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Valwe of Seli-optimization

Self-optimizztion may be a wohable fexture of a system for
astomatic control or informatbom processing under either of
twa sets of conditions.  The firet is where the :ﬂ:ﬁnm is 100
complex to be analysed and, therefore, an fent gysbem
cannil be designed,  The second is where the environment is
liabde 1o change in such a way that the mode of action of the
system must be modified .lt:urdmgjg, if it s 1o operate elficien II
Machines, aciual and which indarporate
quumqm range From :-Snm.d}- simple control m,hnum
Lo conspulers programmed to play chess or prove theorems.
.?mrn: :'lmPk:r dn'\'m Limi 1hmr
of

¥ by
the being
M:rmlﬂﬂ by computed ﬂﬂmml quantities “such a3 corrcla-
tiond. It will be shown that the principhes used in these
mechanisms can be fed to allow aspecis of hehaviour
mu..lt}- associzied with neore mmp'l-u ems.  Firsd, il &

1w review (he principles which have been wsed in
sell-oprimdring devices.

Principles of Self-optimizing Devices (“Leaming Madines’)
D femition of lecrning
¢ tenlatively defings learning as ‘that process which
manifeuts itsell by adaptive chanpes i individual behaviour
a3 & pesult of ur|i»e
A relatively simple device like the conditivnal bility
ler dnn:nbﬂl by Uttley®™, ean show behawviour which
confarms i Thorpe's definition. In the present paper, however,
the term ‘Learning Maching' will only be ?F[: 1o fairly
complex sell-oplimizing systems.

Kelf-progreaming conpriees

The term “learning” would be readily applied fo a maching
which could wiilize s experience in becoming proficient in a
complicated task swch as chess-plaving, One line of develap-
ment which lead to sach advanced l'rm:hlnrs is the attempd
1o make a digitnl computer cvolve RS own programme.
rmdbcrg’h:.pmgmmmdammwwrwwlhu For sode very

I Irn¢ of approsch may be fraitful in connection with
axrlaln appliations of learning machines but seems unlikely to
coniribute to automalic control for a long time.

Legicel-ixpe yratems

In o number of seH-optimizing systens, the signals in the
input and oulpul channcls are teo-valucd. Theie may be
termed logical-type systems, The majority operate by co-
tinuously mr'l.ﬂl'lgm‘lﬂll‘l ﬁa.mmmulmuui anal ifying
their mode of sction according Lo the value reached.

U:ﬂqH and Russell® have discussed devices for the com-
patation of conditional ﬂ!lzmhhil{r'm and have demensiraied a

pmmi compater which can be irhmrpm:l.n:d i ulr‘ul:ﬂimiuirl;
ysboms,

Many-clenvew! yiteni

Some of the self-aptimizin proposcd consist of
large networks of mrr;h .;lv.rsmu. M-cxay's;yimn“ is in
this categery, smee he visualives a lange number of statistcally

adjustable lin connected together. In other proposals, the
rty of self-optimization i a riy of the w-cmhhge
not eaplicable by consideration of a :

anm have been taken towards analysing the b-elurmurnf such
nets by Rosenblait® and von Foerster®

Parameder-aadurfing ryitenis

In the skmplest case these adjust quantities which ¢an be
hedal an nkﬂd;{ values, such ns SEIFIPIRIIeS, surcs, clic.
Draper and Li** applicd such a controller (o adjust the ignition

.

L]

Figwee 1, A process with o self-apiinmizigs conteoller

L
Highyiagl
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L anl the ioms of gus-air mixture to maximize the
'-'“-'-“-E mewg:mhanmpm. Acontroller
or rJ'hHm:al procosses which similarly adjusts the valucs of
o varkables to maxinize a thind has been described!.
Feldbaum® has discussed controllers of the pamametber-

sting type, and Box and Wilsont* 4 have provided
statisticul theory a mm— 12 them,
In more adva terns, the paramelens are insarporated

in mathematical I'um:l. ure | shows 2 amd sclf=
optimizing contrlles whcrc and ¢ are controdled variables,
and @, b and ¢ arc quantitics contiuously meisured in the

The quantities o and e are funclions of &, b and ¢.
n o simple contredler a linear relationship might hold:

o = K 4 La + Mb + N (L))
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ﬁ'ldu::c;:lf-wtimiain; procedare adjusis the values of K, L,
M !
The previous type of comroller can be represemted by
=K
pIu: a siniilar quIﬂMH'I for .

In Figwee 1, & 5.0 measure of the degree of goal-schievement,
termed ‘hedony” after Selfridge’®.

Gabor" has described a ::I.E-qplimi:ing filter which, in it%
lipcar form, may be up‘ﬂmn:d. Iq,l uation 1, where a, b,
... dre walues i), fir = #), fiir = 20, .. of the lmput signal
Sk The paraseter vilies can be adjoited be give a desiied
filter characteriste. The nomelincar form of the filier ine

o st Loy containing wh, wbe, et
alman' describes & sell-optimizing controller in which the
parameters ang not incorporated in control fupctions bud kn
equations representing the transfer funclion of the process.

Crevlation

Systems for purznscter adjustment nay operate by making
an experimentnl change in one or mone paramseters and waiting
to determane whether an increass in y results. IF it does,
the change it maintained, otheraise, it is cancelled.

Where the controlled process i subjeet 1o an unprediciable
disturbance, the above ‘move-and-stick” type of operation is
only possible when the cffects of the disturbance arc small, or

(2}

slow comparcd to the time betwesn muq‘ictirrwnml chng:
and iis eifect on hedony. The alternative is to ket the ]
valises A dly and 1o © the i

hodony with those Aoctaations, If o correlation cocficient
reaches a valee which is siaiistically slgmificant and positive,
the corresponding paramcter is increased, o IF ssgnilicant and
negative, i ks decreased.

