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LFARKING MACHINES
by

B A M. AWDREW

SUFBMARY

THE appiteation of Loarning machlnes Lo process comtrol L& discussed.

Tires approaches to the dealgn of Laatnlas =machimes are showy T0 Rave RCTY
in comoq than Is [mmedlately apperent. Those ane (1) tamed on the uge of
condltfonal peabpbllivies, (8 siggasied by Che 1dca Chat DIOLOEICAL lemim=
Mg L5 e o Taciiitalium of gmuapses end {3 Dazed o0 eXlsting sratiani-
enl ooty Seallng with the opTimigation of eperating condlsions. ALtheugh
the application of loglzal=kyps mechined ©o Drocess Contrel Inwilves
famicable complexity, 4¢3l prineiples are evoived Dewe forT 4 leaming
nachine wilch deals with quantizative simal and depenis for 136 operatled
oA the computstion of eorrelatlon ooelflelencs.

L ITRODIOTION

ir, thig pamer lLeamning machines WLl De discuessd wlth particular refer-
FRoe To IMduEbrlal applications, Sut i 1z belloved that the argoents have
a Bearing oft the soody of mewn and anima) learning Tha cktent to which
parullels Betwess breins and mechines may profitsbly be drewn hos Been
flacusasd Ly cany weiters Ipeluding Macksy fref. 1) and Sluekin (ref. g, and
it 15 clesr that extrese caublod 18 requirss. 1T decd Jppoar, howsver, hatl
yalurble blolosicai experimencs mre LLKely to be supgesied DY & study of
rhe 4l fflculbies ancountertd in attempting To mike practical appllications
af learping machines ss sisilar 4ifflewinicd have presumsbly bosn net and
solved &1 o etage of biclogical evoluBLon.

1.1 Tie defmigion af learnng

Therpe fref. 3l provialenskly defines lewrning In animels ag "that Inter-
nal proceas Whick manlfesce §ixell 85 adaptive change In !nadvidoal Debavlour
a8 2 remilt of experience,d By {tx inclusion of "adaprive® thls delinitlien
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IARRleE et e Leaming process e pecessarily ssoclated uiey goRl=
directed beRavisir, The goal may be the acoifisgtian ef Coad whon bungry, o
drink sien Irsty, or the satlsfacCion of sn Inatlnetive 40ive mich sz ro-
broduction o care of the Foung. The animal's behawiour nay La [niarpteed
RE AR Ritemgit to maxinise sone functlen of 18 sessory [n lows, Wlener
frefoal uses the term *affeccive =ene® Lo dascribe this funeciom Gel fridge
fraf. 8 *efova Lo m slmflar runotion as Tedeny®.

In Taz cuse of 4 Lewrming machine to contrel am Induslrlod process tie
uantity which 1t recogises as Risdony® and trics to maxinlse Wil be a
PrECATTMMECE functlo of & mumver of QUANTITlea Aasssciated Witk Ehe BrocuHsE,
Tese will Include messures of »1sdd and meaklty of the product and the
SRSLY 60 maning she process. The eawmming mochine wilt Reep redlfying 11a
Wolley of control by Trlzl=gnd-ereor with Eié 2l of lncressing the amcunt
of "hedotyt. il La, of cubse, GSSEMLLALLY wWhat & peraon doss In sequlre
ng sKill tn 3 emtrol Cass,

L2 A tybe of indurtrral application

Eine# chieies] processes Lend thamsslves to Aaurimatlon more readily than
98 Frussoses Invalving he NANALIng of solld ob)ests, attsntlon has been
Pald partlonlanly to ths possibility of usieg & lesrning mochine Co contral
U cheml=2) process, Congequently 1T will be masumed in the rollewing hoc
the loatming machine wust daal with antlEative pather than Losleal infos-
®atlon, bub mey, nevertheleas, bs shle co pake blonaty declsions and o
change 1is own Intemal connecticne,

Fipure ). reprocents a procoss controlled By & learning nashine. The
qeantitles @, & and ¢ @3y be TEpEraLres, whedgured, Tlow-ratoa ar other
Varlables agsoelsted with e procesa, The leaming maesine ifac:s controk
Uy varying the quantitles d and e, which may contesl volve gelLiIngs or
heating power applied to parzs of =hw process, In order 0 empute he
deares of Sdd-schievenant or aedeny, B, the gutpub of e procoss Iy ness
asure] she prodalbly tested for MAliLy b Sultable traneducers. T {nficw
of rad Eeterial may alss be menjecred

Toe wereneerent of fig, ! 15 consléarably different Crm an ordinary
SeT¥O-NECIN.En eaplofing nogebive fesdback. [n a aervomnachonlen The qan—
Uity which Indleates the degres af fodl=achlevewsnt, mamely e ouLput
Srror, can Le used dlrectily o control the serive slenent. T the LI g
netik 8F Fig f, of the other hmna, It 18 wilikely thet the SMARTICF & AN be
teed directly g ofltinl Che process 4 Ciore wiEl meually te u coneldorale
faley BotwRan the gcourrence of 3 Vableblon In 4 or ¢ and the appeatimen of
he remnloant chengs fn A,

T Zehersl the only ey In shich the Jrocess can L sthtrclicd 1z by
lectinz of and ¢ e esirolled 86 functlons of o, b ond oo T LARELLY &
can only enter i the conrol aystex In 3 more Subtle wap, The Ralheaal =
cal functlons relsting o sud ¢ 1o &, b and ¢ wuat cankain A medor b
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parame tams wnich can he dlnered In & Lrlal=snd=error fashion so ag 1o
raxinlae k. AT a0F natant, cherefors, tho offect of a high value of & i=
tg helip sek the ssx]l of epproval on the forns of the coneel Doneslsne
waich were cperative hafore [t oorarred; while the alfect of a Jow yRlae
of & 1s the oppooice. By such trial-and=-érror progedures the corral
Iungiigns can e pade Lo Gppivoach TREIT optlmee fome. (€ 1o perhaga
worth gneerving it thig polob that Lhe optinimallen 14 Ao NECedSETILY
restriceed o find’ag tne best values of peremeters in the funcllons; {C
ls posslile o weVise opTluidaficn proctards which ogn alier e Munctlon
mare fundementally, A8 wWill Le deserlbed Istum

Altneugk a distlostien wme dArcen between BaTeo=mechant sas mnd Che Lypd
of ArranEemenL Atoen In Jep. 0, il could represcat a self-cpiinising
sorvs LR e cadd WhaT? o, b d ¢ are Munctions of the lopub amd ocutput
quentitles of e servc-mechanian, ang b 1s SOme Time-averiged
moncfoanleslly=cenrassing furolion of the servo ofrolb,

It L3 expoeted that iearning machines will allow siflelent mutomstic
control of pravesses whish BFC o6 ameasble 1e preclae nechematiexl
anplyslg, TP uRe of a lamining maching 148, 0 Cect, an ¢mplrical wethod
for approxinscing To the eprimm conirel [uncllen. GUed <nplrleal metaods
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At poasidle, WIWOLVIRA the fontlmuuus recomiing of 1l felovent ewrntitlies
aazeclniad will the procoss amd che parjodle analrsly of recomle 0y means
AaC A coputer, e uwibod enploring a Leaming mactloe [x 2tirsccive insa-
far a5 trlal-end-error sdjustment can procesd continucusly, and eouss-
FWently the optivum confrol funcoicn annuld be apreoschied nare ranldly rhan
by ather neihods. This relatively ranld 3poroach £ =he cptleum cpuld De
prrtifularly veluabie if Ui process wae Influcnced Dy mome fluetoeting
TUARELLF Which cenilel noC Be sonltorod, Tt shich In“luenced the 3pt Ll
GonTrul Tunctione,

“ire principle of cperaclon uf a leaming mackiae oz deascrlbed In fre
forefglas 1o wory almilar to asthy's principle of ullrestad{licy, fref. ).
Thiree ciffersnl appreachos to the probles of bnllding a learning nmsnine
will be disruzsed. Theas appear, sl FiTRT sifht, 0 Have 1iLile In coreven
Bie will be chown Lo Lo clogely rélated. Then, ¢wrlain of the primciples
which were imvslved in thooe Approdcies w1l be furcher elpborated b show
linwe 1t LE Boped 1o Dulld A praclicsl leamipg mechine sultabie for
indatrial wae.

