the labels
so that they have a 1:1 correspondence with the clues. (d) the clue
should glve the route to the record.

We can now see why the wages problem 1s easy, the others hard. In pay-
roll the nature of every problem can be foreseen, the records can be
arranged so that the clues get one exactly to the data needed. In
library retrieval one cannot foresee the problems which will arise; one
cannot break the records into small blocks. There is a possibility of
uslng a 2-stage process, first selecting a smaller unit than a took or
report, say a paragraph, then estimating the probability for the book.

Similarly in indexing we cannot always be sure what the most significant
clue will be.
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If we do not take our symbols from store, but create them at random, 1t
i1s evident that we are in a slightly worse position than we would be with a
store contalning no structure, and a greatly wrong block size,

It can be seen that the learner that makes systematlic use of a correctly
organized store will need to do very much less work in a typical learning
task than one that makes random shots., The storage system will have to be
such that low ranking symbols used as clues lead directly to the more
probable patterns containing them. If the Information has been bullt up as
a result of experience It 1s essential that the storage system is of such
a nature that it reorganizes its internal structure to match any change of
information resulting from new processing.

There 1s a class of problem which 1s inherently more trivial than the
learner subject problem. This 1s that which can be performed by a statlc
noiseless machine, In this sort of machine the body state is uniquely
determined by the input pattern, and in turn, uniquely determines the
output pattern.

It 1s easy to show that any pattern can be built of binary marks, to
any specified degree of accuracy, glven sufficlent of them.. Hence 1f the
static machine can be made to transform an input binary pattern to a
required output binary pattern i1t will be able to approximate with any
degree of closeness to the transformation of any pattern to any other
pattern.

These are many proofs that 1t 1s possible to make a machine which will
cope with any definable binary transformation. One 1s illustrated in fig, 1,

np= UNITH—={2 o -UNIT

—_— OUTPUT
omem— x pre—————
cnmem—,
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n INPUTS

ng=UNITT {2 0-UNIT

' Fig.1. Bulld=up of (n+1) - unit from n-units and 2-units.
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Let us assume a unit with n blnary inputs, and one output. The output will
be 1 or zero specified for each of the 2" possible values of the n inputs.
There are 22 such units. )

Now let us assume we wish to construct one of the similar units for
n+1l 1nputs. This can be done from nm-input units and 2-input units. Let the
extra Input be x. - The output of the unit n+1 must be that of a unit n, 1f x
1s constrained to O, and of another unit n, 1f x 1s constrained to 1, We
can take a unit n, and a unit 20 which witﬁ inputs a and b, has an output a
when b = 1, and zero when b = 0.

With x and the output of n, as Inputs to such a unit we get out n, when
x 1581, and zero when x = 0. Unit 2B, output zero when b = 1, and a when
b = o, In conjunction with n, gives the other half of the result., If the
outputs of units 2a and 23, are fed into unit 2y, the required result comes
out, provided 2y is a unit that has the output 1 when 1ts inputs are
di fferent, and O when they are the same., Since it 1s trivial to show that
all the units 1 can be made (there are four of them) the theorem 1s proved.

It 1s also trivial to show that if any unit with n inputs and one output
can be made, then any unit with n 1nputs and m outputs can be made, by
Joining the appropriate m n-units together.

There 1s In practice only one kind of technique possible to transform
one set of patterns Into another. The Input patterns have to be broken down
into thelr component parts - parts of lower renk and the higher-ranking
output patterns then have to be 'built out of the parts. It is not in general
necessary that the orlglinal patterns should be broken down to zero rank
marks, although thls 1s always sufficlent.

The synthesis part of the task Involves bullding up patterns of steadily
increasing rank. This 1s essentlally a sequentlal process. On the other hand,
the bulld-up of a number of lower ranking parts, all required in the final
. pattern, can take place 1n parallel. Some aspects of a pattern transformation
task can therefore ve done In parallel - others are essentially sequential.
If one Inspects a typical overall pattern of a static converter, one
frequently finds that 1t contalns within 1t many coples of quite a few basic
patterns. This often occurs at quite a few levels. For the overall pattern
often contalns several coples of quite high-ranking patterns, these in turn
several coples of more simple patterns, and so0 on, One can make use of this
1f one uses a dynamic machine instead of a static one.

It can be seen that the power even of a static machine, sultably designed,
1s very great, It can for example, translate from the language of one
machine to that of another - from English to French. However we must
remember that a language, not only in the sense we have defined, but, 1in the
widest sense, 1s a function of a particular system. Tom Smith's English is
not that of Eill Jones.

It 1s not necessarily possible to transform one set of symbols into
another without being given all In the first place. Human languages have
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been developed so that to a considerable degree each l1ittle bit of language
pattern 1s complete in {tself. But this is not and cannot be entirely so.
Human language is also designed that certaln low ranking symbols are each

' contalned only in one particular very high ranking symbol. Thus the amount
of information carried in the written symbol 'dog' 1s quite small - of the.
order of 15 bits. Yet the information contalned in the symbol 1t represents
1s very complex, and the Information needed to describe every aspect of dog
or dogness to an intelligent being with no knowledge of life or phenomena
on the earth 1s tremendous. When we wrlte or speak we use the fact that the
reader or listener already knows a great deal about the objects and iceas
we refer to., Without the background knowledge, the message would be
virtually meaningless. For thls reason translation of the word 'dog' in the
language of our non-earthly being might take thousands of words, or might
not be possible.

Although the manufacture of a static translator 1s possible in theory,
in practice it would be next to impossible, because of very great number of
units required, and the very great difficulty of designing 1t. It 1s even
uncertaln that a first rate translation could, 1n practice, be obtainable
using a dynamic machine. A large static machine if bullt of simple units is,
in sense previously discussed, a large pattern. In general it contains
within it various patterns of lesser ranking, For example a static
multiplier designed to multiply a 100-digit number by a 100-digit number
could be so organized as to contain 100 100-digit adders, each adder
100 single-diglit adder, and so on. Essentially a dynamic machine saves
equipment by utilising this fact. Where the equivalent static machine has a
sultable ranking pattern the dynamic machine is simple, otherwise it 1s not.
The necessary analysls of a translation process from one human language to
another has not yet been done. When it has been it might be found that at
times groups of words which cannot be broken down to short serial smaller
groups is very large, and that the amount of information about the pre-
knowledge used by the writer of one text and the reader of the translated
text might prove great.

The powerful electronic compucing machines now In existence are dynamic
noiseless machines, for which many of the essential parts can be readily
and cheaply made by man. These parts are in fact the specified program
steps. In getting out the program in the first place the programmer is
acting as the learner machine.

There would seem to be no good reason why a digltal computer could not
be programmed to be an efficient learner machine. It would either have to
be fed Initially with a great amount of information about the inter-
connections and probabllities between the symbols of man, or else it would
have to plck these interconnections up by acting as a learner machine in at
least as wide a context and for as many problems, as does man. To do this
i1t would have to have tremendous storage capacity, presumably as much as
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man has. Furthermore in a machine that relles almost solely on experience
the storage in it would have to be arranged on a very flexible basis, since
simple clue symbols must always lead rapldly to the most probable stored
complex patterns. As the machine galns experlence the probabilities alter,
and the store organization and structure must be modified to correspond.

It the class of subject the learner 1s expected to examine 1s suitably
restricted, the storage required might possibly be relatively small, and
where experience is puilt in initially the store has less need to be
flexible in organization.
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PHYSICAL ANALOGUES TO THE GROWTH OF A CONCEPT
by )

GORDON PASK

1. INTRODUCTION

IN this paper I discuss the circumstances in which we can say a machine
"thinks", and a mechanical process can correspond to concept formation. My
point of view about this question Is as follows, It 1s reasonable to say
that a machine does or does not "think", in so far as we can consider the
working of the machine as in some way equivalent to a situation or an acti-
vity, (for example, riding a horse), which 1s familiar, and in which we our-
selves are used to taking a part, Thus, when I speak of "thought", (as when
saying a sonata 1s written, or a hairpin is invented, as a result of
"thought"), an end product is introduced on which to hang the thinking pro-
cess. The process itself 1s a descriptive expedient, 2 kind of analogy.
Clearly the sonata was not written "by thinking", (in the sense of "by
magic" or "by using a.computor").

Thus, my view of thinking can be expressed In terms of the concepts
"participant observer" and Mexternal observer', as these terms are used by
Colin Cherry (ref.6). If we assume that such an "external observer" watches
the process of writing a sonata he will seek to describe the stages of the
process and he will have no need to speak of the "thinking". On the other
hand, 1if an observer does speak of "thinking" in such a context he wishes to
assert, according to my view, that he was not purely an external observer,
but to some extent participant,

Since it is the participant observer who, by the present hypothesls, uses
the term "thinking" correctly, let us consider hls description. For him
thought 1s taking place about some end product, and although the nature of
the end product tells us very little about the "thinking" as such, 1t does
say something about the way that the observer examined the subject, (or
going now from our common examples to thinking machlnes, about the way he
examined the machline submitted for test as a thinking assemblage)., Moreover,
the particular observer concelves that the sonata and the halirpin were con-
structed as he, or we, might have constructed them, though he will be unable
to say, in so many words, how he would have constructed them himself.
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I take the constructlion of a new concept as typical of effective thought,
and propose to use the experimental materlal provided by Bruner, Goodnow and
Austin (ref. s) , because 1t bears out current views on concept formation,
1s In a form appropriate to the present needs and because thelr whole des-
criptive technique 1s 1in terms of the theory of games. )

Very roughly, at the partly introspective level, these experiments
suggest that a thinking process boths bullds up and employs conceptual
categories. These categories are defined in terms of attributes, which may
be common to a number of objects in the environment, or to other categories
or to both. :

At each stage In the thinking process a declision is made about whether
an object should be placed in one or another of these conceptual categories.
Such a sequence of declisions 1s a thinking strategy. The human belng tends
to regard these conceptual categories as definite and well bounded. But,
obJectively the categorles are not clear cut, and declsions appear to be
made between imperfectly specified alternatives. The categories are learned,
or equally well they grow as a result of the strategles adopted, and 1t is
not possible to extricate the category building from the decision making
process,

The authors cite the case of a histologlst, who is learning to categorize
microscopic structures into those which are or are not a corpus luteum. He
starts off with attributes like colour, and shape, which somewhat 1nade-~
quately define the category of corpus luteum structures., He adopts certaln .
strategles In his search, and as a result of these he modifies the original
categories so that the objects are now specified In terms of a structure
appropriate to his particular approach. Eventually he acquires what could
equally well be called a mode of ‘search behaviour or a "lablle category".
Bruner, Goodnow and Austin (ref.s) call 1t the concept of "Corpus Luteum—
ness", and liken 1t to a "gestalt". The overall process 1s the growth of a
concept. . .

The experimental and descriptive techniques used by these authors and the
connection between the technique and the process of concgpt formation
enables us to understand the action of a participating observer when the
"thinking system" is a machine. Bruner, Goodnow and Austin started off by
examining a lot of subjects without any particular blas, and arrived at a
method for describing the thinking process. They declded upon a method of
describing it in terms of thinking strategies, the alternatives in the
cholce sets In the game belng "conceptual categories"., They then formulated
a number of matrices, and a kind of "calculus", whereby these matrices
could be treated 1lilke the payoff matrices in a partly competitive game. The
entries in these matrices are those elements like "halrpin® and "sonata"
which one agrees to treat as concepts. The formal mathematical operations
with these matrices, (which are those operations studied in the theory of
games), are those operations an external observer would recognise as played
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according to the rules of the game, 1l.e., according to strategles he might
have adopted. These strategles are then to be related to the thinking
strategies which the thinking subjJect actually indulges in by recording
his decision concerning the objects that have been agreed to represent
concepts, If the solutlons follow any of the courses set by the formal
mathematiclan, 1t 1s argued that the subject 1s adopting a strategy more or
less 1ike thls strategy or that.

Bruner, Goodnow and Austin are talking about real subjects with whom
conversation in the normal sense 1s possible, and who can dlscuss detalls
of experiments. Thelr arguments would not necessarily apply 1f the real sub-
Jects had been replaced by mechanisms. An essential feature of this argument
s the tacit assumption that the entries in the matrices correspond realis-
tically to "concepts", This assumptlion 1s made because of evidence which
assures the observer that he and the subject are comparable, and which, in
the sense of belonging to the same specles, and therefore presumably of
having a large fund of experlences in common, we convenlently summarlze by
saying that the subject "thinks"., According to the present hypotheslis such
a similarity has to be inferred between an cbserver and any assemblage he
may hbpe to describe as a "thinking assemblage". We must now ask what sort
of evidence 1s neecded in order to establish this similarity for the observer
has no "culture® in common with the machine.

Now I have already assumed that it is possible to attribute concept
formation to something outside of myself, 1f, and only 1f, there 1s a fleld
of activity common to myself and the system concerned, and that if, for
example, a chimpanzee has "grasped a concept”, 1t 1s because I can imaglne
myself having learned from experlence in somewhat the same way. In the case
I have already mentioned of the horse and rider, agaln, the rider might say
the horse "thinks" because he participates with it in solving the problems
that are set by a cormon environment, namely the topography of the place in
which the horse 1s ridden.

When, however, we want to discuss observers = those that are external to
the systems observed and those that particlipate - what 1s the "common
environment® or field of study that 1s presupposed? I suggest that 1t is
the whole of what we know - vaguely as well as precisely - about The Brain.
Indeed, I think to get an idea of the participating observer by constructing
machines, you are bound to copy the way one looks at bralns. You must, some-
how, keep the brain in mind, and in this sense you do copy the sort of
relationship we have with brains. There 1s no gquestlion whatever of copying
the detalled anatomy of a brain, or the detalled physiology of a braln,
Therefore, it 1s of interest that when we have copled, 1n thls not very
explicit way, how we look at brains, 1ln order to construct an assemblage
we find that the assemblage is rather like a brain In these respects.

I conclude this introduction with a definition. If an observer, by
participating in the action of a mechanical assemblage, on the supposition
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that he 1s to compare the assemblage with the actlon of a brain, and comes
to attribute concept rormatlonvto the assemblage in this way, I shall say
that the observer 1s In an E, relationship with the assemblage, '

SECTION 2

2.1, Using the analogy of a plece of braln, what considerations will influ-
ence our choice of an assemblage? The assemblage must certainly satisfy two
distinct sets of criterfa. The first set of criteria stem from the require-
ments of any scientiflic observer, and are needed in order to make the
assemblage wcrth observing from his point of view, namely, the viewpoint of
someone examining brain-like-artefacts. The second set-of criteria are those
required by a 'Participant Observer' as already defined, and which must be
satisfied (in his view) 1f he 1s to establish an E.Relation with the assem=
blage (and thus ton regard it as a structure able to form concepts, in the
sense that assuming this, and acting accordingly, enables him to control
the assemblage).

The first set of criteria have been discussed by Beer. (ref.3) in the
context of Industry and general cybernetics and by Ashby. (ref,2) in connec-
tion with 'Black Box' theory. Since they must be expressed, for the present
purpose, in terms of conditions upon the working and structure of a physical
assemblage which is constructable, rather than given in nature, these
criteria will now be listed in the manner required.

2.2. The first set of criteria, as required by a scientific or, 'Extemnal’
observer. .

1. Since the assemblage purports to be a constructed mechanism 1t must
be made of components which have one or more possible functions which are
known about, and which are put together in a way which 1s revealed to the
observer,

2. The behaviour of the assemblage must always be observable. Since.the
structure of the assemblage has been taken as known only the state changes
of the assemblage are in the fleld of possible observations. Thus, the
above requirement means that the assemblage must continually change state.

However we may Invoke the general principie that a real observer has a
finite capacity for ‘observing an assemblage (namely the idea of quantised
-observation as considered by MacKay, (ref.9)) to relax this condition, so
that 1t will be sufficient 1f the assemblage changes state within each of
the shortest intervals in which an observation may be made.

3., The observer must have reason to belleve that underlying the state
changes of the assemblage, there 1s something describable, a sort of con-
sistency, or, in other words, that 1t would be possible, if he were a good
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enough observer, to recognise invarlant features of the behaviour,
sufficlient for him to make sense of 1it.

Such a description (or 'Model' as the term is used in 'Black Box!
theory) could, 1if available, be isomorphic with the assemblage In the sense
that there could exist a one to one relation between entities in the model
and the assemblage. Thus manipulation of entitles in the model would pro-
vide an accurate image of the assemblage and vice versa. However the
finite capacity, or quantising condition, noted in (2) above implies that
an isomorphic model will not be avallable to a real observer because he
will be unable to distinguish sufficient observable states.

In thls case, the consistency condition asserts that the Ilmperfect model
which is described should -if possible~ be homomorphic wlth the behaviour
of the assemblage. Such a model is obtained If the states, discernible to
the observer represent a certain kind of partitioning of the ideally
observable states.

Thus an observer might, 1deally, be able to distinguish between the
states a, 5, ¥ and & but due to his imperfections he may, In fact, be unable
to distinguish between a and 7, or B and § which we symbollse as a partition
and by writing.

(@ v ¢ Xand (B« 8 c Y for the observable states X and Y.

But only certain kinds of imperfection, and partitioning, are allowed 1if
a construction in terms of the observable states X and Y, 1s to be the
homomorph of the ldeal constructions of the states a, 5 v, 8, In general,
1t 1s sufficlent to insist that the transformation which maps the ideal
states of a, 5, ¥ and &, into the imperfect observer's observable states X
and Y, 1s a partition which maps a, 5 7 O, into non-overlapping sub=-sets
of themselves, In thls case, suppose that the set of state transformatlons
which specify the behaviour of an assemblage as 1t would be described by an
1deal observer, (with unlimited access to 1its interlor), form a group, and
that this group is specified by such an 1deal observer, (posslbly with some
conditions applied), as representing the behaviour of the assemblage, l.e.
as a model of its behaviour. If the Imperfections of an Ilmperfect observer,
which will, In any case, make the 1deal model unavallable, are of the
particular kind noted above, 1t will be possible for the imperfect observer
to achieve a model wnich, though less informative than the ldeal model, 1is
consistent - which does not contradict though it may not always provide
reason for - assertions made by the 1deal observer and which ls mathematl-
cally a group homomorphlic with the original group speclfled by the ideal
model.