Meed for Interpolation

Tho ication of lopical1 sl -optimizi ems in
wwlzplmmrd is unI'I'Edu:\l :gp;: fraitful uﬂh;?lhqc:m e
made 1o exploit the continuity of their environmenl. Satis-
factory conlrol cannot be eflected by a systems which treais all
measared varizhles 55 two-valued,

Logical-iype machines could be extended 1o take accoun of
quamiilative information by coding it in binary form and usin
several twoestate channels Lo convey the imformation from
transducer.

The compleaity feeded 1o satialy any non-teivial eeantiol
rtqﬂmmn'unhk is formidable. A morc seriowus objection
i that the device would iake & very long time 10 canry oot any
uselul amount of scll-adjustnwent. The remedy is (o insorperate

tuced in

the statistics referring be A, B, ©, D would be modified to take
accoant of it The amounts of modification woukd duperbd. an
the distances of the respective peinds from P

= * * * -

. . * * -

s A B .
»
-

. * - - .

] &

Figwre L. (@) Plwoe spece with alf discriminable siiuationt
represtried; :n}mmmﬂmww

An alternative in which any functional relaticaship
between ., b, ¢ and 4, ¢ can be expressed is by an equation of
the Fomm

d = K 4+ La + Mb + Nc + Pa* 4 Qub
+ other product erms (3)

and a similar equation for «. The numbsr of terns on the
right-hand side depends on the form of the functional rekaticon-
ship and the scoumacy of represcntation required. A wlf-
:]:nmltlng aymem which operaies by udﬁﬁ:f the parumeters

L, MNP @—astomatically embodics the fenture of
interpolation.
Furthor Possibilitics Using Paramcter Adjustsseat
Self-onpanizarion

Besides operating to find the best walues, o
adjusting system can be made to alver the solual form of the
equations. It can incorporale criterin which enable it 1o
decide which additional polynomial terms can profitably be
included.

In peneral the correlation between o parnmeter and
will be compuled ai & contingows of “runaing’ value, I s
therefore possible 1o compute u corrclation between this and
some other variable, Suppose the control equation is amply

d = K+ La + Mb+ Ne
ryy be the runnimg value of the correlation between L
when L

fucinotes, Then if o sipniticant correlation exists

Let
and &
b rpy and a the conclusion can be drawn that the control

some form of interpolation. This can be i
u logical-L device by arranging that statistics are ot
collected for nll discrimina ble situations but cnly for & moderale
numiber of poings seatiered over its fiecld of operation.  Figare
D) peprcienls a two-dimendional l:hu: in whach every
discriminable situation is represented by a dot; it is clear that
i device which evolves iis control acison lely for each
situateon will be slow o optimize.  Figre 20h) abows the same
phase gpace with fewer siustions, A control systeen could
;ﬁrﬂlte by relating all of fis staiisiical informaiton to these.
i a situation arises which s represenied by point P, the
acthon aken by the controdler is 2 weighted of the
actions appropriate 1o the poinis A, B, C, D at the comers of
the square i which  lics. the weightings being determined by
the distanee of (hese points from P. When dala become
v bl mmnmi.ngihr:ﬂ'pctnrihhmdzdim on deun:r.

equation could proftably include a tcem in o Simikarly, if
there is e :igui.ﬁm.nl correlaiion beltween Fra and bﬂmmﬂﬁﬂu
could profitzbly inclade o term in ab, nund so on. th the
addition af ikowe lorms e equation becomses

of m K & La 4 Mb 4 Ne & Pa 4 Qab

Criteria may also be devised to show when an existing fermm
in the equation is serving no wseful parpose. The circuitry
used in ing this term might then be re-allocated 1o
compute new terms which have been selected as described above.

The new terms introduced to the il functions need
not be restricled to pew combinations of the varizbles already
appearing in them. Signals can be made available w he
controfler which are not initially known to be relesant to the
controd task. Let p be such a aipanl, perhaps representing
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e aimoipheric pressure under which the prooew is worki
Then if there is a significant correlation between rg, lnﬁm}E:
the contral equation could profitably include 5 term in g,

It winild mot be postibde 1o compuie contnuously all the
carrclations which are possibly of Interest in a system capable
of this kind of scll-organization. The operation must depend
on ‘wandering correlators’ which randomly ies: for comelations
belween pairs of variables nol known to be correlaied,

Firwre X, (o) Phase spore wink anssrigfoetary rapreseianion
for e cascbonent rophons () dbe g with eokfitioos! potes

Methods of scll-organization coald also be devised for o
conbroller using the kind of interpalation which was described
I terms of phase space. The comtroller coukd i Fabe O
means of depectin rcp'on:uriu[ﬁm:{uceinw ich its comtrol
palicy is mw'u-ﬁfcluryhum1h key Eoinhmtm widely

. Let the region enclosed by the broken line in Fipure

) be swch a region. Then the control can be improved by
introdiscing further key points as in Figure MB). This is
analogous to the introduction of fusther 1erms in a polynomisl
contrad fenction.

Sortgoals awd goncept o) ion

.‘ul‘l:f ippﬁ'.:litm ol a :c'll'-opl.'imh.il.g controller toa melu

roccss would involve :Mwﬂww Part of the process
Ewkltbt linked 10 & sub-secthon of the controller in the
general manmer repreientod b 1, baut the guaniit

i i1} }udunf and ngl.m; hy this panquf ﬂi
controlier would not be the same as the overall goal of the
controller. For & chemical process, for instance, the overall
I would be expressed in termd of the yield and quality of
the product, but a sub-goal might be to madniain o particular
ratzre-distributhon in a omating column, The sub-
memuld b pepresented by polynomial or other funciions
of the mexsurned variables, and could be modified by 2 correla-
lion procedure in the same way as the control funclions.

