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DIGITAL CWWUT7ER RE•IOK4.TION Of VI3ML IWGES

- USSR -

[FD1aiovis•. is tO* trarSlatioA of an artiele entitled"They Teach a Machise tco Zeeegnime Vlusat lr4es', by

M.A* Ayzermas So the pullication f
I Zhizn, (Sciewsr and Lift)., No 12; !Aember 1962,
pp 34.

A sessi'on of the Divis•:L.n of ioliogical Sciences
of the USSE Academy of Seience's devoted to problems of
biocybernotics was held iL Noscew in April of 1962.
During the meetings major attention wac given to the
problem of machine mimalation of variouzi psychic func-
tions of hamars and animals. A partieu.arly interesting
report on this subJect was presented by Professor M.A.
Ayzerman, Doctor of Enginee.Ing Sdience, c-f the Institute
of Automation and Remote Control. The following is an
adaptation of thi; report prepared espeoially for this
magazine by the author.

STAtTE 01 Or TIM PROrTYM

The inyestigations, ,onxuctbd 'by Ingineer 4.¾.
Braverman with the ald of Ingineex' O.A. Bashkirov and
I.B. Yfuchnik, which I •hel discuss a-e the 1%irst stage
in a major Joint study directea Ty the.. laboratory which
I bead and the aabori.tory of Biocyber-eticr. headed by
Professor S.N. Brayrnes (of the &.V. Virhnevskyy Institute
of Surgery of the USSR Academy of Redical Sciences).

The obj•etivo of the entire study i• to attempt
to approach an understanding of the mechanism of learn-.
ing to recognize visual images and tV dtrelop the sim-
plest possible me-hods for the reprodraction of this pro-
cess on general-purpose diLgital computers.

When we speak of 'Larning to recognize visual
images we have in mind the following two different learn-

inproesse which are well known to ell of us from our J



indiavidual expe'rience.
Wher, the -ýc0ool tteacher wants to teach a child to

differentiate a triangleý for exampier from other gec-
me~tric figures he augges-te thP-t the studont count the
number of angltes In the figure, that Is~ be 9-0ivea thJe stu-
de;n~t R. plan of' action: _- a rocognition algorithm. The
student remeriiers thiý? plan ani with itsa he½. recognizecý
-f igur'es later shown to him. Tbl-. urrierstariding of' the
term "learning" is niot of irterest to uia sLr~ce if the
algorithm of 'a reco-gnition process in known then there
is no difficu~lty 'in simulating itt

But there is another learni~ng rro.-esa associated
wiith an ability of the humart m:nd 'ý0ilcb we do not yet
uride--stard. Consider the following exam!-le. If we take
maýny different shapes of the letters a ana' b and show
them to a student who does not knovo the letters and sim-
pl-y say "this is tbe letter at', '4this is the letter b"t
then affter some time he is able 'to differentiate the
letter a from theý letter b and not only in the par-
ticular forms which wae shown 'to himi but in aany other
form.

Note that in this case the teacher not only does
not explain hou to differentiate the letters he does not
know exactly howd he does this himseI.1v

A machine reproduction of precisely this process
of learning was the objeative of the first stage of our
study.

So far, in using the term "visual image", I was
working only on the tasis ef' intuition. Let's try to
give a more precise definition oJ6' thL- corcepto

By visual image we understand an infinite numaber
ofI visnal perceptions, for ezcmple tne resultý of obser-
vat~ion of v'ariou~s plani 1'igurea which are notable for
'tbe following reasons i.adividuals who 'av :,.--n only
certain representatiV33 Of thiS number can confidently
relat~e others which lie) has never seen to a pa~rticular
category*

For example, a. set of portrali's of all the par-
ticipants Iin some sort of mneeting is not an image. A
person who bad2 not been there, uwh-n shown any of these
portreitst could not when shown a new pox trait say
whether or not the individual shown in the new portrait
took part in the meeting. But thi', concept "man's por-
trait" is an image. Although no one 'has ever seen por-
traits of all men, anyone who looks at a new portrait can

1with a great degree of Certainty say 4tiether or not It is j
.W:.portrait of a man. Other examples of 'images are con-
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Sce ps such 4.s "the number ?". "the letter a-', "a Oircle"l
Setc •

W"hen we talk oftteaching a machine to recognize
visual images we have in mind the followinp experiment.
imagine that a screen (Fig 1) is composed of a large
number of photoelements on Which we project smme sort
of image, for example the outline o-' the numbem2 and 3.
A current travels along a wire from ench photoelement to
a devioe wh.ich we call the machine.

