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Machines which learn

The first practical application of * learning machines ™ will probably be in the control
of industrial processes. Experimental work is at a very early stage. Eventually a
system may be produced which is a true analogue of some form of biological learning

WHEH machings are required (o
perform complicated tasks it would
often be uselul to incorporals devices
whose precise mosle of operation is not
specificd imitially, bat whach kearn from
expericnce how to do what is reguirsd.
It would then be possible 1o prodiecs
machines 1o do jobs which have not
been [ully analysed becaumse of iheir
complesity. It seems likely that bearn-
ing machines will play s part in suxh
projects as the mechanical translation
of languages znd the auiomaiic recag-
migion of speech and of visual patterns.
A considerable amount of work has
been done by O, G. Seliridge in US A
and by W, K. Taylor in Londoa on the
application of learning devices to pal-
tern recognition, The suggestion has
alse been made in some quariers that
machines with learming features might
be used for economss panning and
indusirial managensenl

The application of learning mazhinzs
which will be discussed at fength hers
i one which may scem mundans by
compatison, mamely that 10 proces
control, Because this ix a samcowha
simpler application than the others it
will probabdy be the fiest in which learn-
ing machings will prove ically
useful.

It is often wirtmally imposable to
analyse an [ndustrial procei compleesy
from first principhes, whether it i a
chemdcal progess or 2 phasical aneg sach
as fractional distillation. Such 3 process
would ususlly be pul inld oparalion
umder mantal conral, and rules for it
manapulaieon woakd be devdlopsd v &
triak-und-error Fashion, as | e atior e
gradaally = gor the feel ™ of i, A learn-
img nuchine coupled 10 the process
wisild  similarly  davelop i gontrof
policy by trial and error,

in this typs of application the bearn:
ing machine would make multamabc
conirol possible withowt (he need Tor b

by Dr. A. M. ANDREW

tedious mathzrvatical analysis involved
in designing a mon-dearning controller.
The learning machine would be partice-
larly advantageous when something
aboul the process was likely to change
gradually. It might happen, [or instance,
that a pipe became clogged or a calalyst
exhausted.  Under the new conditions
a new palicy of coatrol: naght be
required 1o give the best results, and a
learning maching could adapl accord-
ingly. There is, of cowrss, a certain
damger in this adapiubility since it may
cause & defect of the apparaliss 1o &scape
detection when il ought o be remedied,
A similar danger exists when a human
operalor  controls  something:  for
example, a driver of a car may nodl
malsos, as his brakes deteriorate, (hal
he is continually having 1o press the
brake pedal further down to gel silective
braking.

A learning machine used 1o contral a
process must be poal-dirccred. 1 will
generally be possible to mpeasure o num-
ter of variables assocaied with ibe
process and o compute from hese a
quaniity which may be taken as a
measure of how well the process is
working The goal of lhe leamming
machine can then be 1w make thas
quanlity as large as possible. For an
industrial process. the quantity will
depend mainty on the yield and quality
of the producl. By amslogy with znimal
tehaviour. much of which s direcied
vowards the increase of pleasure, the
gquamiiny which is 10 be manimised s
bean termeed * Bedony,”

Figure | represenis a process con-
sralled by a learning maching whire the
degree  of  goal - achicvement  or
= hedony ™ s conyputed from measure-
nenis made on the prodisct and om 1he
raw material.  The controfler recsives
information from fhe process i the
formn of measares o b, and ¢, which
My B jCmperaticres, presunes. flaw-

rabes or other variables. It effects con-
irol by varying the guantilics o and ¢
which may conirol valve seflimgs, or
heating power applied to parts of the

It s unlikely rhat the measure of
hesdony, &, can be used directly 10 con-
tral the process as there will usually be
a comaderable d!h!’ helween Lhe oot
rence of a variation’in Y or ¢ and the
appearance of the resultant change in i
In general the only way in which the
process can be controlled is by lketting
o and ¢ depend, according 1o some set
of rubes, on the mensured of o, b, and &
This wet of rules constiuies a controf
policy which is altered i a trial-and-
error fashion so as 1o maxindse . At
any instant, therefore, the clfect of a
hagh value of & is to help st the seal
af approval on the contral policy which
was operalive before it oocurred, while
the offect of a low valee of & is the
opposite, Ay such trial-and-error pro-
cedures the control policy can e made
1 approach an FfTmum form.