‘The specifications for sub-geals reached by a self-optimizin
process are functions of the mpul data of the controller whi
may prnﬁl!b‘g be compuled, and are therefore similar o
concepts which a person might fosm when evolving a method
of perfarming a rask!®,

.I‘.mw.g -ro-fars

In designing a sell-optimizing sysiem, valugs have 10 be
chosen for such quantiiles as the time conuanis of smoothi

of ihe statistical quantities which are , and the leve
of uatiical significance the machine will require of its datn
before muking n change. The mathemaitical delermination of
the bess valucs for ihese is virtually impossible, especially since
they depend on the nature of the to be conl . In
fuct, the design of the sell-optimizing controller ks procisly

the kimd of awkward mathematical problem which it is hoped
oo by-puass b}' the use of !cl.l'-npdirrrinriun. It weems Iim_lll.
therclone, that there will m':nLuull:r be no fixed values ingor-
porated for many of the quantities determining the behaviour
of the sysiem. Instead, they will be varsed in a trial-and-error
lashion 10 find valses which maximize the raie of increase of
Teddony.

Experimintal Approdch
Coampurre simularie

The foregoing discussion indicates that work on paransctcr
ﬁju-ﬂing systems can kead (o deviess showing great flexibility
n:zmﬂm,uhlﬂi can appropriately be describod a5 leaming
nci’. It was therefore 'M‘:'Ihrtﬂ' make 2 study of this
kind of oplimization by simulaling & process and a controller
on ithe DEUCE digital computer. 11 was decided that the
parameters 10 bo oplimized should not be static values of
inputs o the process but should be incorpomted in a controd
uzticn. It was also decided that the process should be
subject to & random disturbance,

The process which has been simulated s one which is used
For dludent demonsimiions in lbeﬁtynl'ﬁtnmﬂ.m “Technical
College. Tt consists of four vertbeal tubes containing liquid,
conmecicd at their lower ends thro eomElrictions, us shasm
in Figwre 4, Ligquid Aows into tube Mo, | at o mie determined

Figere 4, The provere which has been stasdated

b_'fll'ttmx'l.lmlin. The randamn disturbance comaists of a variable
outflow from tube 4. The aim of the controller s 1o keep the
level in tube 4 close to A pre-determined valoe. The con-
sirkctbons are assumed 10 behave linearly, so the could

"] mp:rumbud h-].' the clocirical un.ll-ugue [.F'lr-lm" )mp! ikt

Figwre 5. The clecarical amalopwe of Fipure 4

the levels in the wbes are B allowed 10 exceed certain

foverflonw ] levels nor 1o go below zero.
The controller applees the comdrol lunclion previeusly
considered
i m K + Lo + Mb + N

EXR
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in which o ts the inflow 10 wbe 1, and the significance
of @, b and ¢ can be aliered by making misor ndjusiments (o
ihe mme, Eachof them can represent any one of the four
liggund of the random disturbance, or walues of thete
el lmh;rmyﬂurgwwlﬁumdmd.IMIm
obvipus form of contred funclion when cxperimenixl
fuctuations Ky, L, My, Ny are added 1o the parameters iv

d =K+ K # (L + Lda + 1M + M + (¥ + N (4)

and the programme can rexdily be adjusted 10 simulale a
controller  incorporating this.  In the experimental runs

here. howewer, the variables o, b and ¢ wone subjocted
1o quati-differentiation (as by an R-C circuit) to form their
ﬂuqlnl.iri; componenis &, By, 2 umd the control tqunlioq WHE

o m KL+ Mb o+ Ne o+ Ky Ly + Moy + Ny (5)

The reasen for preferring the mode of operation ropresented
by equation 5 is as follows. In lion & an imerital
fleciuation such as Ly & multiplisd by the mean value 4 of a
asnﬂlaithﬂuctunlmg ta,, and |trl-|lk¢hﬂ|‘ntl|‘l¢mﬁﬂﬂ
of correlatbon belweoen Ky and hedeny will be sendered meore
dﬂhul:mllmmmnwnmsu M, ete., which are eliminated
from nqmlmn 5. 'I'b:n.pcmrly-n{lhfmmnl'
represented by equation § has not been conclasively demon-
sirated; it is d that fusther work using this computer
simudabiod will whe dafa for ¢o : ol the two modes,

The process simulation consists of the Runge-Kutta method
for numerical salution of simulianecus differential equations as
programeed by Gill*®. 1t is arranged to take |6 steps per unit
of simulated time.

The differential equations ar:

dn g _h=n
L T ol F
mmd'iigilmhynqunli-nuSnrdh
Y h-h_n-n
dr R,

(6}

m

n_’y_hﬂl'r'g_]':-;;
G-ty o~ )
and o, Y J—”—f'—i 9

dr

where = is the random diztarbance

In order to mlnlmlu derbvative effects, the waveform of
the T ions has no di inuilics.  Periodic
variations are wsed at different lrequencies for the four para-
meters. A symmeirical irisngular waveform proved simpler
to pencrate than a sine wave,

The amplitisde showly increatss from ero unlil a significant
comrelation is detected. The rate of increase & delermined by
numbers inserted in the programme; it is a lincar change at
first, and then exponential wp to a limiting valee. This

itude, nrd alio the correlations, are returned b0 2eno umder
different comditions in the two modes of operation wsed.
These will be termed type A operation in which only the
wilues adgociabed with the parameter hmrullrtdrmb'lml are
returned, and type B in Iﬁ:chaﬂau returned @5 5000 05 any
mm latian bocomes sipnifican W
numbers vy, thee liqquid bewels are perrit
1o vary hetween I:I:mIﬂib]..’“‘I.;':u'.:‘1 ’ﬁm:d :aull.h: ol yy is upel'm nsd.
The ql.nnlky enken mt Mdu}n],- s defined as
L Ul 1

{10

The hedony walue is smoothed to give F, and then & = b is
computed, squared and smocthed with amother tine consiant
1o give (F = K. The normalized hedony valie is computed as
.ﬁ -k
!I: W
This value il.rnullipliu:d hf 1£3 rcprucluhs the flusctaations
in1he paramcters (but ol'ouﬂmnumplimd«:;l.md the producis
smoothed with el another time constant 1o give measures of
correlation. These measures are compared with threshold
values in order 1o delermine whether I:'he-y are u:l.i:l'h:ully
significant.