2. FINST APPROACH TO TEE DESTGY OF LEAIING YACHTNES,
THE COMDETIONAL PROSAMILITY OBFUTER

Tha ldras of probaciilly thesry waet obvloisly Ze invelved in any
mnirlcal cppronch Lo process contrgl, Sincd e alm 18 oo naximiss thy
prokablllny of the decfred sonl io the Tutire. SInce @ corsaln ooount of
Informatlon about the pfocess fs awsllabie Lo the contreller af eny Slwe
(In the form of messuras of @0 and ¢ In fig, & for fnsCines] Uhe probebi-
Li%y levels which are Mmpertant ace the comdiliomei probabilities wiickh
are commulad subject to che informublon Balng as imdicated,

A cOmPUTer has been Lullt Ty Uttley {refs, 7,0,8) and Fusseil whleh e
Speslally dedlgned ©o evaluete condltional DROYELIiillen. dore furzher
develipments have baes deseribed bY Russell fref. ). This opo of ecmputer
Amn om mEner §f Input chusnels which can be activated singly or 10 2roups.
The elenels L the chsnmels are mecsasgrily In dichoComous {"yar-na=}
formy eénch channel at gny Instant i w)ther activated oF not activated,
The channele are connecbsd ho a classifleatlon oystem [see otiey refl 120
of a kIng which 1€ glown 10 Frg. 2 D60 Ehe case of 3 p-chanmel machina,
Tne sapl'sl letters A, ¥ and O neve been wssd to represent the siamale in
thi three channels; the convemiion will be zdgpted nere of uslng capital
lettors for dichotomse mAantitiss and smell letters far sonlipuowsaly
varylng rumantitles,

Te clatsificacion systex can acllvele 3 TNLE for every possible ghmp
a0 1aput channels. A machine with o Lmput shsnnels must have #F = 1 mica,
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The practical conditlonal prebability compuber wiich was byl by Uctley
#nd Fusgell has five 1nper chennels ang CoRSegueAtlY A1 ualts. Thls coe
Futer will be arnibited at the Syrpeciime, In ofder 0 comgute condltionnl
Prutblllties, emcn of thess UNiCS counca e meker of times it is
actlvated. fn the existing computer Lhis 12 dome In an anzlogae Casnjon v
ArTanging that the chargs on A capacitor [s olicred every ime the Uit 1s
acilvated. Then Wie comditfonal proSability of aztiviy In any partlcular
channel, glver activiy In some other ctanesl, oF group of chasnels, can
be computed ms the reils of the counls atored In 8 particular palr of
unica

fuppoee, for Instante, That the 4 apd § channels are mctive, Then the
condlzlenil probabllity of activity In O 1n given by:-

Probabllicy ¢f £, Elven 4 and B =

:l: B opemcarr e r——— '1
F":'l] count Storea in (A% wnic (1)
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Wnen the 4 and & inpula of Sha seodl Lisosl prodablliyy ooapeler Are Anci=
vated Sloulranecusly, 10 comburds and quantity #,--."{U s L there ame [
and B euenneks Lt simllarly cmtw Fapfi¥ and .-,15-.5}. e SonpwieT eould
Iemie Deer muale 53 a3 Lo tecllente Se debusl ¥elues of Wwse profabilitien,
AL 3T 0N fael deterrines oherier or nob *hey #xcesd A predetarnined tares-
Aol value. IF tola valee 12 exceeded an Inference Is madc of activity in
e correspondlng chennal or chonrels O, D or £, The aulpul slgrelz of Lhe
SORDUTOT GORSLIEC, TReredore. of Inierénces of asulvity 1N ne Same chaEnols
£3 OU¢ uled W eoavey the input s!aels.

'

%1 Goal=reedung by condefosmnl prodabelity

The coodltlenal probablllicy cossputer was gl degleed for the type of
Industrlal epplicatlon wilch 15 consldered here, and it IS not Inherescly
goel-sewslng, Ther: are three neln ways 10 wnleh 06 can be nodliled to
bacond goal-seszing These are lllustrated In flf-?n.i..ld and & raspapiively.

In figs. 3 end &, onc of the Input chamnela of the oapuEer 18 connested
A0 thel IL 15 metlvaled ohen Ehers 18 an Indicatlon of success Thom She

Corditional Probabilivg Computer Random

e

, &) H—
| T
- '\-..\_ mﬂﬂ Process

By Infer—
. E -
T o] I o

-

Inication ef ]

Suseei

Flg.z. Pleat Tops o foal deaing
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Areecas. {Iu 16 assdied In Lhese ASpange=anrs Caigs the Imi{enticn of supcess
i5 & yes=ro Slonal, and ACt 2 esatlonuous varichie 1ike & i il In figoa
the rindm gereswtbor 2pplicy ol fCaranc FRRRErTE Of AELIYILY o Che D oand &
choomels, wntil the shigle pabtem 6f aetivi W Asplled 3 oone A, 8 C, Poag
£ comnnele iz e valoh M computer ARROGlates wirh aciivity In <haanel £,
Wilch represents sucesse, Wim £ beseses aetive oy Inferancy, o relay
SROSED and allows oo pattem o aeTivity presented to O anc £ 1o bt appl ad
fo, W procese. [n onler that Che cooputer ean learn 11 12 HEceszary Lzt
Ui roliy closes semeiizes when =0 ‘nference of AREEIVIEF [n F hes moc beeg
Tada; Lt mlght be arramged, for L1stance, LAt 17 the Soepiler dees gob
make an Inferense 1 F within a coPlaln tixe of rondon sR3FCRinE, he raliy,
I any case, clbees,

b Fit @ the pattemn 0F CLiVILY In channels & anc £ is actually inferred
b Ehe confiiler, IR Infers the pattern of AcLIvity In theze chenmels which
=T haa eone G azatelats with the pettern axleting in the £ £ amg 1
Cherciels, and WICh melivity (Pipradenling suscess) in the F channes, Tre
Laput to the F channel whis Ld used Lo Invoke liferences 1s sppifed 1n
SUCL @ wey that §7 f0ds aok arfect the counts on the wnits of tha COmpaTEr,
[T hls wag net cone, the eampotor witid come 1o aznpclabe siceosd with a1
POSElBle pattems o the 4, Jand O chaonals In cowbinmtdss wish a- ahsopee
of ackiviry i U erd £,

In frg. 5, the Infleatlen 9f muccess 15 not actually spplled ©o & cnanmel
of the computer, Instéed, [t 15 aTranscc Ehal b unitp of e gompiter are
wnly allowed to feuat LT there i on dndleatlon of susccss. by this means
Wie CCRTUWT fon Lear to associabte favourable petterta af actleity ip O
#nd E with the patterns which eccur in J, M end O

Te ypes of foal-sediing showm I fres. v ard = fnd ane Tro L¥pes] are
easentlally eguivelent Lo on2 2nsther. To fig. & the indicatlen of success
allpes sounting In =1l wmits, wille In Fig. ¢ 1% allows coonting in thoss
@it WUCH fve 3 conaccticn Lo the Foehannel. But stnes, 1o fig o, 1C s
enly the uafhs having a connrenion To the £ champel wblch are lmpursant 1n
Fakiog Infarences, Sige. wand 5 are sssentially the same.

Figure £, Bowewar, Indleates bow the principle can be extended bo The
CREL WRETE the Indlcatign of dueoess 0§ 8 continwews variable el bm b I
Figa 1. The indfeation of suceess in fij s coold b sich o quant! Ly and
uighl #Vven kake newstive 28 well ma poesiCive Talbos. The arsunt by Wil oh
Lhe cqunzs Iy the unlits epe mliered would B promertlansl re b

In aplta of 105 Patbwr severs Limitaticns qdue Lo Maving ¢oly Clve on=off
clanngle to tonvey Informatics to [, Mhe exisring conditional probanilicy
COMPULLr Nes Deoved Memarkably varsatlle, Whea coupled i aimple plecoa ar
Frlomal apparates LU provides 2 nueber of NUAreSTIRS and Mvising
deainstTALL gna.

[G400e) 8%



8. JECND APEROACH 0 THE DESIGMN OF LEARMIND HACHINEE.
FACILITATION OF SYHAPSER

A secund sporoact e the deslgn of Teaming machines 18 supsesred by
Lha foen that Blological léaming 0s die To chandes 1o he propecties of
BYTApTle connmactions Delwedn neurons. & learnlng nachive mlght conalat of
a romber of milce capakle of activating each othor thrwigh sene kind of
Linkage, whars the propartles of the linkapes are modifled as part of the
leamline pngcess. Thore would be 4 wariable quansity dsscclated witn el
linkage and the cffcckiveneas of the linkege Lo tranafercing e wctiviiy
Iron ong unlt Co arciher would depand on iRA eurrenl levdl of thls
MIENLlLy. The Yalua® OF fkose quantitles wauld B cop=inuoucly modilled as
functlons of the aetiviiy of e network.