Any application of a karming coa-
trofler to a process of amny complexity
will certainky involve the we of such-
praly.  Part af the procets will be linked
1o parl of the controlier in the general
manner represented in Figure |, but the
quaniity recognised as g hedony © and
maxinmsed by this part §f the controdler
will not be the same a5 the overall goal
of the mmpl-rll capiroller, In cons
wolling o distillation® column,  fie
instance, (e overall goal would bhe
expressed in wEms of ihe yiekl amd
quolity of the prodemct, "but & sub-gosl
might be to maintain a partcalar fem.
perabure distribEtion im the column, o
o keep the operating conditons at
steady = possable.

The subsgaals would peobably hia
madified a3 trial-and-error [ashion by
tha part of the caniroller whose goal is
Lhe overall goal of the system. A sampli-
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cated cantfoller mighs h_-|-.:|;|1|3| invilve
a hierarchy of learning machines of
which ome™was the ™ master,” or firsl-
arder. contreller. This would have, as
its goal, the overall goal of the process,
and B would i the goals for wecond-
order conirgllers, some of which would
ol poals for third-order contrallers, aml
0 on. A Buman conlroller aleo makes
wse of ml‘::#‘mls: 3 motarist withing to
keep his ire in pood condition sets
the sub-goal of keeping the ofldevel
belween the maximum and mininoem
marks on the dip-stick.

Another ‘property which must eer-
iainly be mcorporated in a learning
:_mc'hintt for process contrel is some
arm of iaerpglaiion.  Suppose e
machine has 1#&1'1':11. for example, that
i eeflaimi valve shoul! be fully closed
when & certain pressure rises fo 10
Ibjsq in and half-closed when the pres-
swre is 5 lb/sq in. Then, when 1he pres-
sure becomes 7 Ib'sg in, the machine
thould be capable of deciding that the
position of the valve should be scme-
where between fall: and habf-closed,

Mwch of what has heen written In the
past aboul pessible schemes for bearn-
ing machines hns mot allowed [ar inter-
polation. The tendency has heem 1o
consider devices whose inpat and out-
put infermafion i conveyed through a
number ‘of connecticns, sny ome of
which s ai Jﬂyﬂnn:nt cither activated
of non-activated, Thai is fe sy, the
signal conveved in any connection has
two possible walues, Devices of this
kinal are interesting as medels of human
thought procesies sioce 3 twosvalued
signal cam represent the lagieal walves
of = irue™ or * false™

The measures of temperatore, pres-
e, £ iR A process vary over can-
tinpous ranges of wabues, and i Is
presumably  necessary  fer  effcient
operation that the conireller should ake
fairly detailed account of them. N is
possitile te modifly = deviee which
handles two-valued signals 3o that it
accepts signals varying over conlinsoas
ranges. This can be done by allecaling
a sufficien: number of  two-valsed
chapnels 10 represent cach continuoss
variable with the degree of accuracy
required, However, the device would
nol Ihen incorporate the feature of
interpolation. aad would need to bearm
independenily how to deal with each
situation which ceuld azise. In coder
that @ lesrming machine applicd 1o pro-
cess control may learn a suitable conlrol
'p-ﬁliq.- i a reasonahle ﬁﬁ'u:, il iE meces-

- =
H!:ch f
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Cetermimaticn
Degree of

Gool - achievemert |

Fuame 1. A process controlied by o learning mackine. The transducers are wend.
tive te the quanitty and qeality of the provwcs and the row mererinl,

sary 1o have interpolation. This is maost
casily achieved by muking the device
capable of handling quantizative sigaals
right from the starl.

Referring again 1o Figure 1, the tets
of rules by which the valees of d and ¢
are computed from 1he measures g, B
and ¢ are contingously modified as the
machine learms. Part of the learning
process consists of finding the best
values for "constanis © which are
incorporated in the sets of rubes, but it
is alio possible (o devise learning preo-
cedures which madify the actual form
of the mules. It iz pecible that the
messured gquantities o, b and ¢, ele,
could include some which, initially, are
nod krown 1o be relevant 1o the control
of any of the quantities o, e, etc. Then
the Bearning machine may eveniually
decide that 1he <21t of rulet can sdvan-
fageously be modified 10 make use of
some of this infarmation which initially
had no effect on the contral action.

If 1he controller makgs use of sub-
geals, the degree of achievement of a
sub-goal fwhich might be termed a sub-
hedony) is another guantity cemputed
sccording to a set of rules [rem
meatures fiach as o b end e The seny
of rules associated with sub-goak would
be modified in the course of leasning in
the same way a3 were the sets of rules
for computing the quantities J. e, clc.