Fig. I.

Schematic of the experiment. The object Is
projected on the photoelem ýnts -, -Aeceptors.
Information about the state of the! receptors
(current from the photoeirments) is fod to

the machine. In the learning procei~e a
special signal (pressling of a knob on the
panel for example) tells the machine tor uttich
image the proJectr., object belongs. After
learning, the machin-e is able to guess (and
light up the corresponding panel) to which
image the object belongs.

In the leorntng proceos we select severalt say
20p outlines of the numbers2 and 3 from among the in-
finite number of possible outlines and show them to the
machine by projecting them on the phictogragic field.
By pressing a specific knob during each demonstration
we tell the machine% we showed you a 2p 3t vto. After
we have shown all the selected figures the learning pro-
Ce~s il terminated and the knobs are turned off. Then we

ý Iected on the screen previously unused setlines of rJ



41o and 3'1. By use of some sort •f conditioned signal
(turening on a panel light for e::ample) the machine should
answer the cuestiont O•?at is thies.*

We will be able to say'that we have reproduced the
learning process if in the overwhelmin•° majority of the
cases the machine gives the c6rr'ectf answers.

But this is still not all. We require that with-
out any changes in the machine design or program it be
able to repeat this s-me experiment using new images, for
example we should be able by the same procedure tO reTrain
th6 machine to recognize letters, &eometric figures, or
tc train it to .iifferentinte between lcoortratts of men and
women, etc.

THE COPACT.MSS HYIPOTF.E`IS

In this statement nf the orcblem it is not kno-wn
ahead of time what specific images th.; was:hine is to be
taught to •recognize. This means that it will not be
possible to store in its program a collectiin of signs
suitable for rnhe reooenition of a given image.

We can see only .wo r~ethcds which mil:.t aid in
the solution of this problem. Either the machine pro-
gram should contain 6 many of the rcs; vari'ed signs
(which are either stored ahead cf time in the machine
or evolved by the :nachine) so that tnis collection will.
be adequate for the recognitI.on of differor;A• images or
it is necessary to find and insert into the program either
one or a small number of universal signs which are fund-
amiental to the very concept of "imege".

It seems to us that such a univeroal sign exists
and that it is closely allied with the definition of the
c-ncept of "image*. This sign might be formulated in
the form of the hypothesis proposed by 1E.M. Braverman and
called the "compactness hypothes,.s".

We will begin our explanation with a specific
example. Figure 2 shows several outlines of the figures
5 and 3. if we were to ask a L•rge group of people what
each of these figures is, it is obvious that there will
be complete agreement that the upper row contains 51s
and the lower row 3's. As for the figures in the centlr
row there will be disagreement and there will not be an
overwhelming majority for either the 3 or the 5.

Consider the following situation. T: we in some
arbitrary fashion slightly modify any figure of the upper

io lower row then these new figures will be easily re- J
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Fig. 2.

The numeral 5 is gradually trariformed into
the numeral 3. If we could Oese" ir. multi-
dimnensional. spTace we would s.e approx.imately
the following patterns the dashzd line to the
left enclosing the 5's area, the dashed line
to the right enclosing the V's -trea, with the
szall oirled figures located J.- one or an-
other of the dashed enclosurea or between
these enclceares correspondiag to t-e fig-
ures of' the upper portion of the d4e!a1a.

cognized. At the same time the extreme left 5 and the
extreme right 3 in the center row will cease to be easily
reoogrnized only in the casi, of certain speoific changes
(dteformation of the upper y.arts) and in the case of any
other slight changes these figures continue to be easily