The programme also co
and the moduli |&], [L], |[M]. [¥]. When one of thete valoes
becomes significant and mglltwlh: ding flactuation -
amplitude s made (o decrease instead of increase. The aim of
this i to aveid large Moctuations when the range of varation
draddles an ¢n|:|!ir|'|a|: salue. All the correlations are u.r:ll.:l]l].-
computed at three different time displacements, so the number
of values compated s 24,

When a corrclation of the firs kind (referring (o a Auctuation
and not s modueles) becomes ngnﬂr:am the Ibfl".ﬂ:q'lﬂ'ld.m
parameter is increased of decreased according to ﬂnswo*
the correlation, and the amount of the parameier chanpge is
proportional tothe amplitade of Auctuation. In the experiments
conducted wp till now, the constant of proporticnality has been

Lenity,

SEwt the comrol function is equation 5, rather than
ojguation 4, the ramenla]l Auctualions in L, A and N
rI'H.IJIiPl':.' ml}' tha Ik.u:l.l.llling parts of a, band . The mcrensents,
of decrements in the values of L, M and N, muliiply the real
values of @, b, ¢, however, To allow for this anomaly and 1o
avaid n.ln'ul:ﬂ.dlnlpmd'wlmnl. er ather than X is
abiered, it is nrranged :nLMwNum
EBH by a -:m-p-:rml.lng cglngt n K. A chanpe AL in £,

instance, is secompansed by a change AK where
AR = = A (12)
where @ & derived lrom o, by smoothing with the sanse time
comstant as wat wied in computing my. In face, the quantitics
, , & are computed first, apd then

oy —d

Iy

corrclations belwoen hodony

(13)

Tlnuuhbm'::lomliﬁlbetompd:rinrtprncnll. LM N
are limited to the range =1 1o +1 in value. The valee com-
puted for o is multiplied by 8 before being applicd to the
and then limited to tho range 0 o 1 {a miilaation
alkyws [aciors olber than 8 1o be used). Thus the effective
values of K, L, M. N vary in the mnge =8 to +8,

A of the experimenin

The goneral aim of the experiments is to uso the e
a5 & Yest bed' m which varations of the _!nll'-uplim'm'u'l con-
troller can be tricd, Differont values can be inserted
time constands involved, for the frequencics of the parmeter-
Muctuations, and the rate of increase and decrease of their
n.mplillnﬁs. Variations can also be made in ihe statistical
properties of the mndom disturbance 2.

milathve variations, a number of gqualiathe

ehanges can be made in the method of self-aptimization, and
the computer simulation should make it possible to choose
between these, One of these qualilative changes bas already
heen mentioned; the rm;ra.mm n1.1.:|' embody either typse A
or B operation as described above
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Anather variation s to let the controller operale sccording
T equatbos 4 rather than b cquation § as described L 3
Yet another is to thai the amount by which a parameter
such as L is alered it has been correlated depends om a
micasure such as (@ = af of the amount of Muctsation under-

pone by the corresponding process variable a. This would
tend o ersure that the condroller did not come 1o Enore oo

igno
of its input signals during a period when the signal was inactive.
Experinwrwial resalir

All of the resislance and capaciiance values in ihe process
(Flgure 5) were sl equal to unity, Ths the tinse constant of
an{ R-L combination equals ane unit of simulated time,

be gencrator of rendom disturbance used incorporated
DEUCE sub-routine Mo, 283, which gemcrates a scquenos of
effcctively random numbers vy, rp... of 31 binary digitc
m'm; tov Lhe rule

ry = {2 = e,y — Llimod. 2%9) {14y

A number was penerated by this an intervals of oae unit of
winistated time, and the duturbance value moves linearly from

‘

&

¥ G, Rreorde from the o fov wiich

mm& W mﬂuﬂﬁmﬂ Iy nere
on:oﬂbu:ﬁ:rwmbﬂﬂs.brl}rmt. The: - 'uﬁzw:';mkld:;
correspond 1o o variation in the range of O 1o 1, R
fow in the simulated -

prosess.
The pericds of the Auctuations in &K, L, M, ¥ were I'I'd'}"
16, 20, 2% anrd 45 time units, E‘L::ﬁt; frequency-ratio of 45,
3§, 2. 1§. These values, n com with the time constant
of ing ol lhe correlations (DK Lime uniks), were chosen
=0 that the period of the fastest varistion is bon red 1o
the rlnr:dwmtam:.anlsu that Eu:dl!crmg m-?:lmy
15 which r in the correlalions wre uately
smuoothed out. The full mathematical justification of the choice
will pot be entered into here. "
The tiee condant used i deriving &, & &, and thens
ary, By, ey waak 16 time anits, that for smoothing & wan 25 and

that for (4 — kP was 5. a, &, ¢ wore made (o cormespond be

Fa ¥y and ps (Fgore 4),

mmm:ﬁz. L, M, ¥ which maximize b and lowards
which the mime shoukl irlcn'll:,r converge have not been
determined exactly, but & should become posilive and the
others megstive

Figure 6 mpe:eﬂm a rum of the programme in which initial
valoes of K, L, M, ¥ were zero, and the threshold value for the
carrelations comresponded o a coclficient of ({42, The fomm

ﬂmm?ﬁhummmmhnunm
puter skmulagion, values of X amd M became, respectively.
ive and negaiive, but L and N remained positive. After
time umits, no further significant correlations were delected,
2nd the Auctuation-amplitedes rose to large values, Aty = 368

i

- "ﬁ_r in

A ihe [ Alihouge the

mﬁﬁm:memhﬁgﬁm*r&qf

& imivalty fulls. This is becesse § iv sooothed as thouph by an
R virewi?, and siarrs from zevs)

M 00

the rate of incnease of the Muctuation-amplitudes wis inconeased
by & fuctor of 4 but no significant correlations eppexred before
ihe run was terminated af ¢ = 432

Further muns were made with lower threshold values for the
corrcktbons, of 0007 and 0014 respectively, but in cach of
these the value of & changed sign tediy and it wos clear
ihat there was no . A value of 04021 1K
and £ 10 positive and negative values, respectively, but M and
N remained positive.