HacKay frefi. 2, 03, 13 bAR discussed ihe possitilicy of DolLEing net-
worka In whlch the Llpkages 08 nof Deha'e in & Seférmihlstile monacr, but
have 3 cercaln prcbability of Ctransforring activity. In this cmic iie pro=
bapility of & cranafer would be governed by the current level or the vari-
Able quanllity azzcelsted with the lifdage. AR altermatlive bo Hackay's
gchamé would 4 £ Leét The ogcurrence or non=-pocutTence of a iranafer
depand sbsolutely oo the curTent Llevel of Ue quemtity, sccorulng oo
whether iT wes greater ar less than some threshold walue,

In omder ikt this kind of networik Aay leern, the varlatle suenzitlics
2sc0clated with the linuwmgra mast be =ilcably modilled as Iunctlons of Ll
acil¥lty of Che retwork. Is an applizatlon whare the Netword 1a famlred Lo
e godl-seaking, &n ouvioug mile for padlivine thess mquencinfes weuld b
e Followias =

'l e trenesfor of setlvity in a 1llnkege 18 followed by en lodleatlon of
goal=achlevensnt, lui the erfeeliveness of Lhe Limdwge 1o Lransferring
HCLIVILY De Inaraasad, (0 che Crangfer b= oot [ollownd Ly modl-achiovemene,
let the efrectuivendss of tne llnkagr be reduced. An exténslin ol This oule
whilen would probetly produce (asker learnlag would De che followlog=

II elnulzmnesis eecivizy In the two unlte which are =oupled =y a
linkae [& followed By goal=-schiewenent, Let the eficetivenesc of
linkafgw ¢ Ineresssd and Yioe sross, Acooprding Go ©hls lettar ~ule She
effecllveness of the llakagze is altered whother or mot bLae slrel Deneousz
actvicy In the units Wag @¢ 0 this portiowlar linkage, ([t 15 2ssumed
tnat thw Llnkape cen Lrepsfer accivlcy In one direction anlyl.

Oitar possible rales for varying the ef fectiveness of the linkeges
BLENT be doviaed, It 13 Jometines suggested thet In w0 ner¥oue Sfslem
thest STapaes wWhion ard Tedquently malivaled Secpne nmore effcetiva. ™his
wosld provide » neckinlsn wheraby the gysten woudd leamm w1t practloe,
e I6 Lf A rIieult ©o relate the prirciple co poal-dingctad acrlvivy., Im
anv foso, Toeeat work Ty Professcy Pellshe Buma et HeGill universltcy
Inglcetes thub repealed acklva=lon of 3 symapse hay the effeci of roducing
Itz alfsneivoness TZEAr thin inéreasing iC.
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It has boen assumed In the foregolng that = 1inkem elther translers
setivity or doaa pot, bl & palwarh eould Sohndif urdts in vhich ectivity
1= produced by & smemdiion of 4702006 of 2 mober of Linkages, althoogh
ary oha Linkaoe wuld not prodoce activity by Itsel £ 2ich units mist
cerainly be Incorporated ln say setwork Intended to serve as a model for
the nessud dyslem. Tm othe presant Sreament, Roweover, 1t wWill be mssmad
lor #inpllel iy ther che cragefdr of atlViTy Sy a linkage 14 sn all=gre

, OTRINE DYEes th

%l Condstdomal probobrlety compuded by linkages

Althoupk the conditlonal probabllity cosputer Lo §t= present fam does
N2t gperels 0y albering e properiles of the 1Inkases, & sonputer cculd
b deslaied 1o Wik MR UMLA WY M4 W dow equival mt bebsvicur. In
CRTDI LA PR DTRVIOULLY deseribed the atorage of Informatlen {s 1n the
mlts themseives shich count che reber of bimes ther 2re activated non-
Infermtially.

The aturage cwl eiquelly wall be in the linkages but Lo 15 necedgery in
Bl cage o have a larger Mindeér of storage Loeatlona For a sonpuler
having n loput channele, IT 19 Neceasuty Lo have ®Wout 27 locations= If the
ELeridae L6 In the unlCa and =72 Clmes as namy 1f it % In the linksoes.

fioxaver o lhe varions »medl flcatlons of the computer which meie 1E gonl-
eraginm Aay of the £w0Tasd Locatlons can be sllminAled in #1[her case.

It ¢in be chown thal, fof e poul-sesking eccoputer, the number of starage
locationy La much the sane Wldhever woy e computer 1d orgenlsed.

B & nof~pcal=seskKing conditional prepsbilioy compuler AsVIDG SL3Taps
in c lickagly, evory Unlt currespending v & group of channels must be
copatle of belng actlivated Infersclolly throush & LinKage 1o cwaTy unit
correspendlng €0 the sEe sroup of chantela With one channel ellninated.
for instence, the walt corresponding Lo ACD must e comneciad through
1liMages o2 te valts A0, OO and AP, The un!t corfespanding o A0 must ba
connected throudh linkacas ©o the aniis A @l B

Fipire & 3ows Two shTernatlve cleeuifs shich could be Incorporated IR
the linkages o compute condiilonal prebabdlities,

For the purpede of explanation Lt 18 essumod thac obe of thase ciroults
1% lneorporcted In Ehe LinKage wWileh csn actiwale the 47 wnlc from tne 4
unlt En the ciroull of Sig. € (a), ube switeh Si 1% nomalily 1n the poal-
tlon =hown, EDRLL 2068 oWeD To tho FLeht for & saert tlma weomovar Che unlt
A befomes active duc ©r actlviiy In the 4 channel - get by inferemca, If
the & unit {end bence the AR unit) a=e elnilarly active AL the same SIme,
the @l Lol 5‘2 ig in los upsard pesition and coonects the capas|tiar of
valug &0 30 Tae supply Voltape ¥u Onoche ofher hand, 17 the & walt Le not
Jeblve, the mWloeh 5 comecia the capacitor of valoe &0 te earth, ang 1t
1z alseherged, It .I.':dl:lﬂ!!' that §Ff event A is glpeys accgmpanicd Ty 4WaT #,
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the Yoltage on the capacltor apprusches ¥y 10 tha event A 18 meusr
acemmpatied by avent §, tha voltagn approaches ford. It &an by ghoan thak
i1 F" la the voltaee on the capecitars after e nih cecurrence of activity
In A,

"

¥ _ i )
i r:-rﬁ:‘ﬁ,, il FrT . Wi ? (2

khere 5; = { or 0 acccrding o whether or not B wes setlve oo the ith
occurrence of astlvity In A
For the circult of fip. gl

Ll T {7

and sormally k <€ 1
The sxpreselon of the right hand side of 3, 2 i 2 reasgnazle ane to
tike 45 2 "Faning value® of e condicloal probectiicy of & aiven A&

Henee, ¥ 8 produced by the elrsulb of fip. ofal [8 & sultebls guatlity 1o
FI'l P ¥ I

o

take 4% suehl 3 *funning valuc®. The behavicur of the gissult Fig.elh) ia
#lmilar, It 13 required Chal the seltch 5, In thla case closes Tor &
definlte Lime £, every eine A occurs, Then if the time constant of # and
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Cls wgual €2 E., LE an be chown that the elrewic of Jig. afed Alup Sar-
farms to . B tut ln thia caec

r’ﬁm(-'i-!.\- 14)
L Py

-
10 orser thatc m ceoputer incorporsting ona of Hieds elroults nEy WOk
Infersnces, 10 05 coly neccaanty thal the veltage K across the eaprolior 2o
3 laft of the cimmalt 1A applled To A comperacor which efemines whather

or REt P'_:Fp 16 Frester Wan tha choacn ghreshoid velus gf epndltlonnl pre=
hairlllty. 1T KK, i# graeter than ke tnrestsld, the Linkage produces In-
rerepcas, In the case esnsldered abeve, fur [RStanss, it ¥ l'zr LS @rEaber
rhan the thoesbolo, and if Enput A becomes active, the Linkege wWill emaTglse
ani L 4B by infererce {assuming tnpul ¥ L& not active and hencs unit 4l 1=
nok scilvazed dlrectlyl. en wdt 48 ls peciveted by infordace. the oom—
puter iadicated en infgrence af acriviyy In chennel .

Cireuits pther than thess In Ffig.d can be Jevised o compild cofdl Tlonel
probeBilities, For an Inéustrial application the starade slasent would
provably 29t be a capacltor since this would mot providd leng term SROTREE.
The use 0f FeEEeTle CGOES (0 &N GLAlCAUR Tadilon, 2= has Decn done Sy
PLetzan fref. jo) L3 8 posslbllile

=0 Savtvalence of afproaches 1 oand 2

gines iU 1% posalbie T9 deslgn o coRdlEionsl prebabiliny conputar Whlch
depanida fopf its cperation on The wodl featien of iinkages, it 15 conclderes
that appruschos 1 and 8 o the desifm Of legfting machines a™e #ssEmClolly
gpivalent, Fipgers # CoeWs 4 type of learning nachind wnlch could bave Decn
pvolved tnpougn elther spproash, L is cssenflaliy & rearTangement of the
urd tpe 6 geal-sesking shown In Fig & ISP the case wnere the sandltionsl
protenlity conputér depends on the modlfizatlon of linkages. (LT G088,
however, Rave 2 cl=ssiTlcatlon sysien [or he A, E e © inpubs whlch
differs fro chat In Fig. 2. [nstead of an AF urlt, there ls &n A0 uslt,
srnive when the (npat pacters bs A end @ eng mot O There le ne apeclai
seblt m the mpszes 6f f17.2 In Ule cose wiere the data In clianmsls A B
and © 1s relisble, so that 1t ls never necesssry to noke inyerences of A,
Forl.