,Xicgnized, The compactness hypothesia expresses this _j
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1 obvious fact and considers thnt it it, cciramon to all imag es
We shall now formulati this hypothesis in more pre-

cise terms. Consider that our Rcreen contains only two
photoelements (Fig 3,a). If we lay off along the coordin-
ate nxes the status of eae.h of these elements we will be
able tc characterize the ntatue of the photo screen by a
point on a plane. If the screen consists of three elements
(Fig 3#b) and is considered as a three-dimenrornal space
along the coordinate axes of which are layed off the sta-
tus of the rhotoelements then the point of this space char-
acterizes the three-element screen. Similarly, a screen
containing n photoelements can be plotted in the corres-
ponding n-dimenbjiontl space !o that a point of this epace
corresponds to every state of the screen. We call this
the receptor space (Fig 3,c).

Fig. 3.

The status of two photoelements 1s des-
cribed by a point on a plane in a two-
dimensionpl. specs (a)I the statuz of
three elements by % point in three-
dimensional space (C); the status of the
photoelements when an image is projected
on them is described by e point in' multi- .
dimensional space (a).

Let's project some nort of image on the screen.
All the elements will take on some state, that is a
definite state of the screen will correspond to the
given image and thus to a specific point in the re-
ceptor space.

The compactness hypothesis states that to all the -
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j1patterns raking up any inu~e ir.± e pe~e there evorreEspondS7
an 9.rea and that for differen~t image~,,- tl, ere are eorres-
vponding different areas whichi eao not have common points.

F~rom now on, when ,Pe cemr- 3der such a n-dimenelonal
imagge we will arbitrarily show it on P. plAne (see lower
half of Fig 2).

U~sing the oonside-ations donor-bed A`2ýuv& we, will
no'formulate t~he problem of terohing a ma~chine to re-

cognize 'visual images. In the receptor space there are
really -two separate areas -- one of' thern correspondsto
th-i first image, the tianber 5 for Pxr:;mplae and the second
corresponds to the seeono. image* the number 3. For the
ekke of simplicity we will, from now on always be talk:ing

* about teaching a meohninij to recognite twro Images. Ac-
tually there could4 be any number of ivmgee without re-
quiring any chang6 in proposed teaching al.gorithm. The
boundariez cf the areas are not kcnown ahead¶ ol time. In

* the process of teachiig the maohine is shown some quantity
Of randomly selected repres'emtat±v.ii of these imageog,
that i.s some quantity of random poin-t; fr'm the first
and seoond areas. A problem is presented to the machines
knowing only theqie poin'tsig t~n draw a sep~are&.ing surface
so that the areas are located on opposite sides of the
surface.

After cmrleti~n of the teaching process, when new
images, or what is th3 game thing, row point. in the re-.
eeptor spacaq are shown the machine will be able to answer
the question of whtich image these points correspond to.
And 1.t will be able to solve this only as a function of
Vnich side of the separating ksurface the points lie on.

If the separating surface is 6&ravn properly arxi the
areaa are completely separated by it then th~e answer will
always be correct no matter how !rny new patterns associx-
ted with these images arc- ~.hown.

ADW)RIT1OKS OF TED X&OWINQ PROaE3SS

Two sachine algorit&lms were proposed for the so-
luticn of the problem of the drawing of the separating

* surface,
The first Is the algorithms of the *random plan...'.

Assume that, in the learning process two points first
appeared and the machine was told that they corresponded
to different images (the nuimber 0 and. I appearedt for
instanc*e) Then the machine will draw a plane which is
lasecedat random bat with one limiting c,'nctition t It

- ~7 -



imust separate the points (Fig 4,a> If anotohe'r point now
appears ).nd it is found tlat there are two points belong-
ing To different images and %tic'n are not separated by
the. plane then a new random plane is drawn separating
them (Fig 4,b) and this is continued thrrughout the learn-
ing procesi.