Subsequently, runs were made bo siart from the values of &
and (f — k)® which applicd al 1 = 16 in the fiwst run, This
avodded the inmitial steep rise in these quantities shown in
Figrere T. The inilialnh.u:.nf']',.h,y,ardy.\mmfur
all the rans,

Timm comiged = 100 Tims cosviaad = OO
tulﬂlnl-ﬂﬂll‘
w -
T ——r e ——
W /ﬂ"f""""-'— —_
e —
T, S —mo——— ]
e r——
‘. -'_-|_\_-_\_-'_._._,...-l—._l T —
— e —t—
e _‘.-z‘-\-_,..,_‘__‘__‘_,.{
e VPP
. j"‘--..____.-:_-—'__‘—:-_
& W 13 4 G m &k om & M
T T
Figure B Flow i the 7 af corralark

sl willy e differemd diwve cosrtonty, Qaly dhe nalines

al imtrevels of 16 dime wwie are ploited, excepr where it i

knowm rhar sraviirieal ;W way reached amad she
covrerpomiing rvares were reiweaed o Sero
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In order tp see how the Auctuations in correlation moasure
depend on their time comstant of smoothing, a short ron was
male in which this wos 300 instead of 200 units. This started
from conditions which applicd at £ = 16 in the first run, and
the varintions of the comelation computed w-'llkm
fimed umﬂllwdumlnfkmﬂ with thec o\

Work s on an lmlus,ulu werkion aof the ssif-

! proceedi _
optiniizing system suitable for connection to an actual 8
Results oblained using the simulation are, of

valucs from the flrst run for rison. Il i pornsibl: 1o
derive the relationship between ihe indicated valse of correla-
tion and the probability £ of the correlation being accidenal
from the relationship between the magnitude of these Mectis-
tions and (he tkme constant of

9 i a recond of a run in which ihe programme was
snccessful in bringing K 10 a positive value while L, M, N
hecams tive, Thi run abo started from the condilions
which appleed for £ = 16 in the first, except that all correlation

TR

Figwre 9. Recordr from o run which browpht the paramerers
fe pelers Baeiny oornecd aipns, The S tortios-ampiisdes
were relarneed i nero

and fuctuatic Jes were returned o zeTo.

Type B opsration was used fmc. Tn this run the threshold

bevel for the correlations was 0021, and due 1o the experi-

menler's  inpali the mte of incrense of flectuation—

itwide is 4 times the value previously used. There is reaton
beve that & slower rate would bave been preferable.

Conclusions

Tbﬁumﬂupmvid-!: nl'lhut“)e.l:rbdl,pe
B methods of operation discussed in the section on computer
smulation. Under the conditions of the test yype B was

preferable. This conchmion might be modified if some fm-

of limiting the growth of fluctuation- amplitede were
m% F mcussed im the section m[:mm:r

Hmuhlhn {I‘M rsduo:lng'lhe amplitude in retpaivie o a wignifi-
&ami ¢ pom with & diuluzs of a Mucluation) did not come
mwopenllon in these tests. Possibly the wse of a lower
significance threshold for these correlstions would be ad-
i

The resalis were oblained in 2 lew pnllrnl.ru.ry runs wilh
1he namse, and much further Enformation will be available
before Junc 1960, Data cannot be oblained o a xhorlhrnc

course, only sirictly wable 10 a controllker applied 10 &
process of ibe kind which has been simulaged. I s expested,
meverihel ihat the ral conclusions will be vakaable in
providing starting 1 for diverse applications of sell-
optimintaon.

ot indebied so e DNecctor of the Nasional Physival
Labaratory for permivuion fo presear iiis paper.
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Summary

Mlachines, aclml usd whicly e sell-optinaimlion,
range (rom ml.l.ll.lﬂyw mme ;:F‘Gﬂ.'ﬂpl.uﬂ
pt?imdmphydﬂawpfmelm:m Eunu;pru‘mﬂ;;

1 by comg

!1I1II:|JI.l:I| qulm::lq;-t

sch as comelations. 11 is shown that the principles. mied in thee
e cin be exlended mumwﬂ&mvhuuuu]ly
asocialed with mone comples machings. Thewe aspects include!
e} sell |eabion, which allows ihe machine {0 modily the fonm of
s comiral functions, asd ity own internal organiation fae conputing

a4l




djotiag paramslens: b}
by whvich il machine decides which fumctions of its |r||lu|:d.'||:. nnr
ptbﬂa be compuied; and ie] ihe I'uidy grhlmmi:o-lﬂm. by

which the machine’s methods of optimization can themaches be

ﬁ mndq'-lroe madification.