The random generaser Ln fip.7 ¢an lthRr be commeched to the I amd £
charmneia, corrasponding tg the random geneTator in Fegr. 5, ar LT can Ba
applled %o thb Linkapes chenselves @aking TR hehave Llke the probabllls
ris gonnAthions dizeucesd by MacKey.

4. LIPMITATIONG OF LOGICAL~TYFE TRYEICES FOR FROGE 5 DONTREL

e ledrming machlnes consldered IR the last TW0 sachions fealt with
yes=no IRfomAtlon; oo PGt and ouiput chanzels weTe afTher &Stive oT
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Inaecive. A GOmpUTEr CORNTMOlLIng & process, Rowever, mUst unlllss Informa=
tiof éoming Irom transducets medsuTing tempeTabures, pressumes, Iflaws,
abo. and 1E 13 unllkely that setisfuctory coutrol oould be elfcoted Ty &
RysiaT Whilch ireatad thess MEASUFes AR YER-ng (uantlLies. (The catner
clumsy tetms "yes-no® and "loglcal-type® are used here {n prafermca Lo
Folnary® fn ordes to mvold possible confeslon wWith pulse-code modulatlon).

irdicatica of of Swceri | Clllows countd

Flg. v, Pudifteation of Talre Trpe vl Joal Gecklng
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hopaseible way ol extending logleal=typs meshincs to take aceount of
uanfitasive intormatios welld be no code Lee menaioed cusnblbies 1o Sinary
fomy snd them %0 wss scveral of Thé yee-ng channels To convey Lhe informs=
“lom Cewe each Crensducer. I this say It 15 pessible, In priaciple, to
arrange for a lagical-tyne mechine to desd witn eny sart of lnput Informa-
tion.

Lafertmately the conplexily of ™ learplne nachine wnleh 13 sequi red
ueioreg proflplilve. 1T would D¢ MeAGORABLY TO epricamt #1ch neasured
quancity by five bleary clglty. To control & dyndmic procdss. The Leaming
naching Fucs make 2ecoumt of peEL A8 well & presant values. In order that
the pechlne pay tawe account of wolues ab two=time=df Aplacanants s well a8
the surrenl value, 1L L3 0ededsary that cach eeasursd muantlty coomects
with 18 yeg=ne Input channels. ilwice, e Tolal neider of pes-no channcke
by wiich Infemmatlon is fed oo the Leaminmg machine moal be 15 llnes e
tanaEr of transducers, and 13, therefore, pronibltively largs.

d.1 .ﬂ.l:'fr:al.r:':q-' seapeld i fication

There ave severel wavs o which sowe slmplificacion nlght bte Ackldved.
It {s poseikls that in certaln appllicatlona soma of the 15 yes~no channelsa
carresponding T on Eopub quantity could be ellalcuted. 1€ might somerimss
ter aufflelenl fo TEpTEsenl THE CUTTORC Valus of a maniliy by flve blnery
channels, #nd Lis Geriveilve ©F Lwo, maklng sewen 10 all. Simpificstlon 1
this way L& wndesirabie, howevar, since Infomatlon throcen &R 3R naver
o rogained end any roductlan in the apeat of fnformatlion suppiled e e
lewrmlng Raching cafl only Pealiict the renge of control Monetlons whilen 1T
iz able co apply,

d.8 ke of sub-roals

Two furtner waya Ie which sone olsplification ¢am be achleved are by the
uge of sub=-geals and v (ntermpeiacion. Aoy appllcatlcn of & leaming oo~
troller to o prosdss OF any conplexity would Inwnlve tiW u5e 97 SuD=goAis.
Paric of the prodess would te linked To a sub-seanion of the ¢eatraller Im
the genersl manner represenbed by S, § tut the quantlty recodiised a8
"radopet ond maximised by this part of the contreller would 2ol Be the Same
as the oversl) gowl of the conplete controller, In syntrolling o chepdeosl
process, for [Rstasnce, the sverall goal would Be ¢Zpressed in tems of the
¥iald and quoliey of the product, Put a sub-gosl nigic De To malntaln &
partleular Somporature=tlatritution im & frascionacing coluns. I the sute
goals were deterniowd In advence Sy the designer of the comtraller the uae
of st-poall would ¢ o dEparture from L Lexming prineiple. n fack,
Rewever, ihe sub-gosls could Be modified IR 4 trlal-angeerTor fashion BF
that part of o candrctler (which may by termed The "master® concrollier)
wicse goil 18 Lhe overall goal ¢f Lhe proceas.
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A compllicdatel controller sigmh nebuelly Inwvelve & Rlerarchyr of lsarifing
raehineR of Which ane was e Daewr”® of [rst-opder controllee, This
would havve, of lts goal, the overall ol of the process, and It wWwoeld act
the fodls fof e secand-avder emibrollers, soae of shlch would, o turs,
Se% pmuld [or hlrd-crier eontmllers &pd S0 on. e use of subsldimny
Hoals can Lasd o 4 aonglderable recuction In whe complexlty of & lesrming
antrallar,

4.3 few of interpolatics

e other prirciple whileh could be used =0 Taduce CompLexlty 13 Intes=
poisclam. IT wa2 ascumad sarlier chas Iive Pec-ne channols are naeded La
convey B elemmal (rom & TrunSducer, oF f1Tbesn Lo couvey Lhe curtsnt value
B wWill 09 TN YAlugs A% Twd Cisp=dlRpiacensnis, e System ¢f Infcrpola=
Elon wileh §r propoged would LeT ench slimal e Sopresontod by & sssller
number of Pes-no chormels, which night be two Lo repressnt a sfncie glmal,
or S1% whan time=ilallaced valyer are renremgnced, Ther e D yas-no
RliMELS ¢an define four Lewels Within the range of varisiion of the
negqured quntity. Soppift. fOr cxanple, thab Che mensiored quantity 18 A
Temperature Whicn fan Vary Detwesn <0 and 190 desrees, Than 30 dapress
would be reprosenied by 3.0 Im the yes-po chanoele, 80 degfoes by 0,1 1n
Enen, 30 degrags’ by LG and 100 degreds B 1, 1. A% oF instant ln time Lo
will Zemérally be found That chw Cenperalure le nol execCly 40, 00, a0 or
100 gegites. The Lemming rachine must dacide whzt actlon L6 would =akae
for the neerest of Lpoge values of Tonperature a%ove and Telow Ehe glven
value, For exexple, 1T the tesperature wus OF degrees, Lthe controller would
Wotl out 4ontrol actlons wilch would he spproprisbe $T {a) the vAlue was
&0 uegrees and {0} W value wig gD deersés. Thén 2 welshied average of (s}
Aans () weold Be taken, with more welght given to {a) thon to {0} slnce 62
1% closer fo A0 than ta Fa. Thia welphisd average would be the soniepl
action oxercided by e controllar,

In tha prheral café, Wfefd o nunber of warlables are Sepocasntod by She
Reciwiey In Cwo pes-no channels, e mgre compllcated fomn of Interpolation
must D used. Let o be ihe nunuer of warlables, iesiuding tiRe-displaced
versions. Tnatead of determining what the contmol actlon would %@ In each
of two slwvnacions, It 16 now necoosary to detencine what would be the con-
Lrol actlon In each of i’" 8l Zmilons, Then a welghtied mversge s ket of
the ecatrol sctions indleaksd for gachk of the 2 simartionz. The weighiing
glvin tg any indlgatlon would e governed by e degroe 96 approximatdon of
the ¢OTresponding aituatlon to e Lrus A1 Liaclon.

Whien lnterpolatlon 18 usad, Lha process by which the lesrning machine
Adjurti Lhe atorame It {0 unlis or llokegses muat be mocliled tp Lake
aesgunt of veluee of the varlabisa which are pot exactly reproscntéd by oh
Fes—no channels. For exseple, conslder aguin o variable taking the value of
4% degrees, where A0 daprees L Tepréddnted by 0,1 aid 80 dearess by 1, 0.
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Then the storage locations which ean be moaifled as & result of the
aseivity Lovolviog this owezure will include those whleh would have hem
nodi fled had the value Desn &0 Jeglees as well as those whleh would have
Lepan modifled 11 the valus hed bedn B0 degrees. The Iformer group Wil be
modified more then the latier, elnce &% la elpser Lo £ than Lo 8f,

By the use of asgb-goels and Interpelation, m conesiderable =2ving In
wrplexity s posaible In the applicatign of & Loglenl-cype Reamilbg
machine to proceds control. HoweveD, the necessary coaplaxiuy s &Liil
Righ ond 1% oppeors At o nore clegant aclutlon can be reached by depart=
ng from the logleel eode of cperatlon.