And thus at the end of the learning process there
is stored in the memory of the machine a 'arge number of
rardcmly drawn planes (Fig 4,c). They divide the entire
space into areas whi'Lch iontain similsr points or which
may contain no points at all. If on both sides of any
plane (or part of'a plane) there lie identi.'al areas then
this plane is not required in order to separate the areas.
Ilierefore, after the learnnim. process is completed in
accordance with a specific algorithm we OeIase" the pieces
of the planes nn both sides of which similar points are
located or the pieces of p.anes on one ti•de 4if which are
located points used in the learning while no points at
all axe found on %he other side. As a resu.Lt a surface
is formed which connsists of pie~es of rlaneE, (Fig 4,d).
The surface thus formed is taken to .e a separation sur-
face. In the future wteen a new pattern is shown -- new
points appear -- the uachine will answer ths question of
what is this form on the basis of which side of the sur-
face the point lies on.

As a rule, however, tVe constructed surface will
not separate the areas pracisely (as shown in Fig 4,d)
and as a result the machine will err.

it is possible to drastically reduce the number
of errors in the fcllowing manner. Imagine that several
machines are being subjected to the learning process at
the same time. Since the ý-lanes are drawn in a random
fashion each machine will draw different separating sur-
faces which means that each machine will err on different
patterns. Now tf in the recognition of an unknown object
the decision is made on the basis of a majority vote of
all the machines then it is clear that the probability
of correel answers will increase sharply. This method
has been given the name of *paralleled alternatives".

Now consider the second algorithm which is based
on the construction of potential surfaces. In the learn-
ing process when any sort of point is shown to the ma-
chine it constructs a function which reaches a maximum
at the given point and, while remaining pouitive, reduces
on departure from the point in any direction. As the ma-

,hine is shown more points belonging to a particular areaj

- 6 -
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Fg. 4.

The *random planes* algorithms a -in the receptor space
ap~pear two points corresponding to different images and
they are separated by the plane; b - the t•ml-d point falls
on the same side of the first plane an the point belonging
to the other image and thearefore they are separated by
a new plane, and so on;to - the learning .9. completed and
all the points are separated from all the asterisks b~y
planes; d - the superfluous planes and pieces of planes
are removed leaving only the separatingl surface. _



' it constructs these functions for each of these points
atnd then adds them. As s result the miachine constructs
a potential surface lbich has a maximum value ("hump")
at the points of the area and reduces sharply away from
these points.

In a similar way the machine construict a function
having a *humpO at the point belonging to the second area.

The learning process is terminatei by the construc-
tion of this potential function. in the recognition of
"unknown" objects, that is when new points appear in the
receptor space, the machine relates them to that area
whose "potential" is greatest at that point. In the case
of the second algorithm the separating surface is the pro-
,ection df the line of intersection of the constructed
rotent al surfaces.

)V

Fig. 5.

Algorithm of potential surfaces. During the
learning process there are as many faunctions
constructed in the receptor spa-,e P.s there.
are images which the macbine i:.- to be taught"
to recognize. Each function corresponds to
a single image, it hsa a lhumyo over the area
belonging to this image, and decreases away
from that area. In the recognition of a new
object the maohing takes into consideration
the value of each finctioi at the point cor-
responrding to this object and relates the un-
known object to that image whose function hea

,L. the greatest value at this point.
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In order to verify thc compactnees hypothesis and
the two algorithms whicb vie htve described experiments
were conaucted on a general-purpoze digi.al computer.

In the experiments using, the first algorithm we
preTnred 160 outlines each of f're figures: 0,1,2,5, pand
5, or a totel of 8O0 outlines of numbers. We chose 40
shape, of each numcral to use for the leairning r7rocess
(the other 600 were used for the subse~q-ent testing of
the machine).

In each vn.se the number of correct anzwers given
by the machine ranged ,.s high es 8n:a and in the cane of
the 1pnra3J.eled" proceeurs rnn %•s rtuh 98W. At the
end of the learning process from !9500 to 5,000 of the
hinary memory u nits of the machine were occupied.