of ihese potemiial developments, and also with mone

:gpmlw ins mied, & sty Bas been andenaken of e

usl ol welf-caplimi controlier. A programme

lor 2 igital ébm;ﬁe‘:z:dmnbm uﬁ:sumlmesm u eosarolier

and also 2 o which it s coupled.  The simulated process is

& gyslem of capacila and reuricion and is sabject Lo an unpmd.lnllbll
disterbance in the form of a variable ourflow from ome podnt. Tiee

comirodier debermiines the Inflow of AL another paint scconding to ik

o = Kk L b M Ne

whede a, & and ¢ can hmnl-urli:m-dilphmd\duﬂnl'lnr
nri::rlu in the provess. The controller sdjmas K, £, M, A with il
uim of develaping & contral palicy which the bevel @ one of
H“ﬂpﬂlﬁl-ﬂ:ﬁbﬁl P':EL
The nune allows for different ways of nr‘u.nlrln.‘ (=3
controlier, and different values can be inscred Bor st quantitica
an the time g of the
compusted. The effectiveness of the diferest umn‘mul.l.unbe
mﬂg:nd Daatn feoen asveral aml @
Lreat deal morg will be availablo birfirs Junﬂ I'ilﬁl‘.l

Sommaine

Lﬂrmﬁmnﬁamquhu&t Ilwmuulmm
;E‘In'ﬂliui“mldu Eeanringt de rnande peat it

s i cakuslittun progranmes pour jower aux échecs o démon-
théamries, Certains dﬁm fes Pll.n sbmiples
P lers fonciions & der ¢ & det paramitres,
’B&w“ élant dsernainds par des p:ndm sEaRistiguas
cal telles que des conrélmtions. Iﬁumniroquehspnnclpﬂ
utilists dans ces mécamiumes peuvent dtne

e des

Tacilitd 4'sppeendre & apgendre, par gl s séthodes J'oplimésa
ﬂﬂﬂmmﬁmgﬁmdmimm

ison fabive.
whuuéiu*-h & ajuitsgs de paramdires, O
d&wi:mprfmm leur uumhun
Iﬂd.upohul' I:-nm-undu.lmqu"mptmu 3
Le programme asiorise différenies fagoe o hﬂhdrlp.ﬂalt
de. e on pewt dnsérer diffirontes valours do grandoars

plus T (ap

qui Wmﬁmﬁmhhmamrmmm

commande, el s P"ﬂ‘ oipaniialion mieme; (5) Foemation de
diécide qaclles fonctions de soe

l:i los constantes do ternps de Hesapge des grandeurs statis
nlmjﬁ Les duu:m dasrangeenenity ..uE;nu pruvent
O ches rinullats provesant do plasiosss ossaiy

nrmmmunmﬂmpm‘nnddg plmglinks seront

o I::'"k P 2 fre caloubles; (o) o bl lum:]'nl.u]ﬂ
Lurammeniasung
re und vorpeichlzgens Muschinen reit Selwioplimicrung  Parametervervieliu fihet wnd aia D4 prog
mﬂwmlvmﬂﬁmk Iperiit bis - Fwﬁnﬂilﬂmuz;ﬁnﬂwkt!k:l-hmdﬂmduﬁtmreyln
die yum Schachspielen oder um '\wl.:bn.l.nmg:h;nm. Sarecke bercheiehs Bildele Sieoeke Besteht i
miert sind. Eine Reihe der einfbcheren Apparate oplim ihee  Speschern und Drosehitellen end ward unvorherichbaren St

Regelfunktionsn WHWmlmhFu.dmmdnm
i mm Grillen, 2B, K

. diﬂslﬁdnmm.tpﬂumw
'l‘l'l'ﬂﬂl-ﬂ'lh'lﬂ'lmln M;Mm?nh.hmmmham
welched sonst nur bei aufwendi Muschinen zu finden ist. Zu

Der Regher ermitielt dem Zaflull o an ciner amderen Sielle nach der
Gileachusg

d = K+ La+ Mé + ¥e

dm!lmbdundmmhmmm 1) die Fahi L wch  Dabel konnea a, & amd o pleichesitlige oder reithch venchiedene
seibsl zu orgenisicren and P I '1h-;ld.llﬁHu.u.5 Waerte von beliebigen V) ichen der Strecke sein, Der

Kd.w:pls,nl:hdmd.lrhllutm:m hnn\. e bohue Mlﬂe“‘ﬂmt! AF, i=nd W mit dem Tiel der Feat Fﬂ

der Elngs e, R h durch das das Niveau in einem der
'I-Ilﬂ [-‘}d-n I'I'wlan'l dll Lmnul'bwl:l.tﬂlmﬂ wosdurch die diom Sollwert pehalien wird.
Maching ihr cigemes { geverfaheen ciner  anf Eine Reihe vom Ergebrasien der Arbeiton suf dor Reshenanaching
Komrektur amterwerfen kann, wird i wh.wﬂnﬂmp!ﬂnnﬁpbﬂmmhnﬂm
Ex werden Unborschunpen  sclbstoptimicrender  Regler mit  juni 1940 sur Verfipang stehen,
DISCUSSION

Q. 3. M. Sarmm ([F.5.4.)
1 i e iiiderstannd whal is readjusted in ihe lasi figure.

A M. Avorrw, in reply. The cocficents which contral the ratios of
mlhoﬂbwofhnd.l.lmlbmlmmm-djm In ke
paper they are denoted hy the symbols &, L and M,

0. A, G, Ivaknsesen (U.5.5R)

How is Lmiraiion ﬁlmﬂ oul in the system shown in the
right-hand side of Figare 27

Ao M. Annavw, in reply. 1 have s corsiderod this nr!':.,mm
in dergil, hﬂhrﬂtpmnlmﬂ‘wﬁﬂ“wumw
ﬂu-:l.-.tm of the stored quantitics lnd calculaln (he mmh.tm
theac fi and ch of ‘guality”. If the correlation
m l{ﬂ'lmhand- ilive, the stoeed Wﬂrmhmﬂ
IF it s apprecizhle in Fragaiheds and nogative, the quantity shoulbd be

devreaved. Ilduuld.h bl Lo improve the syisem by imcroasing
e iy, prohabi !ﬁy distribution a1 'h..'f:'h psint in

place of the nuemenica| goantitles.