4, The groups, noted above, must be finite. If they are, the possible
outcomes Of state changes in the assemblage will be predictable, so far as
the observer is concerned, and in this case the assemblage is considered
as recognisable, in the sense that the observer can talk about 1t as an
entity in its own right, as something with a consistent pattern of
behaviour, and a function relative to other entitles,
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5. Flnally, there 1s an overall requirement of non triviality, which is
best exemplified by reference to redundant and non redundant data. Thus,
having agreed to a certaln reference frame, namely in this case, having
agreed to concentrate upon the state changes of an assemblage, belng assured
about 1ts structure, the observer has every right to expect that the
possible observations he can make are not redundant, within this agreed
reference frame, If, for example, the structural specification allowed him
to deduce with certalnty that if any state changes occurred, there would be
an observable sinusoidal fluctuation in some measured quantity at a point
wX", Though not, perhaps, allowing him to specify 1ts frequency or ampli-
tude, the fact that fluctuations at "X" are sinusoidal is called redundant
data and 1ts observation 1s not counted for the purposes of 2 above. The
observable state changes of 2 are such that they may not be predicted by
deductive manipulations of the a priori data. The frequency at "X*" and the
amplitude at "X" might be admissible measurements to make in the sense that
they might indicate state changes which are not redundant, but even If
they are admlssible in this formal sense the observer will not necessarily
regard them as relevant. Thus, in order to be nontrivial the observable
state changes must satisfy another and very important conditlon, namely
that thelr observation implies making measurements directed towards answer-
ing the enquirlies which appear (to an observer who has agreed to adopt a
certain frame of reference) as relevant enquiries.

2.3, Reference Frames

In Section 1, we described how, to assert the property of thinking in a
system of any kind, 1t i1s necessary to have in common with the system some
sort of context or common field of experience., We now have to make the ldea
of context or common field of experience mechanically tractable by describ-
ing and defining "Reference Frames." A reference frame 1s a region of know-
ledge or a region of connected and tentatively confirmed hypotheses. Thus,
for the immediate purpose we assume that any observer has some initial know-
ledge of the assemblage which he 1s observing, (say, data about how it is
built), and that he has an objective, to achieve which he must reduce his
uncertainty regarding its behaviour. In this case he reduces his uncertainty
by making experiments which involve trials or enquiries and will continue
80 long as =

(1) The results are self consistent, in the sense of 3 and 4 above,

(11) The results agree with predictions based upon his initial knowledge

which for the moment we assume well founded.

The kinds of enquiry and, in particular, those attributes of the system
which an observer deems important, depend not only upon how much he Knows
of the assemblage, but also upon - .

1. How this initial knowledge 1s distributed.
2. His objective in making the enquiry.
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The set of all possible enquirles which is defined on specifying the
detalls of 1 and 2, as above, wlll characterise a reference frame,

Some reference frames, for example, "electronics" where we always measure
the capacity, rather than the colour, of a condenser, and "mechanics", where
we examine well specifled parameters of distinct parts 1n a machine, l.e.
the intake rate at a carburettor, are well speclfled reference frames in the
sense that the set of enquiries relevant to all possible objectives of an
observer 1s unambiguously defined. Because the observer 1s aware of what is
relevant and thus, of what may be regarded as extraneous and of what imper-
fectlons may be allowed, his precision need not be great, Although a less
precise observation loses specific points of detall, the approximate statls-
tical results remain consistent, as in 3 and In 4, and this 1is of the utmost
importance when, either due to his own limits, or to extraneous disturbances
the results are necessarily rough and ready. The limiting case of imperfec-
tion occurs when the assemblage is a machine, (with i1ts parts well defined),
intentionally built to prevent the observer having access to its state, (and
this system 1s usually called a "chance machine"), The observer refers to
the behaviour of such a machine as producing a non stationary, or an
indeterminate sequence of dlstinct events.

Knowledge of those enquiries which are relevant for a number of objec-
tives which he might have adopted implies that an observer may, in the first
place, communicate the result of his immediate enquiry to other observers,
with possibly different objectives, and secondly may combine the results
from a specific enquiry to substantliate or deny hypotheses of a more general
character. (Thls process will be 1llustrated with reference to fig.1, I
shall call a reference frame In which this process 1s always possible a
"well specified reference frame').

There are many systems where the process 1s impossible and the reference
frame is not well specified, and which, as a result, appear more or less
indeterminate to the observer. True, the indeterminacy is due to some kind
of 1gnorance, but whilst in the case already considered which In its extreme
form leads to a "chance machine", the cobserver was unable to obtaln preclse
knowledge about a state of the observed assemblage, there are other cases in
which he is ignorant of what states it would be relevant to specify, regard-
less of whether he could speclfy them precisely enough 1f he tried. An
economist, for example, 1s usually unable to indicate the "approprlate®
measures of soclety and has no satlsfactory model to represent its behaviour
and in examining a brain we encounter the same difficultles as the economist.
Because of this we shall investigate firstly those features of an assemblage
which prevent an observer knowing what enquiries are relevant and secondly
the deslign of a machine or assemblage, in which relevance criterla are made
difficult to come by,
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2.4, The subdivision of reference frames.

Any reference frame may be broken down Into a number of regions of know-
ledge which are self consistent and which will be called "Sudb Frames'. The
reference frame which has been selected for the present discussion, namely
"the Brain' may be reduced to 'Sub Frames' 11ke 'Electrical observation of
the brain' (characterlsed by those enquiries possible for an observer who
1s provided with electrodes, an amplifier, and recording equipment and who
may both stimulate the braln and move his potentlal sensing electrodes
about 1ts surface) and tLaboratory psychology of the brain' (characterised
by all those enquiries possible for an observer who 'is able to employ
physical and psychological tests of the whole organism). :

Certain of these sub frames include others, and all of them are included
by the original reference frame. A few such relatlions are shown in fig. I
where the entities, in terms of which an. observers objective 1s specified
and ‘about which enquiries are made have been defined as 4y, B,, ..... and
S0 on according to the sub frame (4),(h),..... to which they relate. The
results of actual observations are denoted, agaln according to the sudb
frame In which they are obtalned, as ay, bv-'°"° and sequences of such
observations as a%, b%,..... and so on.

Certaln sequences of observatlons are taken to confirm hypotheses which
propose the existence of the entities Ai'bﬁ which have been defined above,
The sequence a} = (a, b0 Gy, papreeee Og o) 2L 1nstants 172 ST £
might, for example, be taken to imply Ai‘

Because any real observer 1is limited as 1n condition (2) he will not be
able to make direct enquiries about the brain as a whole. However, he may
submit hypotheses about the brain as a whole, namely an hypothesls in the
reference frame of the brain but the evidence which conflrms or refutes it
must be obtalned from experimental results in some sub-frame such as
'Electrical observation of the brain' and the process of using such
speclalised evidence to confirm a more general hypothesls 1s, according to
the previous argument, characteristic of (and only possible wlthin) a well
specified reference frame. Thus we further characterise a well specified
reference frame as one in which there exist arguments relating each A in
(A) to some 3; in (B) and some.....U, in (U) that are stated explicitly
and unamblguously for all sub frames (4), (B),.....(U) inclucded in the
reference frame,

It 1s possible to provide a mathematical foundatlion in terms of which
we can be more precise about the situation described intuitively by this
(fig.1). The mathematical foundation centres upon the idea that what we
tend to recognise in any system of the kind- observed in a sub frame like
(C) 1s a stability condition or dynamic ‘equilibrium, Such a conditlon is to
be identified with the appearance of a cyclic group of transformations
relating successive results in an observed sequence, We then imagine these
cyclic groups embedded in a more general fleld of transformations in which
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the various recognisable features correspond to abstract symmetries pre-
served Invarlant by the various groups.

To relate this notion to the work of Beer and Ashby which has already
been noted let us examine a specific case, namely,\,the electrical observa-
tion of a brain in the sub frame (C).

In thils case a sequence of observations-.

$ T (eypac y, b417 oo Cs, g4/ 1S physically
represented by a sequence of usually vector quantities which specify elec-
trical states—for example-the vector of the potentlals manifested at a
number of different sensory electrodes held, in known spatial relationship
to one another, on the surface of a braln or assemblage. It 1s necessary,
in order that an observer shall regard these observations as consistent
that they satisfy the previously outlined conditions and, in particular,
that 7 1s finite and that he should be able to obtain, from Inference upon
the observed sequence a transformation ¥ such that an unknown subsequent
state, namely, at, t, the state Ct+q May be obtained knowing the state at T
by using the relaticnship

Ct+1 = Ct. (M)

I1t, ror some finite 7 we have-,

Ct+7+1 Ct' (M)T
the sequence is generated by successive transformation by A (that is, the
sequence 1s characterised by a cyclic subgroup of ). The most elementary
sequences c: are thus thought of as generated in this manner by correspond-
ing transformations ;‘/1 included in sub groups say g4 which characterise the
possible dynamic equilibria in this sub frame (and thus the possible cor-
responding entities C, in the sub frame). The g; are regarded as sub groups
of some group Gr) such that all g; and thus all C; ¢ Geye

As noted in condition (3) the group GC and the 1nc1uded transformations
will not, in general, be isomorphic with a behaviour of the assemblage.
However, the observer may manifest a particular kind of imperfection which
allows him to have a homomorphic model of the assemblage, and in thls case
) G(C) 1s a hcmomorphic representation of an original group G(C)' But, to

secure this degree of consistency, the observer must, when selecting those
variables which he observes, as components in the vectors Cu' in terms of
which he specifles the states of his system, know which of the possibilitles
are relevant, %

From the fact that observers are able to make useful and apparently con-
sistent observations in many sub frames for example, that the relations of
the F; in (F) are deemed clinically useful, it is argued that similar
relations between observable entities and the underlying state changes must
% An extension of these ideas to the more useful region of probabllistic observa-

tions where (i1f the model is consistent) the elementary dynamic equilibria are

represented by fixed point vectors of a stochastic matrix, 1s possible, but
will not be attempted in this paper.
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exist, also, In sub frames other than (C) but that they may not be so
readlly expressed.

An equlivalence relationship, $, i1s thus defined as meaning that, 1f Ai $
Bj the entity B. in (B} 1s causally related to, or determined by the entity
Ai in (A). and the existence of a consistent structure (whether readily
expressible or not) In all sub frames of a reference frame 1s taken to
Imply and be implled by a set of relationships $ between the entitles Ai'
B:yeeio. Included In the reference frame.

Thus, 1f B; = An experimental pattern viewed by a subject and if

‘CE ='A participlar dynamic équilibrium implled by an .chservable
sequence cg (such as several, coincidently recorded, Impulse sequences

In some reglon of the subjects brain).

The relationship B; $ C, would exist 1f C, and B; occurred as a palir
under similar circumstances on other occassions-namely-with the same
pattern and with the electrodes in the same region of the braln., As noted
already in slightly different terms, at the start of the mathematics, thls
kind of structure 1s taken to characterise a well specified reference

frame,

2.5. Interaction and participation.

At thls point let us recall the ldea, Introduced In Section i of an
external, or unblassed and scientific observer and a 'Participant!
Observer. In any speclfied reference frame (for the purpose of the demon-
stration 1t will be best to keep the sub frame (C) in mind) these observers
are two extremes, and most observers adopt a position somewhere between
them, The External or The Participant approach is favoured according, In
the first place, to the objectlive which an observer seeks to achleve, .and
secondly, to the character of the assemblage ltself.

‘Thus someone who wishes to dom;nate‘an assemblage, to achleve a parti-
cular dynamic equilibrium say, will be unable to do this by an external
approach unless he has a mass of a priorl knowledge about the assemblage to
help him, Lacklng‘this he 1s bound to Interact with it and,. in doilng so as
well as.in order to do so, he 1s bound to participate. In other words, 1if
he seeks a réla;ion with respect to the assemblage which maximlses his
chance of dominating 1ts state change, this relation will necessarlly, also,
be one whlch maximises the effect which his activitles exert upon 1its
behaviour (and, 1n the case of certaln assemblages like bralns, the effect
which 1ts activity will exert upon him). Thus, any descriptive model he
provides s blassed, since 1t describes a combined system~he and the
assemblage Interacting very closely-rather than the assemblage 1tself. His
observations whilst personally useful, will be taken from a viewpoint which
changes to maximise the original objective and thus will nelther be of much
use to other observers or have the calibre of sclentific results.
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Because of this there 1s a tendancy  to favour the External approach in
which interaction 1s deliberately minimised, to keep the observers relation
well defined and repeatable, and to keep the assemblage unmodified by his
activity.

But however desirable, this external approach may, as noted above, prove
impossible (both because of the type of enquiry which 1s made and because
of the character of the assemblage). The assemblage appears indeterminate
in i1ts behaviour to an observer who does not interact with 1t (that is to
say, his observations fall to satisfy the consistency conditions which
have been examined).

We have considered two reasons why an assemblage should appear indeter-
minate, and 1f the assemblage 1s brain-like the indeterminacy will be due,
largely, to the second of these - namely - lack of relevance criteria. in
other words glven that Bi may be related to some observable sequence and
corresponding entity in (C) there 1s no means of telling what kind of
sequence ¢* 1t would be appropriate to examine, Thus the process of bulld-
ing up a descriptive model, which requires a set of assertions, like B; $
Cj proves impossible.

All the same, 1f the assemblage is braln-like, the observer does not
regard it as a 'Chance Machine' which 1s the limit case encountered when
indeterminacy 1s due to the first cause. If 1t were a 'Chance Machine' any
kind of observation would be fruitless - for example - 1t is only necessary
to examine the bearings of a Roulette Wheel Wwith sufficlent accuracy in
order to predict its state., But the machine 1s bullt so that the'accuracy
may never, by definition, be achieved, even though, the appropriate kind of
observation is ccmpletely explicit. On the other hand, 1f the assemblage 1s
brain-like, we use the fact that people do make sense out of particular
kinds of interaction which brains encourage but roulette wheels do not
encourage to define the kind of constructed - rather than natural - assem-
blages which might behave as brains, namely, those assemblages which permit
an observer to Interact with them and which, 1f he does interact, make
sense but 1f he does not interact with them appear indeterminate.

The relation of such an interacting observer to an assemblage of this kind
1s the E.Relation which has been defined in Sectlon 1. It implies that the
observer 1s prepared to infer a similarity between himself and the assem-
blage In the sense that certain states of the assemblage appear to act, In
1ts workings, in the same way that concepts (and certain other entitles)
work in his own thinking process. Because he has inferred this similarity
the observer. may be able to regard entitles A,, Bireeoss and so on as being
equivalent even though the argument which asserts why they are equlvalent
1s not available. This special kind of equivalence will be denoted by % SO
that 1f a palr of such entitles say Ci and Jj are equivalent-,

Ci %J]'
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To exemplify the relation, imagine the observer is training an animal
(a dog or a horse) and.that he sets.up an E Relation with.the anlmal -
as he would have to = 1n order to train 1it. For this purpose we use a sub
frame (U) including physical stimull and observations appropriate to
animals 1le. observations of movement, implying predictable attitudes of
the animal. As part of the training we wish to predict the occurrence of a
behaviour sequence qu which implies UII' given an already observed
behaviour sequence ur which Implles some attitude of the animal U The
relation of U; to Upp 1s unknown and unavailable but a trainer will often
establish the equivalence -.

Up % J1 and Uy % Jgp 1n which Jp and J;; are "concepts", in the func-
tional sense, described. Given U} which leads to U the trainer employs, 1in
the same functional sense, an argument llke 'If U % J then given JI I know
what I would have done - namely - JII' and this allows him to predict
UiI and frcm this qu as an expected pattern of behaviour.

Notably, the enquiries which are made to confirm this hypothesis (in
general, whether or not the prediction 1s successful) have nothing to do
with the mechanism inside the animal or with 1its logical characteristics,
Rather, one asks whether the assumption of similarity (which implies using
oneself as a kind of dynamic model) maximlses the chance of achleving the
required objective, and In general makes 1t possible to interact more
effectively with the assemblage.

Under these circumstances 1t would be frultless to ask whether the
tralner, by continual tralning, had imposed his way of thinking upon the
animals decision process or whether due to continual proximity the man had
horse-like or dog-llke thoughts in his head. It seems impossible to usefully
separate the two components of the interacting system which have become
functionally indistinguishable,

2.6. Second Set of criteria.

We now come to the second set of conditions which were required, namely
those which a 'Thinking' assemblage must satisfy. First of all, 1n the sub-
frame (CJ, rather than the sub-frame ({) any 'Thinking' assemblage must, at
least, behave 1ike the animal considered above with respect to a human
operator. This much is open to empirical test and the manner of testing will
be described in 2.8, . )

For the moment we require a physical condition which may be used in con-
structing such an assemblage and which will make 1t behave as required.

It must, in the first place, be possible for an observer to interact-’
with the assemblage using stimull or trials and using observations or mea-
surements which’ ‘are reasonable in the selected sub-frame (C)

It 1s not dirricult to ensure that an assemblage 1S responsive to an
obgérygr'and'mbdities>its cnaracceristics according to his behaviour., We
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may refer to the first of these requirements as Condition (8) and the
second as Condition (7) and, 1f both are satisfled, the assemblage will be
able to interact wlth an observer. .

However, assuming this, an observer 1s disinclined (for the reasons we
have examined) to interact with an assemblage and, In general, he will
only interact with it 1f (using the method of an external observer) he 1s
unable to obtain a consistent model. This will occur when the reference
frame of his observation 1s badly specified.

Thus, an admissible assemblage must satisfy a further condition say,
Condition (8) which asserts that an assemblage must force the observer to
Interact with 1t, In the sense that interaction ylelds benefits. It must
be an assemblage for which the reference frame 1is badly specified and we
are seeking a physical condition on the assemblage which makes a well
speclified reference frame difficult or impossible to construct.