4ok Time token to dearn .

The redaction In complaxity whlch ia sehjaved by the wse of sub-goals
&nd Intarpalation [& valuable Ingcfar &2 16 pakes She léaming mechine mora
neariy feasitle from the palnt of view of cost and ales; 1B s alsg
valueble !n redqucing the bipe Caken for the machine to learn. A lesleal-
type leaming machine havine, say, &0 yes=no inputsz would have ©o learn N
to behave in each of the &% slteations whleh mlght srise (except for those
which are phraically loposaible). &ince z—-'“ i3 pproxinately 107 and since
each sltuatlon must arise a mmber of tlass bafore the machine leame how
ta deml with it, Lt le clear that the loarning prosess will Take & leng
time. Iven If unlimlted reacurces were avallapla (or cthe conatmuciicen of &
learning machine, thersfore, ths conplexity would sE1ll have 1o he kéot
within boumds in ovder that learcing would 006 take 00 las

4.5 Memerical ksiimatez of complovity

It la Instruetive L9 ealaplave the nuatwr of unite wWwhich are naeded in
& learilng machine of the legloal fype Reving verlods Muabers of yea-no
Input chermels. In Thble §, lei m T U rusber of Inpul channels. The
velues shown are molsiples of & or 15, slnee thess ars the mmbers of
chanmels required T4 reprosont ne varlatle In che casgds of oporaticn with
and wWithout Interpalation.

The second eolunn tn Tapie J snows 2%, This Lz the mintram possible man-
ber of storage locaciems in a Learning machine of the type shown in fap. v
Maving n yes-no Lnpul chamels, Actislly, the mmbsr of looations could
unly b A% snall ap 2% In the case where thip controlleT had cnly cne yes=no
cutpat channel thogugh whilch to contivl the proceas.

inee the nuabsr of skorage locablond Lends to ba large, Lb i3 deslmble
Lo conslder 2 cheap form of srarame ecell 48 XIMATIC raze, The quantitles
held in the vorlous storege Locations could De represented by Dlpacy 213ics
recorded on Lape. Thiz would remilre at least 10 diglts par lovallon (see
telow) . The number of digits is cherefore 10 X 2 end I2 shown in colwen 3
of Fable 1. Colunn & ghows the length of megietls mpe salch would be
needed asjunlng 4 packing denslly of 108 clglls per Ineh.
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Hote: 1 tlget year = .o x 1017 pilea

Bl . of i up. ¢f “Enary

i
1
i = H Taughin gf
charnels 1 lece tigrs ! digies | & ie 1
" ; ot i ®x " i T
- T —— H v | %
& i E4 : o4e : o Lackes
H : 1,008 ' 4N, %50 ' %, foot
b | om0 amesc _ e fept
24 H 1.6 X W i Lexw ; 2o nllue
zh | 1 ! il 1,400 iies
ax 0¥ | o x nld | &, 300, 000 nlles
&0 wth : w i 0. 87 LIgtiteyenr
w8 | 4 ¥ wfé : ax wff ! 1,074 Licht-paars
e i A w10 1.8 x w80 | 5, 756,000 Llt-veara

1% [# elwir ERAT the Logdeal wype of laamming esctine heecaes prehlbl-
Lively complex whier ihe mesber af yeé=00 chaanels Ll more than abput 24,
and even for 12 channels the complexity 1S comaldasable. [ 04 L2gultant oo
reneabsr that the nueber of storage locatlons 20 shown In column 2 1s 8
ninimam baged on the asswepbion tmt the cutpet [ B 4 slnele yee-no
epansel, In gemeral che numhber will Le conaiderably arester. and the Tigures
in columns % and 4 wauld be medtiplied cerreepondinply.

4.8 Petrospective indicatian of poasi-schisurmerl

A source of complication which hes not hithario baen meniloned 13 the
Taat that 1% will mot geaerally Ee peasitle o sesume sy parcloular valod
for e clme-lar Renween 3 conlrol 4ctlon by Wie controller (see fig o)
e the appoargmcoc of an effect Im the dnalcatlon of "hedony®. For oot
processua, In fmek, the effect of a control acclea 2t any Inskant will be
spraad geer a parlod ar Liwe, and Che aeture of the oIfect may be dlfferent
Al Aifforent Times Within this pariod. A lerrming meclilne wsd To CORCTOL
auch & process wush Twve feverdl quantitles soored In each "storuge lota-
Lion® I the learmilng eacnlne &F Fig, 7, Tor Imswance, each of the linkagss
wWuld emare & mmbar of suwntlties whilch nlght o (8 2 spantity relatlng
to the probadilizy of succese Immedlialely Sellowing = contrel =ctlon Lo-
volving the linkage, {B) & quansity relacine oo the protability of succHes
0 mirg. aftar suck an Retlon &apd (o) & quentity relating to the prababi=-
11ty of succes:s 60 mibutes aftar the zoilomn.

The values ol 20 end /0 ninutes for the la2e have, of coores, bean
chosen artiorerily: In a nractlen] appllcatlon Ehée veluds would be chosen
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WwiLh regand to che cimg-constanis of Lre process. 1T Wauld be sdvantsgeous
£o slore mENP wofe s Chree guansitfes and the Ldeal would Be to SQoMe o
eqneinuens fumclion of Tine. ere as elsawhems, A compicRlse 1s necesadfy
to Kegp complexiny within Douhdd.

Meturulag %o the learning nachine of Fig. #, e wiy In which lewnlng
would take plece wiald BC as follows.

& m3irabls memory, suod 83 4 eontinucus loop of mapmeCle Cape, would Do
Incorperated. Thls would cootaln, &% ey Ingtant, & recerd ol The inpat and
oubput signels of the controlier over the previous B0 RINGASHS Gf operaLlch.
Vhon 1 Ssuccess® sigal wos profuced Sy Ehé pRocass. the quantiiy degeribsd
WEer (e} would he modl fied in those Linkages wilch had Lwan active
teawdiately poevicusly, and slmiltansously the quantloy deseritad under (o)
would e modlfies in chose linkages shilch mccording to the rooord had bean
aetive 30 aine, previously and similariy for the guantltles descrized
undlar [&).

The "decizlon® of @ Linkage whether or pof Lo give &n cutpul &t oy
ingtant vnes ice fnpul (% actlveted must depend cm a fumctlsm of Ehe three
miznllties Listed uwnder (2), (%) and {e). Toe funcelon must be such thet
the LInkags would Bescs asclve In the case where ont of e thres quantl-
tice {adleatad thel activity In the Linkage was usumlly followed by 20od
regults in 0, 30 oF &0 ninutes; and e other teo of the fuantlbies neda oo
sUmlflcant indicetion, on the other hand the functTien B0t alao b such
that the linkags svuld aet Meccme actlve Lf one of e guantitles (asicared
EliRT actiViey 'n the linkags was conalstently followed by lack af aucocss
arfter some nterval., Mig LSTeT requirement winld 5old, even when Che gRber
ezored mamtitles Indlested that good Cesults were wsuslly obtained after
otner Llos Ilntervals.

1t wag Decauss of the need 5o retaln sevesal quanCities Lo ach ALGrage
iscation that the number of Biafy diits €2 repTesani & storage losatlon In
dlgltal forn was Taken TO Ve 4R many A3 Len [(ace Fabbe f. TT only one
ssntlTy wag stored three of four bimary dlgits weuld be sufficlenl.

It [& clear from the forepolng that & logleal-type beaming machine
saizable [or procecs comnrol 12 1lkely T o¢ of formidable CampleXlty.
There 13, howsver, no Toeson for restrlebing learmminf sachines to The
lopieal wyps of operantloi. [n faE%, 1T will be stown AT machines whlah
deal With gusntltativs Infermation (by meand SDIET than cowvaTilng Lt to
ninary form) @111 prubBSly prove meTe suitalle for epplicaticn 1o process
CONEral.