A, Y. Mararkov (ELES.R)

1t seenss to me that the Andeea i imteiesling. In ihe
ﬁlﬂphﬁlﬁud ﬂpﬁlm‘;wt JBWInphm-l.“ﬂ‘
eqganizing and concept-procewing mechines o further Enpostam
has been made, Princi uvcmtww-ﬁdnndmm
'Ig;hl_r pu'fachidrlﬁuru The: idess of the
nooskiny of introducing interpolation, e povashle nppearance
of intermediate poals, s e viery impoetant. Atllum:lm
I wonld |ske to remark 1o salve the problem J;;nd‘l‘
prqnmhs lmwm ol'll: fintzr-
actson And erculation of § i m and tha
hwm“hh:u

are stusdying this problems on the bain of I [ beain
function. We rnsw come e the conchniva ﬁ.ﬂ:m rnu.r:l]'
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it ls pot so i i elrule imio the struclsre of the
Lﬁnmmmmmm.uhummywmhmd principles
mh't'lhrpmmn o!m:rm]pm’mm. i ooer enperinacnts
we have fownd the mnt‘ll_ﬁl.ﬂ'nnl'rlluh!pnliu‘mi.
permitting the baain wmmmﬁ mceuary informa-
tion end 10 carry out only movements u!urlmmhm. {ur
wark has beesn i the UNESCO Conpross in Pars. 18
geemd te1 v that these resulis gy be found useful foe the eealization
of the vory intercuting work baing carried cat by Mr. Andrew,

E. Lemski (U5.5.0)

lmbyrinth; fined ihe paib foining these . I precialy this it i
pmu Eﬂmﬂlr;ﬂ":n! L:r;:nl‘bl ;rnbhmlio}d-g II':

1 roveing mashan.,
rrm *s method s used tradit for this problem. i &
cinl b menvesd aloeg & random tragciony from area A il it amves
Itm.ﬂ.l.h'- ility of this event 3 each slep B, &3 & ok, very

small. However, if simul Iy from arca B we also starl o paiat,
path will be when these tmj inforaest,
wummgmmmmm |II|}'D|'
mmn:]hmnfmruﬂmtm:ndmn :g
PNH of wandering polits arTiving ai u
, mm&,mapﬁulhmdlhmd

1 wosd first Biloe 1o coagratulats Me. Asdrew for an i )
wmd.!mlhmﬂﬂmtm ‘Bearming’. Thdﬁ;‘pu

d’lunﬂng ﬂp:mmelp-pﬂ:myhmd 1)
wummd#lmntﬁmhgl comgept of Laken fnom

it is useful o undcrstand by karmnisg nol caly a oo of
random search but the operation A oerfain mane compliciled

Tmmumwmruhoﬂyw:kﬂmﬂb:m 1
that if wonld be useful 8 by 1o Enbnosdies erlain systern of
Jeaning imlo technical systoms. In 1939, an the Cybernetics
Lm“m-nnn:r-'rmw Insstute and ot the
wml meﬂlhﬁndmyﬂhmﬂlhuiﬂl-
u'lnhl.derd'up of Professor Braines we havo devaloged

CeFAlE wled of bok | kemrning.
3|bsdmhwmdadmnu dineal refleues.
ihe ikl B Lhe madel-

ling of cereain ul' | b&uwoul Hl.nmll.. IE!'l.'n!
T
im
gﬁa leateing system which pretends mnnydq;lmorwd'uhm
h-wd:-mnuﬂ inellipence’, permilting e reinforcement of
Iimethed of leaming by trial as error with the possibity
uﬂ'l mmrwumwi‘_m b possibility of constrct-
oeriain hypolbesms or ol ity womchusiven o the albsesc
ipdormation suflicend I'uf e it sodubion Dl'l:e‘f:'ohhm From
this. point of view the adeas prescated &= And paper are of
inberesd,

Edm-l"l."!#d Typaeal fommulation: There odists a maching wilh
mputnndm;m: A Bt set of stuations ray arise 08 (ke lopt and
Iluroqul.rodlh.ﬁlfblrihclamu proseit, lesding as & roke
m| sl -"-o!‘n, bl ihe first class, the wchineg
will WIW'HI“IHH al |h-;:n|wl hrll'ﬂ]tﬂ'ﬂl!llnl‘l!l.mll
the cutpet. Enigially this i ER
grven s the machine, ﬂtfaﬂ lumu.lm-nul The
\dmarlh:mhmmnm 1l nput sinations: acndll-
mmlmuwur:l!hmpulhrm;lhh-#ﬂl n:
| machines: Skammon’s ‘mouse’, be Briines tpllkm'
nﬂ[ﬁmﬂﬂlm;wmmm We note thal in these
machines cach mput situalion is sbored i the reault.

Third Chair. | formulation: The sume a8 th lor
Uhe absorve chass mm‘lwpmwﬂrﬂ It i also peqquired thak
the machine s between mnput
.nduuwalumm :Itmm dlhtlmtrmmywhmﬂihl
maching is small in wwin with e ker of possible inpet
sstuations, or during the karning fime cnly a pam of the inpul
ATIEALHIS T AFEE, nlﬁmhumhﬂmmi*mm%
concrete stuation. Othes methods of memorrio mnm:lﬂlr
The must interesting maching of this claa i Sa
T, m|ﬁ?nrmmwmkpﬂumlmm
it is capuble of Enitating the leman abilicy o estabfich aburactions.