It may be 1mpossible to derive such a condition in an entirely general
form. The 1ssue of what the observer 1s willing to call 'Entities' and
tAttributes' 1s involved. On the other hand the position is a little
clearer within a particular, sub-frame, say (C).

Thus, thinking of brain like assemblages composed of many similar
elements connected together the reference frame of an observation 1s.onlyy
well specified 1f there are definite regions (like the auditory region of
the real brain) which relate to the different enquiries (namely enquiries,
in (C) about the issue of 'Hearing'). If these exist i1t will be possible
for an observer to maintaln a known relationship with the assemblage and
to regard entities as $‘equ1va1ent. The functional specifictty need not,
of course, be regional. It might equally well be histologlcal, for example
a statement like "All pyrammidal cells are motor neurones" speclfles the
kinds of object with which electrodes should be associated when an enquiry
1s made about motor activity. But it will avold confusion to keep the 1dea
of regions principally in mind.

When such definite regions fall to exist the assemblage 1s necessarily
observed in a badly specified reference frame. In this case $ equivalence

+18 unachievable, an external observer 1s unable to make sense of the
behaviour, and interaction is favoured. Any assemblage - in (C) - which
satisfies Condition (8) 1s of this kind.

The condition for a constructed assemblage is thus that no region in the
assemblage shall be.assigned a specific function to serve. The temm
'Region' must be taken to include the smallest possible reglon, namely an
element, that 1s, one of the components, from which the assemblage 1s
built up.

If the Condition (8) was applied strictly each element in the assemblage
would be able to serve the same set of functions as any other element - in
other words elements would be regarded as completely undlfferentiated raw
material such that it might form amplifiers, storage devices, or switching
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relays, and 1f 1t dld form one of these functionally distinct entities, such
that 1t might change Into another. An assemblage of this kind, which will be
defined a Pure E.Assemblage 1s almost impossible to describe because, in the
first place, 1t could only be observed by an E.Related and interacting
observer and secondly, when he did observe it, his interaction, in the
absence of any internal constralnts, would determine the function of the
elements and the state changes of the assemblage. However a 'Pure!

E. Assemblage 1s not so much practically difficult to make (it may, indeed,
be approached quite closely) as logically difficult to manipulate., All the
same, the ldea of a Pure E.Assemblage provides some insight into the
character of the E.Relation and those features which are present even in
the majority of E, Assemblages (such as real 1life brains) where Condition (8)
1s applied with reservations. In other words, any E.Assemblage includes
something akin to raw material, of elements, which 1s unstable until scme
kind of Interaction introduces a pattern.

The pattern, namely a set of constraints which may have a transient
existence or'may persist, can arise due to the interaction of an observer.
In this case the observer characterises the assemblage according to 1ts
exlsting constraints, but equally, he modifies its character according to
the constraints imposed upon his own activity by his objective In making
the observation.

Al ternatively, the pattern of constralnts may be bullt up internally, by
Interactions between components which are indistinct reglons in the
E.Assemblage. It will be possible to 1llustrate the existence of these
regions and to show that there 1s no essential difference between such
reglons and the apparently well defined reglons called observer and
assemblage. The overall process of development 1S the Growth Process which
according to the present argument ylelds 'Concepts' or entities which are
functionally identical with 'Concepts'.

-

2.7. Existing Constructed Assemblages which satisfy some of the conditions.

There are a number of already constructed and famillar assemblages which
satlsfy these conditions with the exception of condition 2 and condition 8,
The conditional probability machines developed by Uttley and Andrew (ref, 11),
are, for example, in this category if we regard them as associated with a
control mechanism and able to interact with an observer who forms part of
thelr environment,

Such a mechanism builds up a model of its environment which 1s, ideally,
homomorphic with a pattern of behaviour in 1ts environment. But, 1n order to
do this, the machine must have a number of constralnts imposed upon its
structure, so that at least the state changes in the environment which count
as relevant events are well specifled.

Suppose that the machine 1s now associated with a control mechanism, and
allowed to Interact with its environment, including, perhaps, an observer.,
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The resulting behaviour will not, because of the initial constraint upon
the kind of model i1t must bulld, satisfy condition 8. Further, suppose
that 1t encounters no state changes which are deemed relevant events, 1t
must, (unless provided with some arbitrary rule to deal wlth the possibil-
ity), stop learning, and thus it falls to sgtisfy condition 2.

In order to satisfy condition 2, without introducing an arbitrary rest
restriction, a different principle of learning must be introduced., MacKsey
{ref. 10) has described a trial-making servomechanism which does satisfy
this condition. It 1s a machine which continually makes trilals which are
intended to modify 1its environment and to elicit an event which it 1s able
to recognise., A rule is applied such that, if a trial is made, the pro-
bability of its being made upon subsequent occasions 1s reduced. This rule 1is
rescinded if, and only 1f, an event 1s elicited by the trial and this
event falls Into a rewarded sub-set of events, (such that all included
events indicate some desired objective or state of the environment), Such
a machine will retain, in its trial probability registers, a model which
specifies those states which 1t assumed and which gave rise to events 1in
the rewarded sub-set,

There 1s, of course, a sense in which a model of this kind may be
regarded as a model of the environment, but it i{s a quite different model
from the homomorphic image already considered. A machine like the trial-
making servomechanism 1s a relatively inefficlent control system, which
does, however, seek out the best kind of representation for achieving the
objective, Further, in the absence of any recognisable event 1t will con-
tinue to make trials and will satisfy condition 2, although these trials
will become Increasingly autonomous and equiprobable.

‘Ceorge (ref.8) has envisaged a system which, .in 1ts trial making, scans
a variety of possible relations between itself and its environment.

If the environment failed to-yleld any relevant and rewardable events
this system would make different kinds of trial. The pattern of behaviour
noted by Grey Walter (ref.12) when a number of his conditionable tortoises
interact in thelr scanning activity, 1s possibly due to the fact that the
tortolses form such a structure under these circumstances.

‘None of these mechanisms really satisfy condition 8. The scanning deyice
might do so in the sense of assigning different functions to 1ts sensory
and motor elemerits, but there is the over-riding objection that these
tunctions are preprogrammed in a scanning rule. 43
Thus, we are led to consider an assemblage which 1s less ot a machine and
more of a plexus of elements, these elements and their connections being
specified to satisfy the conditions for an acceptable assemblage.

2.8. The Choice of Physical Assemblages.

To satisfy condition 2 the assemblage may not be energetically closed,
since 1t 1s required to change its state continually. On the other hand,
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to satisfy conditions 3 and 4, 1t must, 1n mechanlcal terms, approach at
each Instant some dynamic equilibrium. From the requirements of condition 1,
the elements must have well defined functions, but from condition 8 no
element has a unique function. Thus, we specify the elements, (and sub-sets
of elements), as performing a number of, (in the pure case, performing all
possible), functions according to parameters which are determined by the
remalning elements in the assemblage, and in order to satisfy condition 6
and condition 7, any structure interacting with it,

Cholice of a quantity which i1s employed as a measure of the state of an
observeable assemblage and another quantity which 1s the variable modified
by an observer when he interacts with it, determines the physical form of
assemblage which satisfles the above conditlions., This cholce 1s a matter
0of convenlence and a state specifying measure of resistance, and a state
modlfying varlable of current passed, were selected for the demonstration.
Thus, the elements of the assemblage are resistive elements which undergo
a lagged decrease in thelir effective resistance when current 1s passed
through them.,

Two kinds of assemblage will be examined and both of them appear in the
demonstration. The elements In the first kind of assemblage are thermally
sensitive resistances, (the temperature of which 1s increased by passing a
current), which have a negative temperature co-efficlent of resistance,
and which, (due to their thermal inertla), preserve a decreased value of
effective resistance after the current which heats them up has ceased to
pass. We envisage an indefinitely large symmetrical plexus of such
elements, so0 connected that a potential difference is maintained across it
to satisfy condition 1, and such that the current passing through any
element affects all of the other elements, and all of a symmetrically
related sub-set of elements in a well determined manner. The overall effect,.
summed over the sub-set must result in "no change" on the average, (l.e. If
some elements are made to pass more current, others are made to pass less
current) ..

The least recognisable assemblage would be a regilon within this in-
definitely large plexus of elements in which the measured variable 1s
conserved, l.e. the average resistance value is constant, (and, since the
assemblage is to Introduce no special kinds of structure, we also require
that the "average value" of effective resistance of each element in this
region 1s constant). To satisfy this and the remaining conditions, we
require a limit which may either be provided by conditions on the indefin-
itely large plexus, or more practically by introducing constant current
mechanisms at the boundaries of some observable region in the plexus. It
is worth noting that without these mechanisms the current passing through
the region will increase indefinitely and that with constant current
mechanisms at the boundaries of the region alone, the result will be that
some paths in a plexus will pass an increasing current, (for the elements

(94009) 895



included in these paths will undergo a decreasing resistance), at the
expense of the other possible paths which will thus be starved of current.

To overcome this difficulty we may arrange non-linear current ampliflers,
which recelve as an input, the effective resistance value between a palr of
nodes in the plexus and cause a larger decrease in resistance, (by passing
current), 1in two or more symmetrically related pairs of nodes.

The structure 1is 1llustrated for some of the symmetrical plexi which have
been exhibited by Corbett (ref.?) in fig. 2. The effect of such a feedback
loop 18 summarlised in a rule which says -

"If, In a finite assemblage, a change occurs this change may be per-

petuated, (by such a feedback loop), in scme other part, (or strictly

in all other parts), of the assemblage. The ultimate result of this

procedure will be obliteration of the original change,

Thus, 1f we regard the allowed current as a limited amount of currency
with which structures, (l.e. patterns of elements with different effective
resistances), may be built, there 1s not sufficlent currency to permit
building a structure everywhere in the plexus. The amplifiers, (by their
feedback connecticns), initiate its construction at many points, and each

SYMMETRICAL
CONNECTION OF

AMPLIFIERS IN 9
PLEXUS ~—

-

Fig.2.
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of the bullding schemes must compete for the avallable currency. If the
plexus 1s connected symmetrically, and if the galn of the amplifiers is
sufficlent, (which 1s ensured in the constructional plan), the initial
"bullding scheme" 1s least llkely to have success in this competition,
(since the feed-back process involving the amplifiers is cumulative). Thus,
other things being equal, which they will be 1f the assemblage 1s undis-
turbed, the feedback process tends to oppose the original sequence of
events, (namely increasing path current leading to decreasing effective
path resistance), which, on 1ts own, determines that the assemblage would
be stable with one path conducting and the others starved of current.
Combinatlion of the cumulative feedback process with each original sequence,
(1.e. with each possible path), specified a set of dynamic equilibria and
there 1s one such set of dynamic equilibria for each cumulative sequence.
The assemblage will approach each of these dynamic equilibria, namely each
member of each set, with a probablility of approaching any one, (at some
arbitrarily selected instant), determined by the symmetrics of the plexus
connections.

Such a system is a special case of the multistable and ultrastable
systems which have been defined and discussed by Ashby (ref, 1), The analogy
appears 1f we regard each of the possible "paths" as specifying a set of
"critical® points in the critical surface of Ashby's phase space, (the set
of dynamic equilibria are specified by the set of parameter changes which
keep the state representing point of the ultra-stable system in the
admissible reglon of its phase space).

A system of this kind is also able to learn in the sense that, if it is
disturbed the behaviour which has been described 1s modified, to include so .
far as possible, the disturbing effect. In general, the system becomes in-
creasingly sensitive to any disturbance, Thus, new dynamic equilibria
become possible, and since each of these represents a recognisable pattern
of behaviour, the set of possible behaviours, (which an observer might dis-
cern and which are characterised with sequences like =

C*(i) = (Cu‘t. cU,t"'l"""CS,t‘l’T) for the
dynamic equilibrium Ci) is enlarged.

The elements in the assemblage, with the possible exception of the
current amplifiers, may not, after an interval of activity, be ascribed a
particular function. The function of each element and each region of
elements is continually and unpredictably changing, so that any assertion
made about its function would be ambiguous.

A number of the possible functions which an element can serve will be
Indicated. In the first place any element has a thermal inertia which makes
1t a possible storage device. If current 1s passed its subsequent state is
modified and although, 1f the current were entirely discontinued, the
element would return to 1ts previous state after an interval, the position
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in practice is more involved because some current 1s being passed at each
instant. Thus, the result of a current increase is to modify the current
passing characteristics of some reglon in the plexus in a manner which
depends upon the magnitude of the Increase in current and upon the pattern
in which each element 1s included.

Suppose a plexus in a plane, and a node in the plexus which receives
only one connection from higher, (more positive), nodes, whilst sending, (by
way of intervening elements), a number of connections to lower, and more
negative nodes. In this case, let any one of these lower paths assume a low
effective resistance, this will lead to a decrease in the chance of all of
the other paths becoming low In effective resistance, since there will be a
reduction in the potential across the entire set, as in fig. 3. Thus, one of
the lower paths will tend to be current passing and the others will be high
resistance paths. In this sense the elements act as non linear devices which
determine binary events in a set of continuously changing varlables.

In the same sense the elements may perform a binary transformation, that
is to say, they may act as switching elements, Thus, Iin fig. 3 the one lower
element with a low resistance 1s the 'made' contact of a 'switch', the other
positions of which would be selected by some other element being low resis-
tance. The one connection from upper elements in the plexus may, in this
manner, be regarded as the made contact of a higher switch. As indicated in
fig.u the switch may also be one to many or many to one. In fige4 .
the current limitation is assumed such that more than one of the lower
elements 1s possibly of low effective resistance.

It 1s possible to devise a kind of amplifying region in the plexus, in
the sense that a small change in effective resistance in one element will
yileld a large change in the current passing through some other'set of
elements. This would remove the necessity for separate current amplifiers,
but, in practice, the characteristic 1s difficult to achieve. A more sen-
sible method of unifying the function of elements would be to redefine
each element as including a local energy source, and to do away with the
potential difference across the observeable assemblage, Plexi of a similar
kind have been made and shown to have self organising and information
organising characteristics (ref.7). ,

The really arbitrary feature of this plexus does not, however. reside
in the character of 1ts elements, but in the fact that a pure E. assemblage
should be a completely connected plexus. This ideal is almost impossible to
reach, but 1t 1s possible to see that 1f the various degrees of freedom
used up In specifying the symmetries of a real 1life plexus were avallable,
the elements would act like raw matertal from which any assemblage might be
built,

Rather than consider approximations to this 1deal, it seemed more prori-
table to see 1f the required characteristics were shown by a different
mechanism. At any rate, I made a guess about this different kind of machine.
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The guess was that the effect of adding further initial degrees of
freedom to a plexus of parametrically variable elements is achleved;.
biologically, in a less clumsy manner, namely by providing raw material
of unstructured but structureable elements, the surroundings of an embryo
when it starts to grow, being a case in point. The surroundings of an
embryo are disorganised elements, in the sense that within wide limits, its
development 1s genetically determined, (and relatively unaffected by the
parameters of its surroundings), and I regard these surrounding elements
as an assemblage. The limited currency condition is a requirement, deter-
mined energetically, whichlimits the amount of organising activity which
may take place in a unit Interval. As the surroundings are organised, in
other words, as elements which were initally raw material in the assemblage
have some function determined, we say that the embryo grows, (and, looking
at 1t at thls stage In its development, we also say that it 1s now con-
slderably affected by its surroundings which are, however, largely deter-
mined by the embryo itself), For the present purpose I regard the develop~
ment of the embryo as equivalent to the growth of a concept in the assem-
blage, In the sense that I can asslgn to the continually changing entity
called "embryo", at each instant, certain functional characteristics, (the
uses of a concept). In this analogy either "the observer®" or a "speclalised
region® which interacts with an assemblage 1s equivalent to the genetically
determined structure which is the ancestor of the "embryo".

It 1s possible to make a mechanical analogue of such a process and this
will be called the second kind of assemblage. Descriptively it has many
advantages. Whilst the entity which represents, (and acts as) a concept, in
the first kind of assemblage, is an organised region which is continually
changing and may only be detected by using a rather involved electrical
method, the entity which represents and acts as a concept in the second
kind of assemblage 1s a so0lid object which, (although it is being contin-
ually rebullt and reorganised) may be examined or photographed.

In an assemblage of the second kind the plexus is replaced by a conduct-
ing plane, with electrodes which correspond to the nodes in the plexus,
and a conducting material which is a solution of metallic lons, (which are
the elements), Whilst in solution, the elements have no function assigned
to them. To have a function, they must come out of solution, and form part
of a metallic thread which has, (compared with the resistance of the
solution), a very low resistance. Such threads tend to develop along lines
of maximum current passing between the electrodes, and these lines are
determined by a field distribution in the conducting plane, comparable to
the current path distribution in the previously described "plexus”.

Clearly these threads will tend to develop from the nodes where current
passes into and out of the solution, and at which there are constant-
current mechanisms which allow only so much current to pass per unit
interval.
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The Inltial behaviour of the system 1s similar to the previously des~
cribed plexus, since the thread which develops between a palr of nodes
across which there 1s a potential difference, tends to reduce the resistance
between these nodes. However, the fleld distribution in the plane is not
only determined by the potentials at the electrodes, (l.e. at the nodes),
but also by the disposition of these electrodes. The threads which develop
from the electrodes act, in this case, to extend the electrodes and thus to
modify thelir disposition, and the process leads to a continual change.
Further, the exlstence of a thread depends upon sufficlent current passing
through 1t, since there is a tendency for 1t to dissolve into the surround-
Ing solutlon. Thus we may regard some threads as more stable than others,
according both to their own form and the form of the surrounding threads,
and 1f a thread tends to dissolve, 1t is not usually the case that its
disappearance recapitulates its buildings

The pattern of threads which exists at any Instant is thus a structure
in dynamic equilibrium. In the undisturbed assemblage the system will pass
through a variety of dynamic equilibria which are stable under the current
limitations.