Lngleai-type zashinos have Daen discussed 0% Lepgth for Lhirse reason,
Thpen are A} Deowase puch of the previoue flscusalon ¢f Leaming ndchines
by atner weicers has basn cevoled To machinas of thia Sort ond (B) CACHLED
1L 15 not inpossible a7 loplewi-Lype achines mey find practical appll-
FAELERE avan Thwrgn they nre apparently lnss sultable 0T chenleal pTocoss
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ool and [¢) because quentitacive learming nechines can be ragardad as &
drvelopnenl Irom the logicel type. The following scccion wWill be concermed
wigk o). It Wwill ha shown oW An RLEEnpE T0 Dedudd The oompLoXliy lnwolved
1 wiilding a practical legleal-type machine can lead Co s achens lof &
manblEative leaining aashine,

. EXTFNEICH TO QUantITATIVE CPERATION

TWp typed of ¢lisolficinlon gyston have hesn mentioned, namely the type
shoke In fig. s In shileh s El¥en pattern of edtiviey Im the insut chapnole
cap asivare 2 rumker of wilts, and the type used In Figh o, 1o wWhilch each
WAL orTESpONAS UWnlquely to & partlsular patiemn of acLiviIny. & pasallie
wiy of achleving donc simpliflcation would be ©o ondt some of i higher
order Wit In A classiClcation aystem of the type of fus 2. Buppose this
Ls carcied to the limit whaere Lhare 12 no elass) fTeatlon &t all but only
dlrect cconectlons S the LADUL channels, (That 1& o gay, 211 the wunits 1n
Sig. 2 except those In the lowest row have e ¢lindnated).

fuppose further that the Ingut cFaznals are comected thivus linksgea to the
catput chammels In The Wiy At 1ha mits are connactad in .f:l.ﬂ- 7. In s T Out=
puts of the 4] fferent Llnkages which affect & parcicular oulpat channel are
conbined Inoan "or® feshicn. In e almpllfled leemning machine which Ie now
propoeed 1t 18 abvigue that 1 the cutputa of the linkeges were eombined In
an TeIT Ischioi the machimg would nok ta able o make full wse of 1ta input
information, sSInce, 83 apoo 43 The SUTHUT chanmel wag activaced by actlviiy
in one input ehannel, it would becoma Independent of 411 the other ingut
coannelz. 10 the outputs of e linkagee are sumated Instead of belng cooe
Birgd In am "or® Dmskion, the mochlng can make Detier use of 112 Impat in=
formatich. For a machine ueing summailen, che quantliy or guantitles SLoTed
in the linxeges would deteming the mamiwade of the centribuilcn of Lhne
1nkage Lo the swmatlicn. Thus the linkazes would hawve & dlfferent funelica
from that consldered previcusly, which was ¢ determing from the etcred
gaantitles whether oF not eetlvwliy shculd te Lransnlitad &t all. Far e
racnine uzing samation, an abvicus extensisn 18 o b the Inpuls B0 e
unlta be quanCiTative Inacead af ¥ea-no sigals, and 1o have the guopst
signals of the unlte proportional to the Inpuis. The mtlo DeGWodl e QuT-
put and Input slgnals of 4 linkege wWould be 4 Dmetlon of Lhe quantltled
atored 1n Lha Linkags, which are modl fled Dy the leaming procasa, The
£ontTOLling aceien of 3 leamning machine, A& now propoded, Woold B9 TeLTe-
dented by o sob of oguatlona of the form

d = La+ ¥+ N =

wWherse & 46 =0 outpat =lgoal, and o, b, and ¢ ere tWred Input smals ol Ko
2entrolles, ag shown 1o fafs 5o L, N and A depend con the gantitles stored in
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e appropoiote linkages of the leerning machine. In practlos 3 “Conatant
ten® § wonld also be lnsluded. & would alos be modificd By the learning
process. Tpatlon (0) bacomas

d=F+la v+ 46 +le {6
Equation (2), of ccurse, simply expresses d 25 & 1inenr fumclion ef a, b,
aed ¢« The 2in of the laarnine process Iz ©o adjust the values of f,L.4,
and ¥ 56 83 To make thils linéar funciion approximate 25 clesely &5 possible
10 the optimm contool function for e prucess,

5.1 Be pse of correletion

The WY In Which e pareseters XL ¥ and & oould be modificd s by
naking REperlranial varlations in Chelr vilues whlla Dw progess 18 running
and eorrelating thess wvarlations with the weriatipos in the degree of goal-
Lchievement of "hedony® represenced by b In fip, 1. If there le a alendfi-
cant posltive colTelatlon Detwesn the Yarlations of cne of Che DATIEECETS,
eay ¥, and Lhe wvarfatlons in A, Lha laaming wachine musth naks a0 10gredss
In txe value gf M. Converzely, LI simificant negatlve corralatlon 1s
whearved, The nachlne wmust meduce the value of A,

5.2 Correlatian as an extensian of the conditaonal fprobability principle

Thiz process of felf-adjuswent by corTelatlon wWill be diecussed 1n
more detall In Che ob2T Dwo Secfléns, 1t 18 [nTamosting co mpte that the
coputations carrled out by She linkages Lo fig. 7 ere gsssatislly cerrels-
tigns. The "transfer Maneclon®™ of esch linkage {correspending Lo /f above)
can fake the velue O of 1 In frg. 7. Comtlng 1n ihe wits 13 allowed.
aly wWhen 2 Pgucoees? gimel le present, This means fhal the )chuComous
scranafer fonctico® is multiplied by the *success? indicatlon, wolch is 8
dienoloroug hedany s1mel, and A Line=welghted aversge of tho product 1s
epamares Inothe linkage, Toe ciwe-wolghted average of fhe powduet 1s
cagontlally 2 cgrrelatlon Delween TranEfer Dumctign aod hedany. Oorictly
apeaking, whe gaastity computed 15 not the normallsed correlecion egalfl=
clent delined by

E i 5
P S———— m
1. 2
alnge in Lals darinitlan the guantitles J ase ¥ oest conalat of fluctuatlone
phout mean “olucs, Ine quantities "hedony® angd “tragefer functlon®, which
rAF e repressnced In thelr alchotoncis Torm by f and &, 49 2ot necesserly
cenelst of flustusclons shout means.
Hosever, the guentlly computeéd L3 of the loTm

r = 5 AL e {5
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Aere Bigh le a vime-welehtine functicn, Equation f essenitlally repressnss
3 cerielasion (sce LicHllder, ref. !5 for a diseussion af nmalns correka—
tlen functleas), Hered [he ues of correlaticn In & guastizetive learming
mechine [& a dlrece exteglon of the princlples devised Sor log: cxl=Lypr
laaming machings.

8. THIRD AFPROACE T0 THE DEEICN UF TRARMING FMACKINES. EVGLTTIONARY
CPERATICN

oy atteppt to apbly lzamine prinelples {0 Industry chould certafinly
atilise che large apount of scatistlosl checry which haz been dlocussed by
3ox under the headlng of Evolutionsry operaclon Jref. 02). The theory La
descrioed In Areiter detall 1n Chepter 11 of the book ediled by Duvies
fref. p7f ond in oiner publicerions by Bex and his colleamies. (refs. 16,
i%, b, 1 &nd ochera),

Boi shd hls co=imriere are cohdemmed WICh Re determlnatice of ohblmum
condizlons for a process Wlere Lhe Yariables are quantitles such aa
TERperatire, [iedwmlite, Llme of resctlon, proportlons of egpatltusnce
and 2 on. Figuees § 3nd 5 ahew be0 WaPs I Wllek e ¥iels for "hadony"}
of 2 precess ey %6 ;loGted 43 a fumcilon of these vAriacles.

Booe ¢f gl deseride expirical procedures wolch can be used (withant

Fiz. 8. ¥leld Surfecy
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wplaring all ;ossible conbinstions of veluse of the varinktles} tg aTrive At
those Talues wilch Tring tar yleld o )ie maxinis.

Tnera sarme Lo be 20 Pedson Why The eane principles shmild oot Se
gppiled to the optimizatlon of w comtrel Mnctich. &y control funetion
eyt TERTEEENTEd Lo Ary desired focuracy by a mey of polimoaminl equatisns
WiED 3 sufflelent mober of tetms. Trere would Be one suoh equation for
coch ennnnal through wiilch the contralier was able o wifect the prELCED,
e polyromisl sssacions woeild be of Ché sime form an Squatfen &, Wim the
addivlon of Blgher order Corme: -

‘ d=KFtla+gb e 0 fo% BT 4 Gl + Sab + The * Tea

+ Vab # Mabe +...... ]
where s optInizatisn procedure iz sppiled to [ind the Best valuos of
Bl e,

For sinplicEly, only The Firat order Leshs weild be considered in a
flrat approxination, &nd Digher srder emse wHIld be [niroduced of che
Tirst spproximation proved Inadeqoate. So long ez ouly the firag arder
Ierms ame eInslicial, Fuscnion o 18 identlee] with Bquatien & &ns Che
pracodure fer optirlestion whilch cun be derived fron BeX's Cheory fz2
padentially that discussed in e previous cocclan.