A.T-I ANHL# i e, lI.lumL amdl Letiki For heie very
N:ﬁ:f:qm wilh niine would

b |

Tt showkd, of course, be noted that the conrelation methaed
mmmmhﬂ:dummmlnlhrﬂmhmwumﬂr
for certain particular caies admifli
object. Witk increase in ibe nomber
the contral system increases uabslandially, The use ‘mndmn:
correlators’ hltlul:nphr.ﬁ;lhﬂmlﬁl[nm The (onvetgence
ﬁhmu:lﬂ ﬂ:pmnflﬂll‘lmm
it sorlimes usdeinibie of completely smpossible. In this case the

ol with masimum probability of
mmmqumﬁum ot dost vupu:ll-bm
artige. [t soerrd o e IBar work i this difeclion I'I-Hﬂpﬂ"iﬂl\ll'ﬁ-

E. M. Bravenuan ([F5.5.R)

AL the present tinse theeo i already a smbser of machines which
from intuitive consssleralions we lerm img”. A sirEking factor i
gmmwnrwmmwmmmw
corpeipondingly great nunvber of dissimilis machines. We seed only
man:lnn Shannon's "nm.u' Mhby‘:wlmm &mm;ﬁ
5 Selfridge’s *

ulh'.n Bdwv:pn & chuafication of the problen solved by
these machines wh.ldl. I hnpl will facilitaie endemtanding the nler-
relatsonship belwien varioes machine,

First Clazy, Typical formadation of probdeme : anngmwmf
huuu]lumqutmdlnﬁndmdmmtwdlhnpmpmpﬂi} A

m I:.Mlh;‘:" . In thid ¢lass two Enportant
ey

{a} To find dumnrdhn.lﬂﬂluwrﬂ'umut‘l werdain Manction.
We nole thal (o solve such problems. m particular, the
method of random search {frequenitly M'h_'r‘lmhﬂdj with
slight rpq-ull‘l-mm

gve betler resulis, Il::mmﬂnhd E] M*_H-h':'-li caly to
cotingous juoe of the b= af 1he precedisg
speakers are sequential disereie SRl "

M. V. GuisHeo (F5.5.8)

The st questions Conorrmisg the les of improved
klmpipc:umu in which nmm?im FI"I.FH# L siace an
MMIHE-,MM mtmlhpﬂmﬂm

I.q. there exlst am Eﬂ 'mlh llﬂru'nurll. containing Lhe .llib
s pre-gaistang aidcenaton and & compasteor, G ing
:ﬁaumcmu_r Asa wholg, such an object nay b deseribed by the
equation (ree, for cxaesple, Feklbaum's paper)

Fou b Bl (L — TP (=,

The poaltion of ibe exiremum x,. will feigect 10 the ith contral
g X depeenih o8 X —the uurulllp:j.l}n[wmpmmﬂ
ole. e T = L e T .hn & simpils particular cie £, =
MLt Eyie Ly B wre imerikal ). In
tha ideal ks the control i lh —-'. Y Tr::wmuw
could synihesize equipeend oealiai ﬂﬁnﬁldﬂw
Wn&lﬂulmlmdrgn:*but"dbnﬂ ksirw I, Inthis
initial period certain 1, &re fised: some of them 'i-'l-l%‘ under the
influence of ihe exiving sulomaton, which in the case b mol
imal.

Tt is intsilively chear that there exiils & comlimnous process of
improvement of the conirod systens, There this arises the problem
comsiting of deermininy e properties of the oprissmr dymeric
provess of improring the cowtral i ronsection with the aptimal

» m W

Ak In prioci impodtant swb-clas—the are  procest .|1‘,|f acamsiaiing  know abowt e comtrallcd oldeer
formulaled as ?‘wm.li:ﬂﬂ‘myﬂnmlmlﬂ alring the covtnad Prriod, ’
ML Vel b=y e}




Aa Bl ANDGREW

The fodlowing 1 8 2 oevtain approxiration to this p
An astematic optimizer © i conmructed amd immediarely o
contral the object: ;. = Cipk. A & well known, the possibeity of
i Nmmi]hﬁdinmﬂiﬁq‘tM|hm

Fonary, the “non i Iy * A f.ud.lhn
the shove eyele B repeated, olc., as s coonomically sapedient
Wm:?r‘mtﬁkﬁMMImmpdmmﬁlhnhii

& multidinensional, incrtial, and with rapidly shilting
position x, (/. During the pericd of comtro] wsing ¢, caloulation of
|mmm:ﬁmmmmﬁ,mbm. If cestain of them ane
ol CONSIANGS, hen ameng the x, and &, theee i placed a device F),
of a certain degroe of complenity with arbilrry parameiers X, ;..
rm |, Lo [ the B GG M processss ong com

Nighly = Filtami Xaieah This il
processed by € Thus, x. = 5. + Sx.F,. The parameters

Fuswim L2, the mapaitede and sign of (ks pain factor, 1he inertial
pecpentics £y, in the first mim, m?djnlndmlhehihol’
1k coerelalion weTns. Improved adjusteent of 1, i
carried out by nacans of C, ie. the mamber of action points of C is
increaseds im a0, we have the adjuiment ul‘Cﬂan.u“

Ada rewalt of this peevesd, the conirol funciions in ¢ are trasfernd
0 F, Le. we pans eore and more from contgal, o the basis of search,
v control by algoritbm.

Wa note that if the 1.0} ane stalionary, in i limig £,,=0,
while F,; ideal = L, L, (heve x,,,, = comt), If Xaalli} are nome

practically stati ). We note that it i powsible o comstruct
- diztcly ;fﬂ'ﬂmﬂf‘,hﬂ apparenily caboulation of &
sgveloratos tho process

it is matural o take a5 the criserion of optimaloess of the process
Tmy =3+ 100

H!E-ﬂlllﬁﬂ'nﬂrmf.gn; of the plicn of
u‘!lru m!ﬂ man )
We lmumidund-uqhmorl process, omitling
werlain 8 particular cased, and certain generl conclugions
may ly be drawn. In solving the problem we mest Bist fisd the
aptimamn varation of ke e I Freg ies of C, the opti
of adj of inds Ly, and Fyppiner the opalmam

utidization of the somputation of K, e

The realizati buticn of this problom has groal economic
significance, panticularly in 1Be poriod of broad introduction of
aateensticn inte new, unstudied processes, for example, in ks
chemical mdustry.