The two kinds of assemblage are thus comparable, and if the first assem
blage were made very large and completely connected they would tend to
1somorphism. However, for all practical purposes, we may usefully distinguish
the first assemblage as "learning network", ("the network problem" having
been solved initially by the designer, who Introduces certain symmetries in
the plexus), and the second assemblage as a system in which the "network
problem", (agaln of a "learning network") 1s solved as a part of the learn-
Ing process. The distinction 1s not very sharp, but on common sense grounds
I should call the second, but not the first assemblage, "self bullding",
and say that 1t 1llustrates a "growth process". .

2.9. Experimental Hypotheses ¢

We are now in a position to examine a real 1ife assemblage and to confirm
or refute a number of experimental hypotheses. These seem to fall under two
well defined headings.

The first set of hypotheses refer to enquiries about whether or not the
assemblage, (which is available for demonstration), does, in fact, satisty
the conditions we have discussed and in particular does it exhibit the
characteristics of a developing embryo, (within the terms of my analogy).
If so, a second enquiry becomes reasonable, namely, 1s this bilologlcal
analogy appropriate for representing the growth of a concept.

The hypotheses which refer to the second enquiry concern whether or not
an observer may be E. related to the assemblage, and whether or not adopt-
iIng an E. relationship ylelds any advantage in the sense of-achieving a
number of reasonable objectives, (dynamic equilibria in the assemblage).
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The experlments, (which will be realised in practice) are described in 3.2.,
and involve the ldea of a finlte sequence of observations made by a real
observer, l.4. any person who wishes. Thls sequence may be selected by the
observer who must, however, choose between the alternatives of (1) making
many different observations in a manner which does not appreclably affect
the state of the assemblage and then providing some rule by which the para-
meters of the assemblage are modified to achleve the objective, or (i1) on
the other hand, making fewer observations In an interactive manner, which
does affect the assemblage. In this case the cbjectlve must be achleving as
part of the Interactive process.

The latter observer may be, whilst the former may not be, E. related to
the assemblage. It 1s possible to demonstrate that the latter course of
actlon leads to success, though the former does not achleve the objective 1in
a finite interval. Further, it will be possible to perform an experiment
which overcomes, to some extent, the comment that given this, and given a real
observer, the 1ssue of E. relations still depends upon personal evaluation.

2.10
The demonstration assemblage 1s of the second kind which has been dis~

cussed. The experiments examined in 3.1. are performed upon this part of the
demonstration. In order to assoclate this assemblage with an observation
sequence, an assemblage of the first kind, (namely a symmetrical plexus of
elements), has been Introduced and has exactly the same status, (in the
demonstration), as a speclalised region in a real braln,

It 1s, 1n other words, a region in which there 1s a certain amount of
functlional speciallsation. An Interacting observer determines the state of
this reglon knowlng that it means something to take current frecm, or to
make an observation at, a specified node. But, as we shall see later - in
the experiments of 3.2., his knowledge does not amount to certainty.

SECTION 3

3.1. Experiments to demonstrate the physical characteristics of an assemblage.

I. The assemblage must show a self bullding characteristic. If we regard
the metallic thread as a decision-making device, in the sense that its pre-
sence glves rise to a current flow which selects one alternative, and its
modification gives rise to a different pattern of current flow which selects
another alternative, we require that if a problem 1s found insoluble using a
specified thread distribution, the assemblage will tend to bulld itself into
a new decision making device, able to reach a solution to the problem.

The experiment which 1s intended to show this characteristic is 1llust-
" rated In fig, 6, where points 'X' and 'Y' are nodes, more positive than node
'St, so that If the Intervening plane 1s an assemblage of the second kind,
a metalllc thread will tend to develop from 'S' to elther 'X' or *Yt, In the
simplest case, which 1s obtained by making 'X' assume a high positive
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potential, we determine an initial current path towards 'X' and thus ensure
development of a thread along this path., Let thls occur In an interval
t2 _ ti’ and at the Instant t:2 we change the parameters of the system so
that 'X' and 'Y' have, with respect to the thread which 1s now terminating
at the point 'P', an equal but relatively positive potentlal, so that
the further path of the thread 1s amblguous. Development of the thread in
an interval t'.3 - tz in which this new set of parameters apply, depends upon
the form assumed by the thread, the current which it is able to pass, (due
to the "currency" limitations), and the surrounding threads, (which deter-
mine detalls of the field in parts of the thread other than its terminal
point 'P', and which may, for example, make the thread assume a positive
rather than a negative polarity with respect to 'X' and 'Y' within this
interval). We shall consider, for the moment, only rou‘r of the possible
altematives, -
(1) The thread takes an intemmediate path, or

(11) It approaches 'Xt, .or

(111) 1t approaches 'Y, or

(1v) It bifurcates,

0f these, the possibilities, (1), (i1) and (111) may occur 1f little
current 1s available, and might occur within any computing machine pre-
sented with this decision. We are interested, however, in (1v) which is
most likely if the current is available and which 1s shown 1n fig.6.

If, at the instant t3 the parameters are returned to the values assumed
in the interval tz - ti the behaviour of the assemblage will be quite
different. Since it 1s the behaviour of a double thread, (l.e. a bifurcated)
assemblage which determines an entirely different field distribution, the
behaviour in the interval t, - ¢, would not be predictable from observations
made in the interval t‘.a - t1’ when similar parameter values applied. Thus,
an observer would say that the assemblage learned and modified 1ts
behaviour, or looking inside the system, that it bullt up a structure
adapted to dealing with an otherwise insoluble ambiguity, in its surround-
ings, (l.e. the ambiguous parameter values, in the Interval ts" t ).

II. The assemblage must always exhibit this kind of behaviour unless its
surroundings are entirely determined. To show this we determine a unique
current path to the nearest practical approximation, and observe that the
thread develops by a process of abortive trial, namely, it bifurcates con-
tinually, but most of the bifurcations are abortive, 'and the dominant
bifurcation is predictable,

III. When we say that a system adapts to deal with, (or to assume a dynamic
equilibrium with respect to), 1ts surroundings we imply a certain foresight
on the part of the system, (thus we imply, at least, a supposition that
these surroundings will persist until the modifications are completed). An
admissible assemblage should have a degree of foresight which Increases as
1t develops. Although this cannot appear, directly, a similar characteristic
may be shown -
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(1) Development of a structure of threads 1s a competitive process,
by definition, and by examining the system.

(11) In this case, 1f there are two structures of threads, say 'U'
and 'V' in fig.7 there may be a stage In thelr development at which
one of these will dissolve in favour of the other, perhaps, in the
manner indicated. The one which does not dissolve 1s sald to dominate,
or to be more stable than, the other, Suppose that 'U' is a structure
which has been built up in one part of the assemblage and has been In
equlilibrium with a very variable set of parameter values, whilst 'V
has developed independently, (that is to say, In relative independence
of the other, though It cannot have been completely independent by
definition). Suppose, further, that the structure 'V' has developed in
fairly invariant conditions. At some instant 'U', and 'V' will be in
competition, due to the limitations, (both the current limitations and
the spatial limitations of the plane), which are Ilmposed by an assem-
blage, and that one or the other must be dissolved. Then the probability
that 'V' will dissolve 1s very much greater than the probability that
'U' will be dissolved.
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IV, If 'U' and 'V' had been structures developed in comparable surround-
ings, 1t 1s possible that they would have combined and that, -on examining
the system, we should have agreed =
(1) That the development of 'U' was assisted by the presence of the
structure V' and vice verss,
(11) That 'U* and 'V' were no longer distinct, but should be regarded
as a combined system.

In tems of the theory of games, this process 1s "cooperation", and the
combination 1s a "coalition". Further, In view of III we see that stable
coalitions will only occur between, and will, thus, only accelerate the
development of, comparable stable and dominant structures. In III and IV
we have a selective principle which says that a self bullding assemblage
tends to develop along a dominant pattern, bat if several structures are
dominant, a coalition 1s more likely to be stable. :

Finally, some comment 1s needed regarding the sense in which an assem-
blage of this kind has a memory. In what sense, for example, 1s a pattern
retalned Invarliant, and would it be possible to say of such as assemblage,
as 1t would be of an organic system, that 1t preserved an organisation
even though the elements which medlated the organisation were continually
changing.

V. The first part of the experiment which may or may not be convincing 1s
to modlfy the assemblage by pouring away some of the solution, and showing
that this does not greatly modify 1ts behaviour. One might argue that there
1s no reason why it should, yet whilst this 1s the case, there 1s every
reason why such a drastic modification of most decision making or 1eaming
assemblages would be important.

The second part of the experiment is to show regeneration of a thread.
The experiment 1s indicated in fig.g, where the thread 'J' 1s assumed to
have developed under conditions say, 'L', which have jJust been modifled to
other conditions, say the conditions 'M!', such that, under the conditions
'M' an entirely different thread would have developed.

At this point the thread *J' is cut and a portion is removed. The thread
'J' will now be regenerated by a process which involves dissolving away at
the edge 'g', and deposition of elements dissolved into solution at the
terminal point, 'm' of *J', The regenerated 'J' never catches up with the
0ld thread, but, for quite marked differences, between the field distribu-
tion determined by 'm' and determined by 'L', 1ts preclse replica is pro=-
duced, after an interval needed for regeneration to occur, In other words,
the exlstence of the structure *J' has constrained the assemblage so that
even 1f the actual structure is modified, and the fleld: surrounding it 1s
modified, the pattern will be retained., :

There 1s, in addition, a fairly good analogy between the various stages
of "determination® in the biologlcal system, and the various stages of
modificaticon and partial regeneration which occur, 1f the regenerating
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thread 'J' Is subjected to an increasingly incompatible fleld distribution.
The evidence taken as a whole, supports the view that regeneration and non
specific forms of memory occur In an assemblage of this kind.

These characteristics may be described in terms of a sequence of con-
straints which are necessarily imposed upon an assemblage. It 1s clear that
any constraint will initiate activity which tends to remove the constraint
and to bring the assemblage into dynamic equilibrium with 1ts surroundings.
" However, the self bullding characteristic implies that the modificatlions
which occur necessarily produce further constraints and these function in a
similar manner, as ancestors determining the next constraints, '

Although, 1t 1s the case that constraints which determine a stable
pattern tend to persist, and are recaplitulated, the assertion that one
pattern 1s more stable than another, may only be interpreted with reference
to a particular environment in which the stabllity 1s achieved. Since the
environment becomes Increasingly detemined by the constraints which are
developed the interpretation 1s thus being continually modified.

3.2, The Experiments which show the advantage of an E. relationship.

The second set of experiments have already been introduced by the dis-
cussion in 2.9, and are performed upon the demonstration as a whole, which
1s shown in fig. 5.

An observer In (C) 1s required to achleve one or more objectives, (namely
dynamic equilibria) denoted Cj and implied by the existence of observeable
sequences c; = Loy, 1 €y, tagr-ooneebs, torls

The vectors Cy have components which refer to different meters in the
observer's display, (in the present machine there are four such components),
and these meters indicate the effective resistances of the elements Inters-
posed between speclfied pairs of nodes.

In order to achieve the objective, an observer may elther decide to
adopt a non Interactive or and interactive spproach. If he prefers a non
interactive approach as he would 1f he were an "external observer", he 1s
allowed to select an observation sequence of n alternative sample locl each
of which defines a different vector Cye These sample locl are assoclated
automatically with the meters via a scanning mechanism which moves on at
each observation, (fig.9). The next observation, at each stage, 1s deter-
mined partly by the observation sequence selected initially, and partly by
the observer, who 1s allowed to select one amongst a finite number P of
alternative next observations, by pressing one of P alternative buttons.

Thus, the observer 1s able to modlfy his observations according to what
he has already observed, within the limits ‘of which he is aware at the
outset., In terms of the theory of games, the observer is a player, his sct
of pure strategles the set of tours across sample locl, and the pure
strategy he adopts the tour he determines by the procedure described above.
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If he adopts the interactive or 'participant' approach he has, with two
exceptions, the same faclilitles. The exceptlons are that his set of pure
. strategles includes only m sample loci with, n > m and that, whenever an
observation 1is made, current 1s taken, via a Test Node, from, the assemblage
which thus modifies 1ts state. This current which 1s taken may be regarded
as the price which 1s paid for observing an assemblage,

It the assemblage behaves like most of the physical assemblages which
are. examined, the observer with m very much less than n would.be at a dis~
advantage. He would have less chance of specifying a model adequate to
determine a rule for achleving the cbjective. Again, he would. always have
to pay the price of modifying the assemblage and still further, reduc%ng
his chance of finding a real consistency in his observable sequence Ci‘
However, 1t may be shown that observers who prefer to interact succeed in
achleving quite generally specified objectives Ci and report that they do
this by using the ability to Interact with such an assemblage in much the
same way that an animal trainer uses his abllity to interact with an animal.

In particular it is impossible, without further enquiry, to comment
upon the relation between an observer in these experiments and a subject
in the experiments performed by Bruner, Goodnow and Austin, f{ref.s) which
were examined at the outset of the discussion. Some comment on this score
1s necessary., For example, 1t must be possible to say how an objective 1s
related to one of Bruner, Goodnow and Austin's problems, and how finding
an objective 1s related to finding the solution to such a problem. Given
this, a calculus for describing and using these systems as thinking
mechanisms is at least concelivable. Without it, the state changes of the
assemblage show a close relationship to concept formation, but serve only
as an analogy. Again, given this, we are in a position to set real problems
and find, experimentally, 1f they are solved, but without 1t, a "solutlon"
does not have the precise meaning of "solution" in the game of thinking.

SECTION 4
4.1, Mechanical Simulation of the Real QObserver

+ As a first step in this direction I shall assume a particular interpre-
tation of the game which these authors describe. In this interpretation,
the game, (played by a real subject), 1s a competition of part of a man,
(namely a part of the subject's brain which is aware of and trying to

solve a problem), with the remainder of the man. Thus, the authors examine
for each problem variocus loglical strategies which might be adopted for
solving 1t. Some of these, for example, require a good deal of memory -
capacity, some involve taking risks, and some are safe but slow., I am
assuming that the problem solving part of the brain tends to adopt one or
another of these strategies according to the facilities available, l.e.
according to a bargain it 1is able to make with the remalning part of the
brain, Thus, 1if it is possible to have memory capacity available, and 1f
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the strategy which taxes the memory is efficlent, this strategy will be
selected. On the other hand, it would not be selected, however erricient,
1f memory were not avallable.

My maln Justification for adopting this view 1s the fact that it leads
to a coherent picture in terms of the present argument. The interacting
observer 1is clearly a player in the position of the part of the man which
1s aware of and trying to solve a problem. The assemblage is the remainder
of the brain which may, (according to the play of the game), be used to
serve various functlons In solving a problem, (that is to say, in achieving
an objective which implies some state of the combined system).

Assuming, for the moment, that these relations are Justified we must
examine the declslon function which 1s used by an interacting observer. In
order to do this we shall replace the real observer by a mechanism of the
kind described by MacKay (ref. 10) as a trial-making servomechan!sm. Such a
device will be able to construct, in the manner which we discussed pre-
viously, a decision function which 1s appropriate for achieving (i) maximum
interactlion with the assemblage, and (11) the specifled objective, provid-
ing that 1t 1s possible to define -

(I) A function 6 which increases with increasing interaction, and

(II) A function T which Increases as an objective C implied by c* is

approached.

The function & may be specified quite generally for the assemblage con-
cerned, since (in order to modify the state of an assemblage), an interact-
Ing observer must be able to take current from the assemblage., It 1s also
Intultively clear, (and it may be shown at least in partlcular systems),
that this depends, in the case of an observer with a finite set of test
nodes at which current may be taken, upon his previous behaviour. If, for
example, he has adopted a strategy which has led to a set of low resistance -
paths which terminate at the sub-set of nodes which are visited, then he
willl be able, by taking current at these nodes, to exert a large effect
upon the state of the assemblage. We thus, define the current taken as the
"price" of an observation, as @, and specify a constant current servo-
mechanism, as shown in fig. 20 which takes this amount of current from each
of the test nodes visited:. We then define 6 as inversely proportional to
the feedback needed In this servomechanism in order to take a current P
from the assemblage.

The function yh is, however, restrictive, since 1t may only be defined
for a few of the possible dynamic equilidbria Ci' and this difficulty will
be dealt with in a moment.

An appropriate kind of trial-making servomechanism is shewn in fig. 10,
and involves a few developments of the original devlce. It has been assumed
in fig.8 that the vectors ¢, have two components €4 and €0 and that a
binary vector Y = Yyr Y2 is elaborated by means of a resolver circuit, A
resolver circuit is the mechanism which embodies the rule, employed by a
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trial-making servomechanism which we have discussed, namely the rule which
asserts that 1f the input event Y = 1,0 occurs, its subsequent occurrence is
made less likely, (and similarly for Y = 0,1). We restrict the set of input
events to (Y = 0,0), (Y =1,0), and (¥ = 0,1), by the condition that
Yi+Ys =1 and we make Y = 0,0 assume a probability of occurrence which is
nearly O by defining a process which tends always to make both Y = 1,0 and
Y = 0,1 occur, (this is achieved, in practice, by the mechanism involving
the condensers). Since Y = 1,1 is prohibited one event inhibits the other.
‘But, supposing one input event occurs, its probabllity of occurring upon
subsequent occaslons is reduced and thus the probabllity of the other
occurring is increased. The 1lnput vector ¢, 1s now applied to the resolver,
as shown In fig. 10, so %hat 1t biases the chance of one or the other input
event occurring, for without this blas each input event would occur
equliprobably.