Tre appilsation of Fox's theory ohould meke 1t poselble to declde &

LT at all, the variaciops in the purenetacs §,0, ¥ ote. abobld be ralated

te anw snother, Ca¢ thing wilch 1& eorzalin La thet the different parancters
stould vaTY &U The msme C1me, TRIMT than reneinlap conttant while cne at

a EIMe Is varled, Thé f¢allssclon that feetorc sheould vary slrultansousiy
1z funderental te the work of Ja¥ and i& discussed by Flster fref, 28,

ox mrTives ot [rocedires fof condacting & sat or aYDerindnte 1n the
nebehbocriesd ef & particalar zet ol operallng cendislons, and foo dater=
MInIRE there(ron the way In which (he cenditloné should be alterod sp az
Lo aparoach The optlrem, In fig. 5 o particular set of sperabing condlclons
WOULE Do Pepredented by o poinc P oin the plane of the dingran. Euppose
TEGLs are meade 2F each of twa levals of aach of e twe varisbles. Then
Teats could be made nder fGuT 41IfcTENG s8TS of operzting condltims,
which wouli be remrécented th the [igure by the fotners of 4 Peetangle
dran rowsd of near P Mgwever, In erder te deterniue bhe direcclons In
whleh Lhe opetaiing conditione chould be modl fled 1n oTder co appeaash the
UpEITUE, 1t 1A ey STrICCly Decessary to poRform expitlmonis ab thres of
Hieae rolnte, Findlarly. for three varlables whlch are each Tazted st two
Levels, 1T fo only naceseary to conduct Mwe cutl of the alzic sacelble
experinmsa. (See ref. 7 p.&07),

A learning rachlhe seeding Lo optimize Lts contpol funcCion OF Aejusl-
At of A nusber of varlables night edventegeously be nade to relate the
expaTimantol fuclWwakions In Cw variabies, If e varigbles were three 10
mmber 1t would B onadc to Lest flve ouk of the elgnt peastie combinationa

{Dap0g) 450

o



&
b 1
= L ¥
- .
b 5
[
b
1 :
Time of ;
Redction — — =

Flg. ¥, Tluld Cenmepare

of slene of the fivctations. This aystem would probebly produce o more
rapld apprtoech ©2 the opiimum than conpletely mudor fluctuatlons would.
Tis 1= a polnt whieh requlres furthcr Investigatlon Rawever. It 1%
poseible that a plammed pattern of fucteetlons 15 only sdvantagems wWhian
Lhg errera of the ledivicusl observatlons of *hadony” are low; Lhls IS
wunlipwly Lo be troe In practical eppllcations of leaming machines to
process conirol. Nevertheless 1T la cleer that the statlstical theary due
=6 Box provider the basls for planning the e¥perlnantal gstrasesy of an
Industrinl learming machine.

8.1 5o other possibilitios,

A Learning machine for procsess contirpl aould be made to cperdto By
peatid other than By optinising control functlens of the fom of EQation f.
Gther fome of smpirical approximation coold be used. IT L6 alsgo pomeille
o deviee learning procedures In whleh the slm 13 o represent the process
ax will A% pogsiole by mathematlcol epressicns. From the Rathematlcel
rodel of the prooess 1L 0% sTrelghiforwerd o derlve optimon control
funeticne,
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Ealzan (ref. 230 hes Suflt a léeamning nashine which controla 8 progess b
firet deriving 2 omthenatical nodel. The Type ¢ protess he sonalders I3
gme hatTiRE oee lAput channel aod ooe cobput charnel, Dut sLMdé in 0% &
dmnemic process, the contralier mist take acemzib of slgmal levels over a
sangs af thow. Kalnan reprecents The process t¥ the eqantloa

C_k + -!J,I{."k_: i b).r':!_m =¢ﬁ *“:“i-x LT

ﬂl?“w =8 {ln:

shere thy @, und fl: arc erbiorery Songlinli and the &, Mes Bicn so
arnitTarily w ity The o, represont Ingtantaneous wEived of the sonttcl
effort applied by the controller to Che process, ot times BT, (=21T.....
{4=qiT, wnera T is & [lxed IntoTval of time, e O reprezent the respease
¢f =he process ab Cires BT, fh=t)Ti... fe=nlT.

Wilby and Wesdeosk fref. go) arve tullding a sclf~cpiimbelnz filuer, which
cAn AUJUET 1taeif To aliulete a process. Tus Mlter thersfors lends Losell
e incorporabtlon in & conbialler whieh, 1lwe that of Hainan, makes use ol a
mathematticel model of the process. The cFpe of contraller progoded here does
Aor IRsOTOSEATE & mathepatical medel of Che prucess. The model IS an Inter-
reeiflate ubes DOTWOCER the cbservations which the machine makes of the pro-
cexd prd e conteol functlon 10 applles In @enerzl, 1% §s i the
lazerests of slxpllcl iy to ellzinale This Incemediott stop. There 22 oo
blg odvantegs In Deving the mathematleal model, howsver, slnce the Leaming
{mvglved In fomlug Ene medel §3 2811l useful even IT the goal of The lesm=
16E machine lg charmed. 1n mome applicetions of Leaming machines, Cherefone,

rRchines [ncorpototing 4 machenatical model of the proceds will Be praferTed.

7. FURTHER TRICESE WITH CORRELATICN

7.1 Amplabede of the Fflvetuztions

2% alreddy Jscerived, the values of e pUBRCTETE S0 Y w00 L%
adluated in velue by making mall floctoatkens In LhelT values, and corre-
12Cing thase with varletions In the *lkdeay® o degreg of goal-gchlevement,
h. The otVicus way of deciding the magnitude of the Oushiatlons 1s 0
Start with very senll ches ond @wn o Incredass Whelr ragnloide until e
value, gitained for the correlstlon 1% statlstically shmmilicant.

11 the paTomessr L& already at A walue which gives a meximm ef h, thers
uwHy e np alendficeat sorrelatlen oven when Lhe Fluctuntions are large, 1€
iz deslrsple that kke mechine doos nof cenbifme Ethese large Fluctustlons
indefinltely, slnce they muat affect Che proceds adversely.

Thess lasge flustuotiong cenl be avolded by compullng twd dlsRInc:
correlatluns for each petesescr. These ore {2) the corrajailon of the partes
merer iTesll Witk Madony, ke alpemdy mentlonsd, end ¢b] the enrrelailon of

{Rdnna) EEL
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the sofpény of SR8 flucramtions of the perdpeter with cwdony. The mamlbude
of ™ Muctuniions should IneTeasge witll (a) Decemer stacietleslly sigai-
figans or Eb-:l Boeomes 319‘!1 Floant with nesgatlve s1mm,

T.& Selferearparcratoon

here sre further correlations wildh way peolITédly Oe computed In che
rachine, Sinee the COTTelation Tetwesn i (RTAmoLer and the hedony aspars
45 3 cunTincods of "tuoning® velue, 1t 15 pOE2IDie Lo Scnpute a correlatlon
betwran this cortelation oad cov other velieble. We hmd in Fouation p-

d=4+la b4 ke
Lat rp, Do the rumslne value of the ¢arteletlen betwewn 7 oand A when L
fluctiates, Tap If & slgniflcent corrslation =xists beteaon r, and g, the
candlualon can be drawn By Lhe machide mnat the equatlon for d eoid pro=
Fizably Include a tem in of, Fimilarly, 1f there Ls & 31gnificant correle=
wlen batwvdn rra and b, the equatiom eculd profltably Inclwle a cemm LR ab,
and a0 of.

With the addition of these Terme, the egquatich Beones

d T8+ latiht e+ BT b (11}
1€ now Lhere 15 a signlflcant eorcelation Betwoen rog mnd ¢, for instance,
the machine may 443 4 Cerm In ofc, And 8o on.

& L¢ATHIAZ nachlie mey therafore inesTporate gali=reorFpanisation. [T
incorporabtes a Clxed mmber of mics, and mey decide by the above procedurs
Mo Chase should D2 aliocated to the computation of higher-peder terme, It
15 slep poscible £o ceviss criteria which the machlpe may apoiy In o0aeT oo
declce whethar an already=allecated @t L8 sePving & wselul purpose. 11 (G
1% nok, Lt con S0 ro-allecated. (fre possible criterion ko decide whether a
wnit 1o DEctloning wsalully s to examine whether e [flectgations in its
pareweter, subjeol to the conditlons dfseissed carller, Decome large encugh
L3 inwvolwe chanees in s of the paesmser I Lhe courae of e flustus=
Cions. LT they &0, the urit 13 serving no useful parpose).

Tot gevelopment of the eircultey neesded o gllosste wilts Co different
Jobs prezents Interesting problema. Clroulbs Invelving relays and unlzelec-
tare can B¢ used In mueh the aame wEy ES Chay aré used by telephone
¢ORlnedTs in allccating celephene channels %o aubscribers. & wype of stasic
elreult which may b2 suicable has vecently Dt dedgollbed by Dhapmarn sl
Freet frer, 25} @9 o possibie scuel for nepremal coemectloms I che epinal
eora.