In the series of experiments us-.ing the second
algorithm we used either five or all ten of the digits
simultaneously. In thli case vie used only a nuarter

-, m.ny szpirle3 of esch nrumpber, 10, in the *earning pro-
cess. The mnchine gave 10 &,,, correct anowers using this
algborithm to d4fferent~nt+t tne five digits (out of 750
interrogntions). During the tests wiiu f:.;,ching the
rmachine to rrcognize simultaneously all ten dip-its the
figure of ' crrrect ai-sweri wan 1btqained 1rn 1,400 in-
terrogaticns. It is now clear to us that is is necessary
to improve the a).orithin in order to get e igure of 10C%
coýrrect an'swers In this case.

* Pig•. 6.

These diagrams clarify the concept of compact-
ness. On the lefl the crosses and zeros are
not placed compactly and if you try to separate
them with a single curve you will find it very
difficult. On the right the crosses and zeros
are positioned compactly and it ib very easy
to draw a separating curve.



At the' preaient time ex er •cint• are being conducte--
on the use of the algorithms descr.ed to teach machines
to recognize more complex Images, for example to recognize

e9multaneoi-ly all the letters of the Ruscian alphabet
written in script, to recognize letters set in differing
typographical characters, to operate in the presence of
"noise" (s•tearl, blots, random shifts of the letters, etc.),
to differentirve male and female pcrtraits shown both front.
face and profilo, etc. Although these :xpcriments have not
been completed the successful results of the tests with
the numerals 1,, encouraging arnd we b-lieve that we will
be able to achiee good results-In thi morc complex cases.

00~

Y I-

Tbis fellow must Don't cry, we'll
really loe nature econ be adults, too

•- children under
16 not admitted.

In conclusion T should like to ment 4 on the physio.
logical and psychological experiments which are being con-
ducted during this progrsa under the direetion of Professor
S.Y. Braynes in the USSR Academy of Kedicai Sciences. These
tests have onry recently been initiated and it is still too
early to discuss their resul•, but the .reliminary data
are very interesting.

The psychological tests are being conducted with.
two series of blots. Eacb series contsins 150 blots spe-
cially "drawn" for these tests by machine so that all the
blots of a given series belong in the receptor space of
one area and all the blots of the second series belong in
the other area.

iDuring the experimente intermixed blots of the two
jries are shown rapidly to children and they are asked

12 -



trc :.e-pareta e tem intot the two cxýs ~ince, t-he bl1ots
are devoid. of' a,--)y sort of meariinfý and the outlines are
raindom they can r~ot be diff'.rentiated by meane of any
sir2e, immed! atel.y apprent feature-s. Successful! comn-

plet ion of thiis axperiment wou).d be :-tror~g proof irl f8.-
'Yor of the concept that living organisms recognize auch
variei~tes of nimpl~et "meaningless" images simriy as a
result of t1heir foomectnese,

The physit~logical testoe, which are ak:ir to the
pyho:logical testo jtdoscrlibedg are being conducted

us Ing rats. arld monkeys*, Attempts are b&5.ing rz..de to
develop in the anhimals reflexes to the appe~j.:ance of
blot~e from di'fferent Peries 9nd from, the reaction of
the aniv~.&) to iudge t.o vht extent~ 'te a'ý-e to dif-
fetre-ntiate bt-lots which are similar or diffe.-entiated
in only one feature -. ,. they e'crreepoa4 to pointst form-
ing different are~s in the receptor space.

At presernt it ig iii'fficult tc judge ' lu-t what allthisaFtudy will mean fcr 'biology e~ hsoogy., But
for the field of englnieering it ie olenrly ol consider-
able Importance since it r~ermite us to bope for signi-
ficant expansion in the capab~ilities of machines. Todayp
if wechlnes are to perform difPferent functifri it is
necessary to construct (program) ýhem differently. But
now we have some hope tiat the machines c.--.n be taught
differently if trained diffei-ently rather than built dif-
feren~tly. It is difficult to ov,-,restimate the possibil-.
ities which this opens tip itechnology,

t.,s penguins were brought from Antartica in
May Tf l9f2 and are flcv in the laboratory ofL ~Profes;or S.N. 1Braynes. They' are to be used inj

144experiments onime~ge recogni~tion.
CSO: 1872-S END

13