"The scanning mechanism, shown in fig.9, moves an observer's test node
and sample nodes across the sub-set of nodes included In his set of pure
strategles. The set of four storage condensers In the matrix & (p] are
specified differently for each position of the scanning mechanism. Thus, 1f
there are a positions there will be 4+ (a) condensers In the matrix £ corres-
ponding to sub-sets of entries & (b))

The potentlals associated with these storage condensers are the entries
in a decision function matrix which 1s bullt up as a result of the in-
teraction. Thus, at the p-th position of the scanning mechanisn, some of
the storage condensers are charged via a constant resistance from a
potential of value.ﬁ(p)-fni'(ﬁ)] in which ﬁ(g) 1s the value of & at p,
ni’%ﬁ) 1s the value of 7, at (p) and in which 1> 6>0and1>m >0,

e particular storage condenser in f( ) which 1s charged is 1n the
column relating to the input event which occurs on the occasion concerned,
and in the row which, (as we shall shownin a moment), corresponds to the
output event or decision to which this input event gives rise. Thus, the
entry in thls position in 5( ) is the average reward achleved, (by the
trial making servomechanism assuming this particular input and output
state), and the distribution of these entries is thus a declision function.

: We assume In fig. 10 that a decision 1s made between two alternative
next observations one of which 1s selected 1f a binary vector X £ 1,0 and
one 1f XY =0,1. :

The vectors X occur as the output of a resolver circult, shown as an
"output resolver" in fig. 10, and comparable to the "input resolver" which
determines the values of Y. The resolver would produce, without any blas,
equiprobable output events, and thus decisions. It i1s blased, however, at
the p-th position of the scanning mechanism by the quantity YY#) (f(ﬁ)).
Thus, the decision function determines the decision (for specifled c, and ¥),
and the decision made gives rise to a selection, (for specified cu,Y, and
X), of the entry in é(p) which is modified on this occasion.
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Although the potentials which form the entries of the declision function
matrix £ are continually changing, their values are, on occaslon, statisti-
cally statlionary, so that £ may be represented as a stochastic matrix. At
first sight we might expect to use this matrix in order to predict the
strategic behaviour of the machine, (although, the reverse 1s assumed in a
slightly different fleld by Beer) (ref.u4)., It is Interesting to note that
it is rarely if ever possible to make such predlctions.

0n the other hand, the machine appears to act in a well ordered manner,
and it will achleve 1ts objective. In retrospect, the stages of the process
seem rational. The point 1s that the moves, (in achieving the objective),
exhibit a rationality which 1s characteristic of a much larger machine, and
which would be impossible for a mechanism of the properties described.

The difficulty is, of course, largely descriptive, but 1t is all the
same of great importance. This machine 1s only able to achleve its objec-
tive 1f 1t Imposes an organisation upon the assemblage such that the re-
quirements of maximising 8, whilst using a (not usually unique) strategy,
implies maximising m;. The organisation which 1t imposes upon the assemblage,
(which, agaln, 1s not unique), may equally well be regarded as a functional
part of the machine - or, of course, vice versa, wi Ch the assemblage acting
as a dominant player,

Indeed, as soon as the machine makes its. first move, 1t becomes
impossible to say that the particular-set ot elements defined as a trial-
making servomechanism 1s, in fact, the functional machine. Rather the
functional machine 1s something which extends,. 1f successful, into the
assemblage. A memory, for example, may equally well reside in a modification
of elements originally deemed pleces of the assemblage, as it may in a
specified condenser deemed a plece of the trial-making servomechanism,

What we have galned by introducing a mechanism which 1s able.to interact
with the assemblage, but which has an insufficient number of parts with a
well defined function, (so that, in practice, it has to use other badly
specified parts in the assemblage), 1s the advantage we gain from describing
a plece of braln with reference to a highly specialised reglon, or, (in the
gxperimental cont:ext), of employing the specialised conventions which
make people accept certain objects as representing concepts.

4.2. The Meaning of a Solution to the Competition of two Mechanically
Stmulated Observers

There 1s still the difficulty that a 7); may only be defined for a few of
the possible C and without a 7; the trial making servomechanism will not
achleve an obJ ective. It seems there 1s a possible way out of the difficulty’
which involves a fairly reasonable view of a solution to the game of think-
ing, and which will be submitted in conclusion. :
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If a pair a and 8 of similar trial-making servomechanisms are made to
Interact with an assemblage, both of them trying to interact maximally,
but nelther being restricted to reach a particular objective, 1t is
possible to recognlse Increasing reglons of organisation in the assemblage,
which have a or 8 as ancestors. Eventually a metastable state 1s achieved
and this will be deflned as a solution. -

Up to thls point 1t would have been possible (and this may be demon~
strated) to modify the avallabllity of current in the assemblage, and to
obtaln two consistent kinds of response, one response for a, and one for 5,
(Indeed, this 1s usually the only way In which a and [ may be distinguished)a
After this point, although a change may occur, there i1s no consistent kind
of response and I thus assume there 1s no difference in the preference
orderings of a, and 5. But the only distinction between a and B was of
this kind. Thus, I assume that there 1s now one large coalition, or one
combined system and in any case so far as the dealings I am allowed to
have with the assemblage are concemed, the distinguishing of a and 8B 1s
no longer useful.

A solution of this kind is a compromise effected between players which
may be arbitrarily defined reglons in the assemblage, (the introduction of
the trial-making servomechanlsms makes the process easler to describe and
easler to demonstrate, but the argument applies to any region specified).
The form of these regions which behave as players is determined by my own
reference frame in terms of which I talk about problem solution. A sub-
frame of this reference frame characterises the solution and a solution is
sald to occur when using the mode of interaction allowed in the sub-frame,
I am able to make no useful distinction of regilons in the assemblage.

Finally there i1s a way in which I can form a solution, or arrive at a
compromise, or deal with a problem which 1s stated in my own terms., Namely, -
I can say what a solution means. This will be the case 1f, Instead of
talking about solutions and dynamic equilbria, I Interact with the assem=
blage, regard it as similar in a functional manner, and employ it as an
extension of my thinking process.
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APPENDIX - PHYSICAL ANALOGUE TO THE GROWTH OF
A CONCEPT

by

GORLCON PASK

Certain of the denonstrations which were not envisaged when this paper
was written clarify essentlal points in the argument., The models concerned
will be examined with reference to these points.

In order to develop a thread structure we require, in the simplest case,
an assemblage of raw material, in the demonstration model of ferrous
sulphate solutlion. The energetlc conditions which have been described are
applied to this assemblage and 1n order to realise these conditions in
practice a learning machine must be introduced such that it distributes
the 1limited current avallable in a manner which ultimately develops threads.
The most general learning machine is a device able to pass current through
each of a finite set of electrodes, by making connection with these
electrodes. Connections are made and are regarded as trials. The result
of a trial may lead to greater or less current passing via the electrode
to which 1t refers. The learning machine is programmed to learn that trial
making activity which maximises the current passed via each electrode
subject to the limitation that only so much current may pass In the
assemblage as a whole.

"It has been pointed out in connection with a more specialised assemblage
that the result of such activity on the part of a learning machine will be .
development of thread structures adjacent to the trial making electrodes.
These modify the feedback obtained as a result of subsequent trials. Soon
the characteristics of the learning machine are largely determined by the
thread structures, and only trivially by the characteristics initially
possessed by the learning machine, In particular the comment applies to
the 'memory' of the learning machine.

Carrying the argument one stage further, it is unnecessary to introduce
a formal learning machine at all. Rather, as shown in the demonstration,
ampliflers may be associated with a sub-set of the electrodes and in the
simplest case these are 'binary amplifiers'. A 'binary amplifler iIs a
component which receives an Input signal proportional to the impedance
between the electrode to which it is connected and other adjacent
electrodes. The signal is averaged and when tiie average exceeds a limit
the amplifier delivers an output current impulse into 1ts own electrode
and thils current impulse gives rise to a thread structure, The term
‘electrode' used in specifying the input is, however, taken to mean not
only the point of platinum wire, but the thread structure which 1s, at
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any instant, assoclated with it. If we apply to the assemblage the con-
dition that _
(1)

where () is defined, in Section 4, the current passing on the average,
via the (1)-th clectrode, we find that a thread structure develops which
1s functionally equlvalent to a deliberately constructed learning machine.
If threads are equally likely to develop at all electrodes, and 1f
current is passed through the assemblage a state of unstable equilibrium
will develop 1deally characterised with a set of current limited threads.
Although the system 1s practically unrealisable, the concept 1s useful
since it 1s clear that 1f the unstable state is disturbed a thread
structure tending to obliterate the disturbance will be produced.
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Fi1g.12. (A) Connecting wires for electrodes.
(B) Platinum plllar electrodes.
(C) Edges of glass tank containing ferrous sulphate,
{D) Chemlcal reaction in progress
E) "Tree" threads being formed.
(F) Connecting cables.

(Reproduced from British Communications and Blectronics)

(94009) 919



Fig.12. (A) Connecting wires for electrodes.
B) Platinum plllar electrodes.
C) Edges of glass tank containling ferrous sulphate,
D) Chemlcal reactlon in progress ‘
E) "Tree" threads belng formed.
F) Connecting cables,

(Reproduced from British Communications and Flectronics)
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Suppose that connections are set up between the assemblage and the
external world, as indicated In fig. 11, Disturbances of the system will
occur whenever a change of state modifles the parameters of the system,
and causes it to act in a different way wlth respect to the external
world. Thus, 1f we regard the changes of state in the external world as
posing problems to the assemblage, the thread structure which occurs in
the assemblage 1s a problem solving device which will become adapted to
dealing with this kind of problem.

In this model, however, no specific mode of solution 1is favoured. In
order to regard the system as a real life control mechanism, which solves
problems in a specified and acceptable manner, we must reward the mechanism
whenever 1ts mode of solution is found acceptable. The effect of rewarding
the mechanism 1s to glve permission for an increased, but otherwise
unspecified development of thread structure in the assemblage.

Thus reward is defined as an increase in the value of A\. In fig. 11, the
external world 1s shown as a process with a certain output, and the value
of reward 1s made proportional to this output so that the thread structure
is acting as a control mechanism which tends to maximise output from the
process. This kind of system was demonstrated.

As described the rewarding procedure acts by supplying more current for
constructing threads whenever the mode of problem solution, implied by the
existence of a certaln thread structure, satisfles an external criterion,
such as maximising the output of the process. In thls learning by reward
procedure some threads flourish, others will prove abortive. It is a
lengthy and inefficlent kind of learning not unlike natural selectlon.

The 1dea of an E relatlonship is introduced into the model when we
consider how the efficlency of the learning process may be improved. In
the first place suppose that the device which measures the cutput of the
process and delivers a reward to the assemblage 1s replaced by a real
human being, who scrutinises the state of the process and elther approves
and rewards or disapproves of the developing system, which he sees related
to 1t as a control mechanism.

Suppose this human being acts as an external observer, then his reward-

. ing procedure will be in no sense different from a possibly elaborate
strategy bullt into the computing device which previously scrutinised the
state of the process. On the other hand, 1f he agrees to participate with
some objective 1n mind, he will adopt some procedure of rewarding which he
finds optimum, but not necessarily well defined., He may, for example,
discover that rewards should be delayed, or that rewards should sometimes
be withheld in order to make the system learn efflclently., If the process
starts off with an unstructured assemblage the learning efficlency depends
almost entirely upon the extent to which the observer 1s particlpant and
thus E related to the system.
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The 1ldea of a progressively developlng sequence of constraints, which
act upon further development is clarified by making imaginary bisections ot
the assemblage into components of an 'observer' who administers a reward
and a 'system' which recelves a reward. It is legitimate to take any
structure of threads and regard these as rewarding another sub-set of
threads, since any one sub-set - the 'observed' component - determines
the current fleld in which the t'system' component is developing.

Flnally there 1s a demonstrable characteristic which delinlates Condi-
tion 8, since it typifles a system made up of components which had no
initlally specified function. We have, up to the moment, thought of the
assemblage as connected to the external world by electrical channels, and
1t will be convenlent to regard the connection from the assemblage into the
external world as still mediated in this manner. The input connection may,
however, be of any kind. True there will be some electrical connections
established at the outset, but it is not impossible that changes of
temperature, chemical constitution, vibrations, magnetic flelds, and so
on, will arfect the development of the assemblage and serve as inputs.

In general one of these arbitrary disturbances will be an input, 1f 1t is
relevant upon some loglical ground, to the process, and if, in particular,
the assemblage would be rewarded if 1t were able to sense the input in
" Question., Thus, for example, a buzzing sound emitted by the process,
although not explicitly included in the original set of inputs, as 1t
might have been by provision of a microphone and an appropriate wire, will
be relevant 1f reception of the buzzing signal without provision of a
microphone, leads to a state of the assemblage which would not otherwise
have accurred, and which in turn gives rise to a rewarded state of the
process.

As a receliver of vibration, and thermal stimull, a structure of
threads 1s very lnefficlent. However, like any other physical system, it is
to a certaln extent sensitive to these variables and due to the fact that
l1ts parts have no initially specified function, no dellberate attempt is
made to minimise the effect of such disturbances upon-its-workings. .

The characteristic which was demonstrated is that, supposing an arbitrary
disturbance 1s rewarded persistently over an interval, and supposing that
the assemblage 1s able to sense the disturbance occasionally, in the way
.that a computing machine might sense a vibration via a microphonic valve,
the learning process will lead to a region of the thread structure speci-
fically adapted to reception of this disturbance, so that when it is
'repeaCed it exerts an increasing effect upon the state of the system.

Put crudely some region of the thread structure becomes adapted to react
llke a microphone, and in the particular case of a vibration it is
pPossible afterwards to look back and see two conditions, namely -
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(1) Terminal fibrils on a thread resonant with the vibration
frequency, and )

(11) A fileld constriction such that these threads are in a position
where a high current passes through the system.

There 1s no sense in which a microphone has been designed into the
system, Rather, as a result of learning, the system has selected attri-
butes of the external world which are relevant to its problem solving
activity but which were not initlally specified as part of its input set.

(94009) 922




DISCUSSION ON THE PAPER BY MR. G. PASK.

MR. N, KITZ: I would like to ask some of the speakers to enlarge a little
on the question of learning in computing machines, which seems a most
difficult thing to achieve. The basic problem in learning really concerns,
not machines, but beings such as human beings or animals with a will to
1ive, The reason why, in my opinion, anybody learns at all - and I speak
here as an engineer and not as a blologlist 1s the instinct of self
Dreservation. For example, if you are tralning a kitten and you want to have
it house trained, which most people do, then if 1t misbehaves itself you
SO to speak rub its nose in {t. You make it go through an unpleasant
experience which 1t will remember and will try not to bring about agalin.
Similarly, a small child will learn to keep away from the fire, not by
virtue of the fact that 1ts mother may have told i1t to do so, but because
sooner or later it will burn 1ltself, _

As a computer engineer I am fascinated by how you could reproduce such
a thing in a computer, I am not aware that any computer has ever wanted to
work: this may seem funny, but 1t 1is perfectly true; and rather fundamental.

What kind of reward are you going to glve to your computer to make 1t
learn? It has already got a dellghtful environment - a nice big room and air
conditioning - which 1s more than most human belngs get. Yet this hardly
makes 1t rellable, In fact very often you have to coax it to do what it 1s
supposed to do, let alone learn new tricks, '

I do not want to elaborate this too much and I am not really trylng to
point out the funny aspect of it. I think i1t 1s a real point., A computing
machine which 1s essentlally a device capable of dolng at speed what it has
been bullt to do seems to me to be fundamentally unable to learn., If you
want a device to learn you must depart from the digital method and certainly
the binary on-off type of method. A lot has been sald about memories but the
memories I understand are purely methods of recording information as it was
at the time. You cannot get a computer to improve on i1ts stored information
at all. In fact, the only thing a computer will do is degenerate 1t.

How do the previous speakers feel about the problem of making machines
that will want to learn and will therefore do things that they were not '
originally designed to do?

DR. J. McCARTHY: I think what the last speaker sald contains a number of
common fallacles. I shall discuss only the point about self-preservation
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being the basis of learning., I do not think that you can explaln the
learning by children or animals entirely by self-preservation, as exempll-
fled by a child learning to keep away from the fire by burning himself,
That 1s an extreme example; children do not ordinarily face such severe and
immediate punishment for doing wrong, I think, from some observation of
children, that they have developed, by the time they reach the age of one
year, a mechanism which contains some positive seeking of information and
experlience, If we try to base our methods of making a machine learn on self-
preservation, we wlll construct something too crude to learn anything
Interesting. If we want the machine to learn anything substantial, we must
build into it speclflic mechanisms for learning, that 1s, mechanisms for
trying things and selecting the best of them according to criteria., Other-
wise, the machine will not learn anything interesting until it evolves such
specific mechanisms by more primitive methods.

DR, J. PATRY: I would ask the two previous speakers 1f the expression
"learning machine" is exactly the right one. The speaker talked about a
child and the fire, the child learning not to come too near because it is
hot, Of course, a machine cannot learn from outside, We must put into the
machine what we want from the machine and the machine can generalise, can
make statistics, and make a cholce out of the statistics, and we say "it is
learning". I am not quite sure that the expression 1s exact, I think that
the preceding speakers do not agree with each other only because of this
speclal point,

MR, R. H. TIZARD: Since Mr, Kitz suggested I had been very clever in making
a digital computer learn. I would like to take the opportunity to deny such
a flattering suggestion. In fact the purpose of this computer programme

was to show how simple a 'learning' type of character reader could be, I
can only say that I plead guilty to following the very common practice of
using a word which happened to be convenient for the purpose, I would add
that the greatest danger in the whole of this subject 1s that of confusing
very simple concepts with very high-sounding phrases.