The learning machine can exhibit
fexibility in some other ways.  Before
srriving al & design for a machise of
ihe general fype considered wp 1o now,

it is mecessary (o make rather arbirary
decisions abeut ceriain features of i,
One of these concerns the amount of
its past history the machine will take
into account when it decides whether
o make & change in its policy of con-
tral. Amother eomcerns the level of
statistical significance the maching will
tequire of Its data before making a
change. These decisions may  be
thought of a1  determining  the
© cautiousmess * of the machine. It is
also possibie to assign a number which
may be regarded a8 the * oplimisn ™ of
the machine, since i determines the
relative  efectiveness of favourable
experience (high hedony) and unfavour-
able experience on the machine’s adap-
lation.

I designing 8 learning machine, the
quantittes determining * cantiousness ™
and " optimism ™ would have to be
chosen rather arbitrarily, since the
mathemaiicsl determination of 1he
aptimun values is virtually impessible,
especially sinee they depend om the
nature of the process 1o be contrelled,
The speed amd cffectiveness of the
machine’s learning, however, are greatly
affected by the values chiten. In faci,
the design of the learning machine is
precasely the kind of awkwand maihe-
matical problem which it is hoped to
by-pass by 1he use of learning machines,
It seems Ekely, then, that there will
evealdlly be no fined values incors
perated for ihe guantities which deter-
mine * canlicusnes ” and * oplimism,”
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MACHINES WHICH LEARN continued

Theiz will be varied 18 a i
[astuos o I|IIJ W

l-and-error of the most advanced examples which The use of the term ™ learning
aximise has been demonsirated o date o8 mzchine ™ Enviles comparison with the

=5 which m

1he w of hedony. A LUtley’s oon onal probability com- learning of people and animals, There
m i wodd i which puter, illmsiraied in Figure 2. This are certainly some imporiamt diller-
ry aipect of internal device handles only twovalued signals ences belween the Lln.j ol |._Jrr|-|g dig=

s subject

cuse d here and hiol:
is, of course, impossihle
meke 3 machine which wil |

sin
be
sally aosepled as learning, thinking, ur
showing intelligence, since a8 s00m as &

il work  aim
nent of a skl n
% af a very carly sfage. Ome

e eentre 5 D Ustley™s conditianal prab- anather chanmel o -.|I-...||\'|-. 105 is, the compuler makes |

The white screenm to the leli has phota- .||| Tnference of activily in the other ;h:nn-lﬂ |

e 16 aircular holes and ihus fooms he 31 umiis are eues ly counbers; five of them count

=tima usad 1o demons P |I|e \h:..'n.r ences of acti n the respective in| chanmrels,

<l.* learning principles to pattern recogn r len count the occurrencss of simultaneous

the Meccano trolley which 5 aluo sl e len possible pairs of input chamnels, and so

| 11!7 compuler has fve inpul channels cll.l-. psoaf 3.4 and 5 channels. The counts ase repra-
r amits vll:u..l .1u.J|"u|J.|c &lat sented in the wnits by amouonis of charge on capacitors.
e channels, The neceszary condition for am imference 15 thai the gpndi-
1|.I|l.'.l and ofc tional  probabdlidy of activity in a channel which is nat
L | ivaied M.l.u-q... threshold, The relevamt

onal prob. puted as ratios of fee |

stored on of the compaber, |




™o

BPW SCPENTINT, 2T SOVEMEER 1993

hine discussed
of amy kind
1 is capable of

b say ihe beas

1ehines
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regL
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Figuse 3. A Meccano wolley wsed to demonstrale control
by a learning machine. The irolley follows the boundary
beiween a black area and 3 while area, irrespective of
whether black is on s left { white on its right {as shown)
ar vice versa. Al the fromt of the irolley are a lamp and
two photelransistors: when one framsistor it over while
and one over black the trolley runs ahead, but if bath are
over black, ar both over while, it stops and huats from side
1o side unlil 1he pholotransisiars are again straddiing the
boundary.

| “The troliey is connected ta the conditional probability com-
| puter through Ffour of the inpul chanrcls, which are
labelled for this purpose left, right, black and white, The

tralley signals to the compater whi
has found 1o be suceess{ul after h
sistors on bl
B 1o astacin

cliom al seal
nding bath ph
or bath on white, and the computer bearms
ft and right with black and white. There-
after, when ihe tralley goes on 1o the white or the black
aren, the eompuler makes an inference which indicates to
the trolley which way it should 1arn to regain the boundary
If the tralley is then famed round so that it traverses 1be
boundary in the opposite direciion, ihe inferemees made by
the computer are all wrong for a time, bul it eventially
re-bearns

Fiures 2 and 3 are reproduced by kind permistion of the
Director of the National Physical Lakoratory
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