DR, Jo V. GARWICK: I will only make a short remark on how to teach computers
to learn by rewarding or by kicking them. When we in this connection use the
word "computer® we do not mean the electronic equipment alone, but this

with a programme inside. The only reasonable "kicks" and "rewards® will
therefore influence the programme in some way, not the physical machine
1tself,

DR. D. M. MACKAY: About four years ago, we made some experiments in King's
College on the possibilities of electrolytic growth in a learning mechanism,
using silver in silver nitrate; and some two years ago my assistant,
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Mr, Pritchard, and I demonstrated this kind of process In a lecture to the
Maxwell Society there.,x But I want to tell you more about the snags than
the successes., The first point 1s that if you grow dendrites in a 1iquid
as Mr Pask has done, then of course the system is highly susceptible to
mechanical disturbance: and while a good learning mechanism should not
mind small disruptions, it 1s Informationally wasteful 1f 1t has continu-
ally to relearn what it has built up, To avold this, we first trled using
gels, but these attempts were not particularly successful, Wet fllter
paper proved to be a much more sultable substrate, Despite a tendency for
growth to be along the filter fibres, 1t was perfectly possible to 'condi-
tion' a connection by controlling the fleld distribution., What we did find
disappointing, however, was the relatively small variation in (A.C.)
impedance until connection was nearly complete. For this reason I think
that electrolytic fibre-growth may be more suited to all-or-none types of
conditioning, where one jJust wants a contact to be made or broken, than to
systems where probabilities must be continuously varled.

It may also be worth throwing into this pool of 1deas a fact well known
to telephone engineers as a nulsance, namely that on solld insulators you
can get dendritic growth, of sllver for example, which 1s embarrassingly
permanent. (ref.1) It seems possible that a development along these lines,
using a solid substrate, might provide the most sultable way of making
relatively permanent self-wiring systems. In any case there can be no doubt
that more basic research Into the physics of electrically-gulded growth
processes could be rewarding in the fleld of automation. I should be
interested to hear if Mr Pask has done any work of thls kind.

DR, SELFRIDGE: This 1s a slightly orthogonal comment. I think that the
beautiful experiments of Dr, Pask are indicative of a strong trend. Some of
us feel very strongly about the next generation or generations of
computers. We feel they are golng to have to be in some sense more
parallel, much more than they are now. To scme extent there 1s the problem
of finding people to wire them, I would like to suggest the wiring of a
complicated machine, or a simple machine for that matter, under electronic
controls. I am not proposing right now a machine could successfully rewire
another machine or 1tself extremely fully, but nevertheless the notion

of electronic wiring is a very valuable one for the future. People are
getting sort of expensive.

% 'Intelligent mechani{smg': 1ith Feb, 1957,

REFERENCE:

1. Kohman and others: 'Silver Nigration in Electrical Insulation'.
Pell Syst, fech. 7., 1955, 2%, 1115,
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It would be very nice to-have a machine build another machine electroni-
cally without any physical motion 1nvolved, and this is the second such
mechanism which has actually worked. The first one probably most of you
are, like myself, too young ever to have heard of. It was, I think the way
the first radios worked, with coherers.

MR. G. PASK (in reply): If you don't mindI will take the replles backwards
and deal first of all with Dr. MacKay's points, I am sorry I didn't know
about work which he has done in this fleld, for it 1s clearly relevant, but
Jjudging from hls statement we were alming for quite distinct objectives,
and I think 1t will be valuable to dwell for a moment on the differences.
As I understand it Dr. MacKay has considered threads as a kind of probabll-
i1stic storage device, and has found them unsatisfactory for thls purpose.
It 1s not surprising, for although a thread may be caused to develop along
a line of maximum potentlal and thus to vary the impedance to an A.C.
sensory signal between palrs of electrodes, the impedance variation is non-
linear, and the whole process of development depends upon many varlables,
For use In a conditional probabllity machine, I imagine, this sort of
dependence, which Dr. MacKay has illustrated by referring to mechanical
sensitivity, will be an embarrassment., However, I wish to emphaslse that
these very propertles are those which, in the present applicatlion, we
should try to encourage, in other words, I would like the threads to
exhibit sensitivity to all sorts of disturbances, not only the particular
set of disturbances which as a computor designer I might regard as rele-
vant; for example, the set of disturbances which amount to changes in the
field parameters, Agaln, I am far from embarrassed by the fact that threads
may develop according to a variety of mechanisms, such that upon any
particular occasion, I frankly don't know how a thread grows, True, 1t
would be very pleasant to know, but one 1s looking for a device where there
1s such a varlety of ways of developing that it will always be difficult
to know, and possibly not worth while. _
Because of thls we have not pald very much attention to rendering these
threads more stable, However, this is a matter of degree, and we have found
techniques such as embedding the thread in silica, developing them upon
filter paper, or blotting paper, as Dr. MacKay has done, useful upon
occasion, I should llke to add a framework of small glass beads to the
1ist, since I think that this was the most successful method of restricting
the threads. Furthermore this method 1s applicable to three dimensional
- rather than two dimensional thread structures, and these three dimensional
structures having a more reasonable topology are those which are of
practical interest, The demonstration aimed at two dimensional structures
simply because these are more readlly exhibited, but some of you will
probably have notliced that 1t is difficult to restrict the threads to a
plane since they tend to arch over one another at the sllightest provocation
whatever 1s done to prevent it,
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The possibllity of solld state systems ls very Interesting indeed. I
fancy these would be more useful for determinate appllcations, since there
seems no very obvious way of getting rid of structures once they have been
formed.

Returning to the-actual use of these threads which was demonstrated and
discussed in the paper, 1 should like to summarise the characteristics
which are essential for any components used in an E, assemblage. The first
characteristic is that raw material, Iin this case, ferrous lons in solu-
tion, shall be transformed by the expendlture of energy into a structure,
in this case, a metalllic thread. Secondly this structure, once created,
must be able to serve a varlety of different functions, and because of 1its
origin, 1t will be legitimate to say that the function of any element In
the resulting system is not determined a priori, A thread structure, for
example, may serve as a conductling pathway, or as a reglster, or as an
element which constrains the field, in which other threads develop, Or even
as an amplifler, as evidenced by the interference of two threads at
differing energy levels.

The possibility of threads acting In this way, 1in particular, as acting
as part of an amplifying system, depends upon the exlstence of a tendency
for any thread, once constructed, to dissolve. A structure exists, 1in other
words, SO far as it is able to compete in a dynamic equllibrium agalinst a
tendency for return to the raw materlal ocut of which 1t was made, It seems
to be a general property of systems which satisfy these requirements that
they are all 1lable to change state 1n response to a wilde varlety of
physical varlables, and 1 do not think that this feature 1s accldental. It
is, of course, possible to so restrict the actlvity of such a system that
1t would be inadmissible (in an E. assemblage, but useful in other appli-
cations. This has not, however, been the obJect of these experiments.

We have done very little fundamental physics. What experiments have been
done, 1n'my laboratory, on the organisation of a thread structure suggest
that the process i1s a very complex affalr. Although 1t 1s convenlent to
think of the development of further threads in a multiple electrode system
as being chiefly determined by the constraints imposed upon the fleld by
those threads which already exlst, there are a varlety of other factors to
consider as well, For example, the collection of ferrlc hydroxide gell in
the solution 1s important, and 1t 1s possible to discern quite complicated
colloldal systems bullt up regionally - systems with seml permeable
membranes, and so on = which occur due to local collections of the gel.
This i{s not objectionable for the use which I am making of these threads.
It does, however, prevent one saying precisely what mechanism !s involved
in medlating a change. Any change may be produced by many different
mechanisms. )

One may, of course, make an arbitrary distinction between regions in a
dish full of a self organising system like this. If you do so you might
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think of one region as the "system", and the other region as the "environ-
ment", I submit that the state changes which appear, using this framework
of reference, are probably akin to those you had in mind when you were
talking about two interacting systems, one of which became progressively
unconstrained as it becomes able, by developing fresh constraints, to deal
with 1ts environment, Isn't this the sort of thing we are aiming at?

DR. MACKAY: Yes, but there 1s a difference of approach in that we would
rather understand the system first and then apply 1it.

MR. PASK: So should I, and in the sense of knowlng its logical character-
istics as against its detalled physical propertles, one does understand 1it,
But the emphasis has been on getting something which works rather than
finding the ideal. Further we have been mostly concerned with the philo-
sophy of the system and 1ts broad application., These metallic threads, for
example, are only one of many systems which have been tried, I don't think
they are even the best, but they are probably the most easily demonstrable,

In reply to Dr, Selfridge's question one of the first systems which I
examined as a possible E, assemblage was somewhat like a coherer, in that
a conducting pathway was made between semi conducting granules, However,
in this case, and I believe I am right in saylng In the case of a coherer,
there is no sense in which the existence of thils structure depended upon
successful competition against an obliterating tendency. The thermal net-
work described in the paper has been rejected, largely because it is too
coherer 1like. In other words, it 1s easy to produce a conducting pathway,
which once made, will be preserved, supposing that energy 1s supplied, but
the kind of system I needed was certainly not Just a device for ingraining
a conducting path along lines of maximum energy flow however useful this
may be In a different context,

Some of the comments about learning have already been answered, Whilst .
I agree entirely with Mr., Tizard, in the case of a learning by reward
programme on a computor, there seems to be a sense in which a mechanism
working in this entirely different fleld may learn in a more human like
manner, It 1s in the nature of a self organising system to learn somehow.
Further, it will necessarily learn by reward, since reward will generally
mean that 1t has more energy to develop with, Because reward means this,
and because the system may use this energy in constructing fresh parts, of
its own structure, there 1s a perfectly good sense in which one says it is
rewarded by self preservation, What I am trying to bring out 1s a basic
distinction which exlsts between reward, as used in a computor programme to
mean that a rewarded event becomes more probably, and reward as it used in
a system able to create fresh components and parts of itself. In this latter
case, reward means abllity to develop, ability to expand, and ability to
become stable by becoming a larger system. But, this point has been dealt
with at some length in the paper,
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LECTURE - DEMONSTRATIOHS

List of Lecture-Demonstrations (with references to papers
describing them).

Machina Reproducatrix
DR. A. J. ANGYAN, Physlological Institute, Budapest

Conditional Probability Computer
DR A. M. ANDREW, NPL

A Simple Computer for Demonstrating Behaviour
DR. W. ROSS ASHBY, .Barnwood House Hospital, Gloucester

Automatic Pattern Recognition
DR. W, K. TAYLOR, Unlversity College, London

Library Retrieval
MR. S. WHELAN, Royal Radar Establishment, Malvern
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LECTURE - DEMONSTRATIONS

1

achlina Reproducatrix
DR. A. J. ANGYAN, Physiological Institute, Budapest.

A description of the demonstration 1s glven on page 933.

The growth of concepts and thelr physical analogues.

‘MR. G. PASK, System Research Ltd.,, London

This demonstration 1s described in thc Appendlx tp Mr. Pask's
paper, Session 4B, Paper 7.

Conditional Probability Computer

_ DR« A, M. ANDREW, NPL.

A description of the demonstration 1s given on page 948
Further details of the Conditlional Probabllity Computer are
glven In the papers by Dr, A. M. Uttley, Sesslon 1, Paper 5
and by Dr., A. M. Andrew, Session 3, Paper S,

A Simple Computer for Demonstrating Behaviour.

DR, W. ROSS ASHBY, Barnwood House Hospltal, Gloucester.

A description of the demonstration 1is given on page 947.
Automatic Pattern Recognition

DR. W. Ke¢ TAYLOR, University College, London

A description of the demonstration is glven on page 951,

See also the paper by Dr., Taylor, Session 4B, Paper 5,
Automatic Sbeech RecognitlonJ

PROF. D. B. FRY and MR. P. DENES, University College, London
See the paper by Prof. Fry and Mr, Denes, Session 3, Paper 2.
RRE Library Retrieval System

MR. S. WHELAN, Royal Radar Establishment, Malvern.

A descriptlon of the demonstration is given on page 953.
DEUCE: Experiments relating to visual perception and simple

self-modifying programmes
CME Division, NPL

ACE: Automatic Computing Engilne.
CME Division, NPL

(94009) 931




10 Optimal Coding Device
MR, P. E. DONALDSON, Physliology Dept., Cambridge University
This demonstration 1s described in the Appendix (by

Dr. Barlow and Mr. Donaldson) to Dr. Barlow's paper,
Session 44, Paper 1.

11 The Grouped Symbol Associator (an ald to Medical Diagnosis)
DR. F. A. NASH, Western Hospltal, London

This exhibit is fully described in the Lancet, April 24th, 1954,
pp. 874-5. See also Dr, Nash's contribution to the paper by
Dr. Paycha, Session 4B, Paper 4.
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MACHINA REFRODUCATRIX

AN ANALOGUE MODEL TO DEMONSTRATE SOME ASPECTS OF NZURAL ADAPTATION
oy

DR, As J. ANGYAN

MEMORY has always presented an important problem to physiologlsts and
neurologists, and there have been many attempts to Interpret the brain and
1ts memory function by physical analogues or 1llustratlons. The early ones
included Dubols Reymond, Pavlov (ref. 16) who used telephone analogues for
both unconditioned and conditioned reflexes, and the Hungarian neurocloglst,
Jendrassik (1912) who used analogles of physical induction and resocnunce,
More recent theorles of conditioned reflexes Young (1938, ref. 22), Hllgard
and Marquis (1941, ref. 9}, Konorskl (1948, ref. 11), and Hebb (1949, ref. §)
used similar ideas in attempting to make hypotheses on plastic adaptation
using various electronic circuits., All-or-nothing features of synapses were
detected by microelectrode studles and discussed by McCulloch and Pitts
(1943, ref. 13), and by Eccles (1953, ref. 6). Cragg and Temperley

(1954, ref. 5) used electromagnetic phenomena, 1.e. fleld processes,

However 1t 1c clear that all these analogles are only very tentative
ones, even 1f they do show some features of the brain. They are useful in
helping to explain the meaning of blological terms, and, not less important,
they may help to clear up errors and Inconsistencles in our terms, and of
the physical analogues assoclated with them, Physiologists are obliged to
define clearly the concept of memory as a mechanism of a highly organized
complex living system.

Machina Reproducatrix, which 1s shown here (photo, fig. 1) 1s a model
which attempts to demonstrate some, but not all, of the recently formulated
concepts of nervous adaptation. It is based on Dr. Grey Walter's Machina
Speculatrix and its development Machina Docllis, It 1s a relatively simple
analogue model of a simplified pattern of the innate and acquired reflex
connections of a 1living belng. It 1s a simple model compared with the more
refined concepts of Dr. McCulloch (ref. 14) or Dr. Rosenblatt's perceptron,
Dr, Uttley (ref. 19) and his Conditional Probability system or Dr. Ashby
(ref. 4) and his habituation and homeostat models.
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The model has two or three receptors, for light, sound, and mechanical
input. The signals from these receptors are relayed through two control
"centres® each of which controls a motor; thls dichotomous control serves
to demonstrate a baslc innate pattern of behaviour, (There is in fact a
very important dichotomy inherent in all behaviour, between well-oriented
and directed goal-seeking and random searching.)

Like most 1iving things, the model, 1f once aroused, searches for a
goal for one of 1ts troplsms or inborn unconditioned reflexes, It searches
for 1ight because of a connectlon between its photo-receptor and effector
motors, This behaviour, which is dominant in the system, is disturbed or
inhiblited by any other stimulus impinging on its mechanical or acoustical
receptor systems.

But extreme strength or duration of the original dominant stimulus
causes the model to seek a new dominant cue, This 1llustrates another
principle of reflex activity which never allows an organism to follow any
drive continually: by switching off the drive at.some level or after some
time 1t starts a search for a new stimulus. Analoglies of this can be
found both In whole organisms and in any artificlally separated part of
thelr nervous system. Two teleological principles seem to be involved, but
by introducing the concept of positive or negative feedback the organiza-
tion can be seen to be very simply determined.
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A loglcal concept of conditioning and learning was bullt up by Dr. Grey
Walter in his 'CORA' and we must study the actlon of 'CORA' brlefly before
going on to the next stages. Figure 2 is a block dlagram drawn in similar
form to Machina Reproducatrix. The firzt three logical elements of Dr. Grey
Walter's model can chow a behaviour analogous to that which may happen in
every instant of alert activity of the braln centres., Two stimull, which
originally were temporally or spatlially separated, may meet on one Or more
synapse of the braln, ensuring alertness which 1s a basls for recelving
cormunications from the external world. In 'CORA' thls can hapyen 1f (a)
the origlnal driving or troplstic stimulus is dirferem:.:lated(1 * corres-
ponding to the on-off effects produced by approprlate synaptic connectlions
at sensory inputs to the brain. (b) a second non-dominant or neutral
stimulus preceding the dominant one 1s delayed In 1its efrect(z) (corres-
ponding to "after discharge" or widespread non-specific activatlon of
synapses). (c) the two signals satisfy the necessary conditlons, e.g.
coincidence, summation'‘-’, .

So far there are no difficultles in explaining these features of neiron
behaviour, but for bullding up a conditioning process a further loglcal
step has to be introduced. This involves a temporal summatlion of the over-
lapping colncldence areas or the probabilities of the two stimulil, In the
model this can be represented quite simply by a capacltance circuit(4)§
nevertheless in a nervous system it may involve a more refined mechanism
e. 2 1t may work on principles similar to Dr, Uttley's conditional probabi-
lity system,

Dr. Grey Walter points out that a nervous system, working as a learning
box must rule out sheer chance and reach a threshold of coincldence for
conditioning, There have been many hypotheses of conditioning, e.g. in the
neurophysiologlcally almost correct work of Eccles (ref. 6) he attempted
to localise it as a specific feature of the central grey matter or of the
cerebral cortex because of the multitude of input and output connection in
thls reglon. But Pavlov polnted out (ref. 17 that in appropriate conditions
the "Summatlon reflex" (1.e, assoclation of two stimull) may occur and give
effects on any level of the nervous system, especially the less co-ordinated
‘ones. Dr. Uttley (ref. 19) found that, in his conditional probability
computer, the activation of a unit corresponding to the firing of a neuronal
network does not suffice to distinguish actual occurrence from computed
probabllity, and he Ilntroduces the postulate for a regenerative 1oop.

The next steps In Dr. Grey Walter's loglcal scheme are activation(s)
and the preservatlion of information by an osclllatory circult with very
light damping (an analogy of cortical alpha-rythym). These steps are

* Numbers in brackets refer to points on the block diagrams.
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followed by gating(7) the oscillation and the original neutral stimulus to
produce a response corresponding to the original dominant or uncondipioned
stimulus. The response is analogous with cortical neuron output.

At first glance this seems to be a correct representation of condi-
tioning and of the memory function of the brain and most hypotheses
explaining conditioning on the basis of neural connections are similar.

We declded, in our model Machina Reproducatrix, to reproduce condi-
tioning In the same way as 'CORA* does, but instead of an oscillatory
circult we employed a neon tube with two relays and a thermistor (the
slow rise of temperature of which produces a memory for paired stimull
for almost the whole running period). This solution was preferred since
the original one was too sensitive to mechanical disturbances, This may
also be sald about the neural network which is exemplified by this circult,
In the introduction of the thermistor we may see a very slight analogy with
the newly-established fact that the excitabllity and activity cycles
depend on the activation system and thence the cortex on vascular effects,
There 1s so far no justification for taking these analogles too far,

Though Dr. Grey Walter's learning box displays some  surprisingly
correct imitations of life 1t shows that until the last few years the
explanation of brain processes in conditioning and learning follcwed a
very simple scheme., Compared with any animal during conditioning, we must
conclude that the CORA circults omit some important characteristics.

These are:-

(a) the conditioning trials do not lead to habituation of the neutral

stimulus, :

(b) other stimull related to the conditioned one produce no effect,

i.e. no generalization occurs.

(c) memory is lost as the oscillations gradually decay in the memory

circult and i1s finally extinguished., We must repeat the stimulus

combination to obtain recovery which 1s never spontaneous as it 1s in
animal conditioning experiments,

(d) a new disturbing stimulus may cause gross deficiencies in the

function of such a dellcate automaton depending on external influences.

They seem to produce neurotic-like behaviour, but no marked external

inhibiting or disinhibiting effects can be distinguished.

We therefore attempted to supplement CORA to overcome some of these
defects, Machlna Reproducatrix responds to three stimull, light, flute and
whistle, Six or eight repetitions of flute and light cause conditioning-
and the model turns it front towards the sound (Just as the previous model
did to l1ght). But once the capacitive memory sustained by the thermistor
circuit decays, no more conditioning effects are observed, If we repeat
the combination of flute plus light conditioning occurs at once., If we now
try the whistle, we may observe a conditioned effect i.e, a generalization.
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But after several ({(about 18) repetitions of whistle without light no more
such effects occur, whereas the flute (which wilth light was the orlglnal
stimulus) remains a conditlioned stimulus. This 1s simple discrimination
and 1f we carry on fluting only, the effect ¢f the flute is also extin-
guished or habituated and no troplstic behaviour is seen. But, in our
model, the conditioned effects of the flute recover in a few minutes, but
the whistle remains as an effectiveless stimulus, If a new sharp sound 1s
intonated, even the flute may be depressed; this is external inhibition,
and after a few Instances the whistle will regain 1ts effect, this is
disinhibition, The flute also recovers its conditioned effect comparatively
soon.,

]| DEFENCE |[_
INHIBT Es
s —{ GATE | [Gate
' [ FeEDING
DIFFERE 3 45,6 7 )
THERMISTOR -
INPUT 2 * SR = - oA
FILTERS DELAY {INHIBEIT
MKROPHONE ™ ' | o
i ! [ORIENTING
I | |
I 48 9,I0 I |
I
te=] Ny }—- CATE |--of = |=-of £ |- Wgﬁ;ggg“ - i
: DISINHIBT—F  LINHBIT r 3
12 | \
[ I [
| i |
L N3 L e e e e~ ——— - -4
Flg. 3

Figure 3 1s a block dlagram of the original model, Machina Docllis, and
the supplementary parts which have been added to make Machina Reproducatrix
achieve these features. The three inputs Ni’ N2. N:3 have a common input to
a counting device(8 connzcted with another thermistor circuit(g)(lo (11),
the outputs of which are connected to the gating relay, If N1 and N2 ocecur
together conditioned reflexes are obtalned from any input which contains
either, but stimulations due to Ny or Nz alone are counted and cause
blocking for a given time of the conditloning effects., If a sufficlent
number of unpaired stimulations of Nz occur it leads to permanent
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inhibition of unreinforced stimulations of N, until N2 i1s disinhibited,
Thus we build up a discrimination, If a new stimulus N; 1s given, and 1t 1s
strong enough, it connects a transistor circult to produce disinhibition

of Nz and also inhibits the conditionlng effects of Ni'

We realise that this model is somewhat crude, but it was conceived not
only for demonstration purposes, but also to draw attention to-some impor-
tant questions., The supplement to *Machina docilis" was concelved to repre-
sent the phenomenon of habituation which results from any biologlcal
stimulus. It i1s a basic mechanism by which extinction of conditioned
reflexes and their internal inhibition leading to discriminations is built
up physiologically. But its effect 1s temporary, and may be thought of as a
negative feedback to the changes in neural connections of every nervous
adaptation, In fact, the conditioned reflex cannot be fully represented by
taking account only of association, combination or summation of two stimull,
since the mechanism of habituation occurs in parallel and counteracts any
accunulation of corrections. (Thus, 1t ensures the conditlons necessary for
the coexistence of a "conditional probabllity" and a "conditional certalnty"
system in the brain). Experimental observation on the mammalian and human
brain especlally in the Neurophyslological Institute of Pecs and also in the
Neurophysiological Clinic in Debrecen, (Lissak and Grastyan ref. 12, Kajtor
et al, ref. 10), clearly suggested that it i1s the hippocampal system which
may’act 11ke a counting device for any sensory inputs. Thls agrees with
Green and Arduini's electrophysiological observations, They observed that,
following stimulation, the hippocampus may inhibit conditioned reflex actl=-
vity, Independently of the origin and dominance of conditioned or uncondi-
tioned stimulations, and this may be demonstrated by studying orientation
reflex phenomena of the model. Now 1t seems that the supplementary parts of
the model may be compared with the negative-feedback effect which the hippo-
campus has on neocortical and brain stem phenomena in conditioning. We
should leave further neurological discussion of the structural analogy and
point only to some observations by which the validity of this analogue can
be tested. The electrophysiological observations of Morell, Jasper et al
(ref. 15) have shéwn that a significant impalrment of electrocortical condi-
tioning occurs only with archipalllal (hippocampal) lesions and Penfleld and
collaborators (1958, ref. 18) pointed recently to the fact that distinctive,
bllateral lesions of the hippocampus only wipe out the recollection of
recent memory experiences, But even 1f we control the effect of such lesions
or that of any extended cortical lesion in a conditioned reflex experiment,
we may find that the assoclation process by 1tself is less impaired than
discrimination and appropriate recall (Angyan, 1956, 1957 ref. 2). This
somewhat too docile Impalred learning mechanism is modelled by "Machina
Docilis®. We get the same result by comparing the brain adaptation with any
model taking account mainly of the conditioned summation reflexes,
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our model demonstrates (1) that habltuation and Internal inhibition
must occur tn parallel and must to some extent inversely regulate the
conditioned summation or probabllity computation process. (2) that discrim-
tnation 1s based on a common mechanism with habituation but it may be
further improved 1f specific inputs with specific analysing mechanisms
are considered, Some degree of discrimination may be obtalned by filter
mechanisms, but 1t 1s only effective 1f it is regulated by extinctlion based
on habituation. (3) that spontaneous recovery (or recall of forgotten or
extingutished conditioned reflex) cannot be based on preferentlal states
for more recent stimulations (as in Dr, Uttley's concept). Our model though
far from being a sufficlent analogy, allows the repeated recall of an
extingulshed conditioned reflex during the whole span of its memory.

The fact that our model 1s still of insufficlent complexity 1s shown by
the effect of external inhibltion. By causing a dblock through the
orientation-habituatlon mechanism, this wipes out both the effects of
positive and negative stimulations. To obtaln a recovery of discrimination,
we need to bulld up agalin the extinction or discrimination process. In our
opinion, this problem can be adequately developed by constructing a model
which incorporates another very important and experimentally well-founded
fact of nervous adaptatlion = the Sherrington principle of reflex antagonism
and mutual induction., Pavlov has pointed out that this 1s the third basi¢c
mechanisms (with excitation and 1nh1b1tiog) in the maintenance of dynamic
equilibria of every complex of innate and acquired behaviour.

If we assume that, 1n parallel with the extinction process or the
development of any internal inhibition, that the stimulus to be discrimi-
nated bulld up a connection with another specific stimulus in opposition to
that already conditioned (e.g. summed with a negative stimulus), 1t would
not be too difficult to builld a model which demonstrated electronically
this mutually or reciprocally inductive antagonism (perhaps in the sense of
Wiener's 'moth and bedbug' model combination). If the two summation systems
are coupled together mutually in an Inverse feedback manner, an automatic
mechanism 1s obtained which resets the original state of discrimination
immedlately after the disturbing stimulus disinhibited it. In fact, this
occurs in uninjured, normally adapting, animals, with a speed and repeata-
bility which 1s very characteristic of the individual. It i1s one of the
most Important transformations which sometimes seems to almost entirely
override the rules of conditioned association in everyday psychic activity,
It 1s usually the first mechanism to be impalired following functional or
structural disturbances of the brain, We are convinced that this mechanism
of 'direct' inhibition 1s an inherent structural feature of nervous
‘organization. Every unconditioned reflex has a positive 'to' and a negative
.'fro' aspect (seen in defence, feeding and sexual activitles), These form
the basis of-unconditioned reflexes in thelr lower and higher manifestations,
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Plasticity (acquired individual adaptation) 1s however maintained by
habituation, or by indirect inhibitory mechanism, which never allow
tsummation reflexes! to build up above a certaln 1imit on the basis of the
former ones as a result of new stimull impinging in thelr networks, ’
Plasticity also counteracts the development of fixed correlations between
the summation reflexes, 1n contrast, e.g. with the spinal cord's reflex
organization. In an ideal model system which also contains the development
analogies 1t should be shown, as in the mammalian brain and In general Iin
animal of the main philetic line, that (a) these mechanisms are acting
along spatial axes according to Child's gradient (b) the habltuation
mechanism in 1ts interaction with a summation of probabllities is never
allowed to be static (c) the opposing coupled basic reflex systems cannot
be static, If 1t satisfles these conditions the model system fulfils the
requirements of Dr, Ashby's concept of homeostatls maintained by ever-
changing dynamic equilibria and regulated by partly deterministic and
partly probabllistic percetion systems. But our supplemented model has
functional correlates in the high organization level of the mammalian brain,
The dichotomy of i1ts design 1s also based on simple experimentally-
demonstrable properties of neurons Just as in the hypothesis of Eccles -
impulse treshold changes, synaptic use and disuse, reciprocal antagonism
and feedback principles. There are also probably differences In the axoso-
matlcrard Axodendriticrcenhecttomdf neuronal radaptatiomn-similar to those
gfrsunmmation. and.'habituation on the Nigher ornganlzatory lével.

CONCLUSIONS

Our model cannot exclude the possible generallization that.learning is
simply due to a coupling of two mechanisms .- say a positive or excitory
feedback and another negative feedback on inhibition. This coupling can
occur at every structural level of blochemical, electrophysiological, or
functional anatomical organization, and to show 1ts special adaptive
features we must find out the principles for further development which are
directing the mechaniam whose nervous system quickly adapts to 1its
environment. Recent observations of the author (Angyan etall 1957, 8
ref. 3) on the behaviour of flatworms during regeneration of the cephalad
and caudad parts of their primitive nervous system shows that the two
aspects of nervous function referred to above may be separated from each
other functionally and structurally by simple experiments. It seems that
both developmental and behavioural mechanisms show interesting polarization
along the developmental axes of Child's gradlents., Perhaps the conditioned
reflex 1s no more than a temporal expression of an axial developmental
mechanism propelled by an excitatory summation which shows more general
rules of polarization and 1s limited by inhibltory habituation,
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Since in complex organisms we are dealing with at least three speclal
dimensions or axes (and perhaps a temporal one as well) we are inclined
to suppose that a more complete analogy of learning and conditioning
would be represented by a model in which three antagonlstically-coupled
CORA or Reproducatrix systems were linked and thelr varying dominance
cancelled by an adequate internal scanning or temporal summing mechanism.
This 1dea forms the basis for further development of our model (Angyan,
Zemanek and Kretiz, 1959).

In our opinion, models are only useful In that they help to draw a
better concept of present knowledge of brain functlon the reallzation of
which may show whether our 1deas and terms may correspond or should be
excluded from the interpretation of 1life,
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THE CONDITIONAL PROBABILITY COMPUTFR _
by

DR, A, M. ANDREW

THE Conditional Probabllity Computer constitutes a versatlle "learning
machinen. It simulates certain features of animal learning and embodies
principles which are important in the development of adaptive control
mechanisms for industrial applications. A brlef account of the operation of
the computer is glven below, followed by descriptions of the particular
applications demonstrated.

Conditional Probability Computer

The computer shown has five input channels labelled j7,k,l,m,n, but com-
puters with any number of input channels are possible in principle. It
consists of 31 similar units which count the number of occurrences of the
patterns of input activity presented in these channels. When some statisti-
cal data has been accumulated, and when one or a group of the Input
channels 1s activated, the computer determlnes, on the basis of 1ts stored
statistical information, whether this group 1s usually accompanlied by
activity in another channel or channels. If 1t 1s, the computer makes an
inference of activity in the other channels (shown by red 1llumination of
the panel above the computer). The preclse conditlons for an inference
are described below.

The 31 units are essentially counters; five of them count the numbers of
occurrences of activity in the respective input channels, while a further
ten units count the numbers of occurrences of simultaneous activity in
each of the ten possible palrs of input channels, and so on for groups of
3, 4 and 5 channels. The counts are represented in the units by the amount
of charge on a capacitor, which is dellberately made to leak towards the
level corresponding to zero count. The introduction of leakage ensures
that the Inferences made by the computer are governed more by recent
events than by less recent events. .

The conditlonal probability of activity in the [ channel, given that
there 1s activity in the 7 and & channels, 1s given by:

b, (1) = count stored in (jkl) unit
Ik count stored In (jk) unit
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Whenever the j and k inputs of the computer are activated simultaneously,

it computes the quantities Pik (L), Pk {m) and f"jk(")- ‘It any of these
exceeds a predetermined threshold value, an inference 1s made of activity
in the [, m or n channel. The operation 1s simllar when other groups of

input channels are activated.
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A SIMPLE COMPUTER FOR DEMONSTRATING BEHAVIOUR

by

DR. W. ROSS ASHBY

SINCE any imaginable behaviour of a system can be represented as a
sequence of transitions from state to state, any behaviour can be
represented 1somorphically on a machine if the machine 1s designed or pro-
grammed to perform the appropriate transitions.

The demonstrated machine has a set of states (lamps 1lit or unlit) and a
set of Input states (swltches open or closed.) When the handle 1s given one
turn (representing the passage of one unit of time) 1t will change to some
state that 1s a determlnate function of what state 1t 1s at now and of what
state 1s (at the moment) on the input. Repeated turning of the handle will
thus generate a sequence of states, l.e. a trajectory, or line of behaviour.

Abstractly, 1t may thus be described as a machine~ that, with a set I of
Input states, and a set S of system states, can be programmed to glve (within-
limitatlions of size only) any desired mapping of I x S into S. Fhich mapping
1s to be used 1s controlled by a plug-board. A particular setting on the
plug-board makes it (functionally) a particular machine with input, with a
particular Way of behaving and of responding to stimull.

Its chief use 1s the purely 1llustrative one of demonstrating how various
forms of behaviour that are well known Iin the blological world appear after
they have been analysed In accordance with the loglic of mechanism and
behaviour. It 1s especlally sultable as a teachlng device for making clear
the principles of mechanlsm and of Black Box theory (ref. 1).

Over forty well known pleces of bilological behaviour (often simplified
for reasons of size) have already been programmed on to it. They 1lnclude:=-

" Simple reflex with sustained response (e.g. the puplllary.)
" " " transient " (e.g. the knee-jerk.)
" " " latent period.

Accumulation of drive.

Displacement activity.

Response only to a pattern.

" " " patterns of particular type.
f " " a sequence of patterns.
Conflict leading to oscillation.
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Conflict leading to compromisé.
n " # ®catatonia", with protection and cure.

DEMONSTRATION

The demonstration set up for the Symposium shows the last named. The
behaviour may be thought of as analogous, 1n animals and man, to certaln
reactions evoked by situations or stimull that arouse conflict between
two ways of behaving.

A B C D

L9999 O | o

WXYZ

The system's resting state is with lamp X 11it. If switch A is closed,
the 1lighting moves over to W (as 1f drawn by A.) If switch C 1s closed,
the lighting moves over to Y. Repetition of A and C shows that the system's
responses are regular and reproducible.

To Band D 1t glves no apparent response.

If now A and C are put down together (so that 1f the system were living
we might say that the light was in a conflict about whether to go to the
right or left) then the system responds by generalised extinction. No
further stimulation by A or C (even if applled singly in the normal
manner) can eliclit any further response from it. Application of B does
nothing to change the situation.

Closing D, however, has a "curative" effect, for subsequently the -
original behaviour is restored. ,

B, however, 1s not wholly without effect; for 1f the conflictful situa-
tion (of A and C being presented simultaneously) 1s combined with the
application of B, the extinction does not occur. '

Thus the behaviour shows the features that:-

(1) The effect of applying stimull A and C simultaneously need bear no

natural or-simple relation to thelr effects when appllied separately.

(2) A transient event (the simultaneous application) may have lasting

effects.

(3) Other actlons on the system (closing B or D) may have a "preventive"

or "curative® action. The one action does not imply the other. '

(4) A variety of other deductions could be made.
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EQUIPMENT l

The machine uses relays, whose power comes through their own contacts
S0 as to make them self-locking.

During one cycle of the handle, the first quadrant makes contacts so
that the states of W, X, Y, and Z are copled on to other relays P, Q R, S.
W, X, Y, Z are then cleared. Then power 1s applied so that (e.g.) W 1is
energised 1f and only 1f a way exists through the network on the plug-~board,
which tests varlous series and parallel combinations through the contacts
of A B, C D, P, Q R and S. Thus 1f W is to become energlised if and only
1t

(1) B 1is energised,
and(2) D is not energised,
and(3) either R 1s not energised or S 1s energised,

then the plug-board would use the net

Rl

D— @)

O B

5

(where a prime indicates a break-contact.,) Similarly, three other net-
works control X, Y, and Z.
Once the behaviour 1s clearly specified in a canonical. representation,
the arrangement of the plug~board can be found by a purely formal process
{1.e. calling for no further insight.) -
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AUTOMATIC PATTERN RECOGNITION
by

DR. W. K. TAYLOR

The demonstration illustrates the method of constructing pattern recog-
nition machines described in Paper 5 of Session 4B, To obtain the highest
character recognition speeds that the networks are capable of it 1s
necessary to use a parallel input system 'such as a 9 X 9 matrix of photo~
multipliers. The speed can then be up to 108 characters per second 1n a
practical system, since it 1s only limited by the finite rise time Imposed
by stray capacitance, Photomultipliers are expensive, however, and for the
purpose of demonstration a simllar set of slgnals are obtalned in
approximately 1/50 second by arranging for the single output of an electro-
mechanical scanning system to charge a matrix of capacltors to voltages
that are proportional to the llight flux falling within corresponding
elements of the image. The characters to be recognised are typed by a
standard typewriter and 1lluminated by a spotlight. A small lens projects
an image of the character onto a perforated scanning drum and the light
passing through the holes 1s converted into a voltage by a single photo-
maltiplier. This voltage is connected to the matrix of capacitors through
a synchronous switch and after one revolution of the drum the capacitors
are charged to the appropriate voltages which are called x-signals 1n the
paper. '

In designing the demonstration machine a letter A was typed onto the
Daper and adjusted to be within the field of the scanning system. The x-—
signals were then measured with a voltmeter and the set of signals that
gave the largest value of y in equation (1) was easily determined by
combining them in order of magnitude. A y-signal network was then
constructed as shown in Fig,3 by connecting resistors to the bus-bars
that correspond to the required set of x-signals. It should be noted
that this procedure could have been repeated with the letter A in a set
0f sample positions within the fleld of the lens, which 1s approximately
20% larger than the letter. The number of samples required to glve
recognition of the A iIn any position is not large since the x-signals do
not change appreclably untll the letter moves through a distance of one
matrix element, In Fig.la, for example, the A can only occupy approximately
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10 discriminable positions and by constructing this number of y-networks
the machine would operate correctly with the A in any position. The extra
expense involved In having a number of y-nhetworks for each character 1s
negligible since the resistor networks can be produced very cheaply in a
printed circuit form.

In the demonstration apparatus there 1s only one y-network for each
character and in consequence the alignment has to be preserved to within
approkimately half a matrix element. The mechanical accuracy of the
typewriter is within this limit.

By repeating the design procedure for B, C and D the apparatus reached
the stage shown in the demonstration. Unfortunately time did not permit the
construction of y-networks for the entire alphabet butthe 19" x 30" x 10"
cabinet contained ample space for them, in addition to the 26 output stages
and amplitude filters. ' ‘

For applications such as computer read-in and letter or cheque sorting
the only output required is the closure of a dlfferent electronic gate or
switch for each character or pattern class, In the demonstration model the
output switches select recordings of the letter names from magnetic tape.
Thus as each letter appears under the lens it's name is reproduced through
a loudspeaker. By extending the size of the Input system n-times 1n the
direction of writing it would be possible to accommodate words of up to
n-letters and hence to produce a realistic reading machine., The speed would
be limited by the rate at which recordings of the words could be selected
from the store and a special parallel recording system giving rapld access
would be deslirable.
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LIBRARY RETRIEVAL*
by

S. WHELAN

1, INTRODUCTION

The object of a retrieval system 1s to organize the indexes of a collec~
tion of documents in such a way that any documents requested can be found
algorithonically.

Undoubtedly the simplest form of retrleval system is the ordinary alpha-
betical index, Where small collections of documents are involved, such a
Scheme works moderately well - most office filing systems are of thils kind.
However, such a method 1s of 1ittle use when dealing with large collections
(say 50,000 documents), for then each letter of the alphabet will have
coded under 1t a large number.of documents and to retrieve any one document
from the sub=-collection assocliated with any one alphabetical letter will
need some further retrieval system and, hence, some modification of the
orlginal alphabetical index 1s necessary. As the library grows (and
libraries do!) the modifications super-imposed on the original (relatively
simple) system will be such as to complicate the system and lead to more
sophisticated retrieval methods such as the Unlversal Decimal System (UDC)
for example. Despite apparently superficlal differences, all such methods
have one thing in comnon. They treat the subject matter of the library
(field of knowledge) as being capable of subdivision into a tree-~like

structure; thus, e.g.:=-
Sclence

Physics ,////////\\\\\\\\ Chemistry
////////,////////// physical

Atomic Solid State Chen. Organic Inorganic
Chemn. " Chem.

* Reprinted from R, R E. Journal, Oct. 1958.
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Such a subdivision is essentially arbitrary and becomes more so as the
library grows. After only two subdivisions we are in difficulty straight
away. How, for example, are we to classify a document on Physical Chemistry?
Do we classify it under Physics or under Chemistry? Does 1t deal with
Physics in Chemistry or Chemistry in Physics? At the'very start, a declision
of some sort is forced upon us. Thls would not be too bad 1f, having made
the decision according to some principle or other, we could be certain
that when a similar declsion 1s to be made in the future, 1t will be made
in conformity with the same principle. Unfortunately there 1s no procedure
which can guarantee such conformity. Indeed there cannot be, for it would
be impossible for any principle or procedure to take account of all the
consequences inherent in arbitrariness.

Various subterfuges are Introduced to overcome such difficulties but they
end by making the system they were designed to correct unwieldy and, in
some cases, unmanageable. The net result 1s that, sooner or later, such
systems fall to retrieve wanted information and, very often, a high per-
centage of the library's documents are effectively lost. As far back as
1945, Dr. Vannevar Bush (ref. 1), when reflecting on this matter remarked,
"Even the modern great llbrary 1s not generally consulted...... our
Ineptitude at getting at the record 1s largely caused by the artificlality
of systems of indexing".

The question arises, therefore, as to whether there 1s any other struc-
ture which will enable us to code Physical Chemistry under both Physics and
Chemistry, which 1s loglcally where 1t ought to be coded instead of under
elther. The answer is that there is such a structure - a lattice, thus:-

Sclence

Physics

Chemlstry

Physical Chem.

The notion that library language 1s a lattice occurs In the writings
of Fairthome (ref. 20 and Mooers (ref.4) and the researches of the
Cambridge Language Research Unit have established that a thesaurus 1is
also a lattice, where thesaurus 1s taken to mean the grouping of words of
similar or related meaning into notional families after the manner of Roget.
In other words a thesauric or lattice classification is not arbitrary.
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2. THESAURUS

By 1955 RRE felt that Retrieval Research for the most part was doing
little more than Invent systems which, while certainly an Improvement on
existing systems, dld not materlally differ from them and, in any case,
were not sufficlently fundamental. It was this consideration together with
the intrinsic merits of the scheme which decided RRE to adopt what is
essentlally a thesaurus approach and to embark on a pilot experiment
designed to test this approach. The RRE scheme consists in choosing a
limited number of basic or elementary terms (100-200, say) which, both
singly and In combination, cover the subject matter of the library of docu-
ments. These terms should be as fundamental to the library as possible -
indeed 1ts ultimate constituents. They need not even be dictionary words,
but 1t follows that they will be as exclusive as possible. The exclusion
property fdlows from the lattice property of the thesaurus but it can
also be argued from first principles. For, 1f an additional term 1is added
to a 11st of thesaurus heads and if this additional term can be accounted
for by a comblnation of one or more existing heads then, clearly, 1t is
not a head. Choosing these heads (terms) 1is not easy; nor 1s it clear on
what general principle 1t should proceed - still less 1s it clear whether
the process could be mechanised by, e.g., machine searching of dictionaries.
Obviously synonyms and near synonyms would be grouped in the same head, as
would also words of cognate meaning such as - e.g. = "export" and "import",
In thls way we avold the risk of non-retrieval of, e.g., a document on
"Imports to Y from X" when the enquirer wants documents on "Exports from
X to Y", We can always choose heads to ensure that the system discriminates
to any extent we wish and the RRE scheme further ensures that the fre-
quencles of recurrence of the heads are contained within certain limits
(referred to as bandwidth). Clearly "electro-magnetics" 1s far too general
a head for a library dealing with electromagnetics.

Furthermore the thesaurus must be constructed before embarking on the
experiment. Indeed the system would not be thesauric if the terms (heads)
are allocated after reading documents. This latter scheme would be more
like Uniterm. ‘

The following more or less random sample of terms used In the RRE experi-

ment shows the scheme to be a thesauric one:-

No. Head (Synonyms, Cognate words etc.)
2 Add (galn, superimpose, sum, application, Join, towards)
10 Calculate (compute, analog, digital, count, enumerate, numerical,
determine, estimate, value, error)
28 Generate (excltation, construct, make, produce, prepare, design)
37 Macro (large, excessive, increase, amplify, wide)
73 Star (solar flares, prominences, eclipse, meteors, sun)
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Should the library extend in some unforeseen way elther by storing
books on some completely new subject or books on a subject not new, but
which the library did not hitherto deal with, then it 1s always possible
to add to the 11ist of heads. The RRE scheme uses 75 heads. In practice,
assuming one has a falr knowledge of the library to be coded, it is not
difficult to discover the first 20-30 heads. To arrive at more 1s usually’
a difficult procedure. Another possible way 1s to make a library lattice,
which 1s what the members of Cambridge Language Research Unit have done.
Either way the task 1s not easy.

When the 11ist of terms 1s complete they are then placed In some con=-
venlent order (RRE uses the alphabetlcal order). It i1s to be remembered
that there 1s no essentlal slignificance - beyond one of mere convenlence -
attached to thls ordering of the terms amongst themselves. When ordered,
the terms are now numbered from zero upwards. This 1ist of numbers (heads,
terms) 1s now used to code the documents for storage and subsequent
retrieval. :

3. CODING, STORAGE AND RETRIEVAL

The document to be stored 1s gliven an accession number, read and
abstracted.

(a) Coding. To facilitate the operation of the scheme, (even by persons
unacquainted with 1ts basic principles), an alphabetic dictlonary of terms
which occur in the reports and in the l1ibrary requests has been complled.
These terms give reference to as many of the listed thesaurus heads as 1s
necessary. Consequently, when a report 1s abstracted, the numbers -.assoclated
with the heads which cover 1ts subject matter are noted. Thls may be done
elther by reference to the 11ist of heads or, more easlly, by reference to
the dictionary.

(b) Storage. Metal plates (about 14in. square), capable of being
punched with 10,000 holes each, are used for storage. There are as many
plates as there are thesaurus heads and the coordinate position of a hole
in a plate represents the accession number of the document being stored.
It, for example, the document to be stored has an accession number 509 and
the heads number 5, 17, 24, 38, 61, 83 cover 1ts sublJect matter, then the
plates corresponding to heads 5, 17, 24, 36, 61, 83 have each a hole
punched in the 509th position.

(¢) Retrieval. To make retrieval easy and speedy all the plates are
stored together and each plate has a tag on it which is easily visible and
l1dentifiable and which bears the number of the thesaurus head to which 1t
corresponds. A request for a document is broken down Into the heads which
cover 1ts subject matter (agaln, elther by using the 1ist of heads or by
means of the dictionary), and the plates (heads) which apply to the
document in question are then pivoted about one end, thus bringing them
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simultaneously in register in front of a parallel beam of light; clearly
the document having the hole (and hence the accession number) common to all
the plates 1s the document sought after. More sophisticated means for .
reading the coordinate positions of holes easily suggest themselves.

4. EXPERIMENTAL RESULTS

A first experiment on a very small (randomly chosen) document-sample
(110 reports) gave 100% success and encouraged us to increase the sample to
1000 documents. These 1000 documents consisted of documents currently
recelved at the RRE library. The fact of currency eliminated blas In cholce
- and so the sample can be regarded as sufficlently random.

Several 1lists of questlons were prepared to test the scheme. The lists
were prepared in the following way. A list of the titles of the documents
In the sample was handed to members of the library staff who were asked to
complle requests similar to the requests the library usually recelves.
The requests were to have no more vagueness or precision than the usual
library request. Typical questions asked were on such subjects as: Butterfly
- Circuits, Brightness of the Atmosphere, Properties of Oxide Cathodes, etc.
(see Appendix 1, which glves a sample extract from the experimental results).

In all cases where the request was moderately specific the document in
qQuestion was retrieved without any unwanted or irrelevant material. As the
precision of a request decreases, giving way to vagueness, then the document
or documents in question are still retrleved, but so also are other docu-
ments in descending scales of relevance corresponding to the increasing
scale of vagueness., Thls, of course, is what one would expect a thesaurus
retrieval system to do and it becomes more clear when one regards the
thesaurus as a lattice. ,For a thesaurus system will always retrieve some-
thing and this something will be what 1s most relevant to the request
{ref. 3). The Interesting result 1s that the relevant material is always
retrieved. In the RRE scheme the worst proportion of relevant to less
relevant materials was found to be of the order 1:3 and this only 1n cases
0f extremely vague requests. In no case did the system fall to retrieve the .
wanted material. While perfection 1s not claimed for the RRE thesaurus, it
glves an amazing degree of success (see Appendlx 2).

5. CONCLUSIONS

The research makes clear that the thesaurus approach to Information
retrieval i{s the most promising approach made so far. The theoretical and
experimental fact that 1t always retrieves the material most relevant to a
request is the best guarantee of this approach. It means that none of the
library's material is ever 'lost', as indeed a falr proportion of 1t is

when other retrieval systems are employed.
From our studies we are convinced that any further research on retrileval

will have to proceed along thesauric lines 1f any worthwhile results are to
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be obtalned. Nor 1s there any objection to extending the scheme to cope
with the largest librarles. A larger thesaurus (lattice) will, of course,
be necessary and obviously the scheme would have to employ digltal
computers but the rules for finding the elements of a lattice are precisely
the rules which computers are designed to obey.
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APPENDIX 2

No. Head {Synonyms, Cognate words etc.)
1, Accoustics (tune, resonate
2. Add (gain, superimpose, sum, application, join, towards
3. Alr (meteorology, climate, climatology, cloud, wind, storm, gas,
4. Angle (phase, angular, corner
5. Ant! (opposed to, prevent, prevention, not, non=
6. Array [shape, pattern, matrix, arrangement, structure, lattice
7. Attenuation
8. Auto (automatic, self
9. Bend (reflection, refraction
10. Calculate (compute, analog, digital, count, enumerate, numerical,
determine, estimate, value, error
11. Change (alter, different, alternate
12. Characteristics (propertlies, parameters
13. Circle (wheel, rotate, ring, annular, cyclic
14, Component (element, part, factor, unit
15. Constant (stable, stability, permanent
18. Control (servo, feed-back
17. Defence (flight, milltary, gunnery, attack, tactics, tactlcal,
strategy
18. Electric (current, conducuvity
19. E.M. above 10 cms (Above 3000 Mc/s) )
20. E.M. 10 cms. - 1 cm (3000 - 30,000 Mc/s) ) Electromagnetlc
21, E.M. 1 em - 1 mm (30,000 = 300,000 Mc/s)) Waves
22. E.M. below 1 mm. including IR and beyond )
23. Equal (equation, equate
24, Equipment (apparatus, Instrument, set, machine, mechanlcal
25. Explode (bomb, burst, blow-up, projectile, weapon, missile
28. Forelgn (various countries
27. Runction (purpose, use
28. Generate (excitation, construct, make, produce, prepare, design
- 29, Cround (land, sea, horizon, earth, cosine
30. Helght (elevation, sighting, perpendicular, vertical, sine
31, Intrared
32. Integral (differential
33. Jam (interference, RQM
34. Limit (finite, test, trial
35. Line (linear, direct, length, axls
36. Locate (find, position, scan, plot, search
37. Macro (large, excessive, Increase, amplify, wide
38. Magnetic (magnet, magnetostriction, solenoid
39. Material (metals, non-metals, mass, resins
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No.

40.
41.
420

43,
44,
485,
48.
47,
48,
49,
80.
51.
52.
83.
54.
&5.
56.
87.
8.
89.
60.
61.
82.
63.
64.
65.
88,
67.
68,
69,
70.
71.
72,
73.
74.
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Head (Synonyms, Cognate words etc.) -

Measure (correct, adjust, assess, calibrate, verification

Micro (miniature, small, narrow

Movement (transport, transportability, mobile, shift, dynamics,
displacement

Mult! (combine, synthetic, many, cascade, mixture

Name (proper names - e.g., Gelger-Muller

Network (circuit

Operator (operation, human

Particle (nuclear, atomic, electrons, molecules

Point :

Positive (improvement

Power (energy, strength, voltage, force, tension

Practical (experimental, performance, method,” maintenance °
Probability (statistics, random, chance, noise

Propagate (mode

Recelve

Record (photography, report, display, data, diagram, table, list
Reverse (loop, response

Sense (detect, detector, discrimlnate, sensitivity, indicate
Sequence (serles, iterate, repeat, group

Solid (cube, crystal

Square (area, surface, mean, field, plane

Store

Subtract (filter, loss, corrode, negative

Tele (distance, range

Temperature (heat, cold, hot, freeze, melt, boll, 1cing
Theoretical (study, analysis

Time, (clocks, interval

Transmit (tell, inform, radlate, radlation, feed, warm, emit

Valve (anode, cathode, C.R. tube

Vehicle

Vision (see, visual, optlics, light, observation

Wave (wavelength, frequency, spectrum, ripple, band, waveband‘
Liquid :

Star (solar flares, prominences, eclipse, meteors, sun

Ratio (relation)
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