7.4 Compasife poals

In gonerel, & [rocess sust De contTolied a5 A8 [0 ashieve & composlte
goal, ar fn oUher worde to WOTE EOwards & rumber of goals whilehn nust De
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palanned sgalnst ong anosiwr I IMpOTTAnce, HAhY Qe and aninel ectivi-
tipg sindlarly involve multiple ankls; for example A men ¢TIFIOT 2 car rem
A to ¥ res the goal of avsloing an wocldent, T &l&c bhe The gsal of
getbing from A o o BE quithly oo poeslble, The Twp poals eonfllot KO Some
axcent and the driverie conduct 13 determined by ume SOTT of ezcimuke af
welr relative [aportancd.

In an indusrrial sppiice=ior, cha maln goels will wsually De {al w
mavlelse the muanclty of e proguct, (B} Co keep Ehé quallity Within

wgpael fimktlon mnd () o Mininise wear end tear of toe ¢yulznant, Tt will
no® weuslly Le ¢1fficuls o devigs a Cometion 8f these goals whieh Fay
Approprlately he paken s3 wad wedony®, slnce all fnduatry has ene xaln
aim whicn 14 the paximlzation of proflits,

[ thiz paper 10 hos hitherts been apsawdd Thal the LEamming maching hes
ro indteation of e degres of foal=achlevancnt ¢XCeDt i indication af
v valug of Tcdsnyt. It has Teen acsuméd that the leaTIng Drocesd depends
entizaly on correlatlons Witk Chis (unetlen. However, 11 @ account 23 Tk
of che 41 frarent coppedents of the neddny, infornanicn whlen WiElld appenr
ta be slgnificant 13 balng Laored, It seemd clear that The learring prosess
would anpouaca The apolwm Munctica xere rapldly L che maching was Kapt
intored, not only of L8 degree of geai-zehlevent, bukb alse of WA Dreclse
way Im Whigh 1T WEa Called to achieve Lhe godl.

11 brevefore apmears theb the mechine shoult saet LSe of correloilens
with Tha quanblCies wilch contribute o the hedtny [UnsClons il the WPLTOT
nes 10T FOL ACPIved nt & dchme for dolng this. Tals 18 cne of the meny
aEpants or She develoament of 1earming rachines whleh dequise DUrther
considerntlon.

. LEARMING BF WATIHING

& 1eaTniRG dAteing spplled t 4f indodtrial procoss could not be couplec
te the proceas shile In a compietely nolve stale. ir its initiel QOmErol
getions wess entlrely TANdOm Che cOTMeqeenees [or the process night e
dl=asTrous. I many cases 1% wgild ba poRslble ©o preesel e catLrnller S0
Phat LT eonTrols e SroGeas ln a safe snd reaserable fzehlon before any
Leaming eeeums. Teen the learnlne proseas can oparale o STLAR iTe genTrol
funation neaser T e cptlnum.

AE 37 AlUHFEALIYE Lo pRe=SLEINg the SSMTTeiler mnually, U mlgat be
preferstle in Rond cases Co couplé the leaming paching to Che pROCRAS
witlo [h8 process 19 wnder menial entrels I tnis wey the michine could,
in e2face, lesrn by wetchims the mmun opefatar, AfCar @ surfialent period
af lonining Ty wetching the mechine sould 2 put Ln control.

2 leaming nachine By be nede to 12arm by wasehing In elther of
ways, TC msy simply Leern 0 Imltate the control pekley af the numas
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gpReuLgr. In this case the machine takee np 2ccoant of the desroe of zoal-
achlevement ¢f e procese durinf che parled of satclilng the otlwr
possibility 15 that Che sachine obaelvea the varfailons which ocmir 1o The
operatorss polley of eontmol, and orles ©a correlate Chom with the varla-
tlads 17 degroe of goal-achievonint. Then, wien the rachine I= mt In
control 155 polley of control can bDe more conalsienshy favourable thoan weg
Lhe policy of e gperatge,

Bele Jmrfedive lcarnimg

The alnsler forn of learnin: by watchlng <em De achieves by & screlght=
forsard soaptatlon of CRLSCIng #latlslisal Eheor¥. A Lineer approrisacion
fof tha Iofm of 3. #) Lo the sonbrgl paliey wesd by eh operater in con=
trodling o a8 & fumeclon 97 a,b and ¢ 15 glven by the equetion glven In
stabistleal coXts for tne regresslon of d enoa, & and 2, {Rea Tor EXanple,
Weatherour, ref. 22,

The squetion 1si-—

d ] ] (oo

Py By By B |

| rg : o W || =8 e
Yan Fab X Teb l
Fie P Fhe i

LA Ty [x the =isndard dowiallon of &, and i 13 the correlation coelrfl-
aient of § and j, 4

dirce, o eantrol & dymanlv phocessa, Che meosured varlatles fz, b.e In
Eq. 12) =ua% Include paat a5 well Az present valuex, Lhe crder of deear—
nirant reqpires In che megrassion 4szatlion Will aendtally Mo dnden nldnily
Tlek, Tt ls uRllkely tnat g lcamning mechine would Incorporate the meens of
CXpanaing the deteminant; et 1t would certalnly incarpomate the manns af
comjuitlng the coreslatlon coafficlents and standand deviatlons. The cenver=
ainh of tha datemininial ¢quation imts che fomm of Eq. & wonld be done onco
and fer all wien the leaming machine wos coanged CTom LEArOIng DY Wetohing
Lo gopiralling. Tho conpuballon [nvolved In the conversion woula probably
4 earrles oul manually or =y a disital computer.

B2 learatny by selching sneh repard Lo fosi-achicwesend

Fr e apre advancsd foTH of 14AMMION DY WATSAINE 1T 13 necessary that
tha mearsfeion dquatlion bo continucusly compubed ard expemded inbe the form
af Egn.#. Then che rluctwallens of the coelrislents 1o the resulting
emrbinmEly=-varying amaricn wold he correlated with he fluetuetlons in
graul-achléveman s, Thé near Values of Thooe eoafficlentd would also be
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egnpuTed, The valuee of coefflclents whnich would be trled by the mechine
wibtin LT wi% DUT [A control would be these megn values blus ueal fications.
The ={gns of Lhe mod] flcEtans would Dé détetnifed DY The eonjlabed Vilues
of serrelatign Deteecn the goal=achlevemant and the fluctuations of the
coelflzienes durtng the perded of leaming by watzhing.

. SRME PHACTICAL DIFFICULTIES

Ceneral prinsiples heve been dlscursed for leaming machines for lnduse-
trial applleatlond, and 1t 1o Doped That Hwie #1110 Lead o proctleonl
{fome. Reader. wha FRve Mllowsd Lhe dilscusalon this far wWill have Peal 15ed,
or 2T least suspected, that many practlcsl diffimulcles have Leen onitoed
from the dlsfuasion. one of chese 15 ohe dlfficuiny of devialng sultable
funations w0 B¢ Caken af *running walugs® of ¢grrelation ete,

Fauation 2 glved A SULCEDLE Duietlon To POpAe34nt & Tunnlng vilue of
condicieonal probacllity. Thare 182 the dl [Tlcultly here, hoWever, Lhel The
timd-constans of the averzging process (contrglled by the value of r In
Equatlon #) muat be arbicrarlly chosen. The use of Jlfferent wiluee of v
wlll affect tha *Lempersrmnt® of the machine,

The 4ALfficolty le graater when 3 more ogaplicated faneticn must bm
computed By B muhnlng value, IR gend ¢escs it WILL e accersary To utiliss
rnalse walues of sertalm warlables In order to congite the value of
prother veriable. In [:ls cide a Humber of different tine-consisnts arse in=-
volved, snd thelr ratlos mwsl De suilably choas.

In eomputing & ruoning wvalue of eorrelation eowlffcianl, tThe quantltles
whlch aie multlplled mist be fluctustlons abeut mean values, wnd Chen The
produnt 18 smopihed wWith a certeln tine=-ccnastant. The mean welues are
themgelves mmnalng valuas ootalned By smoothing the orlginal simals with
& Certaln Ciwe-constant. In wdint Res been written here 1T has been casumed
trougiout thet the correlstion ¢o¢Ificlents are normsileed a0 w3 Go Lle
betaan =1 &nd 41, Tha need for nurnallistlon ecaplicates the lzmie =LI11
Turcer.

In (mst, the conputation of tunnlhg values §2 two Involved & sibject 10
T disoussed fyliy here, It w11l fom the subject of & separats pubiiceties.

1 CONCIESIONS
T wWCLLEr fopEa to apply the principles of learming by correlation to
an induesrisl applisation, The weneral principles have besn dlsacsmed Lere

but there &re many aapocts wnleh Tegulre furcher comslderatizn, There are
slee many mveniues of speculation s&lch have Deen lalt unexplorcd.
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Althpugh referemoe has besn nade to several omher wWworkers, the present
paper hes not raviewed anything Like 21l of the Liceratute on leaming
machines. The emphasis has besn on AUENTLCATIVe Futher then logles)-iype
machines Doecpunn 1T ApRLrs THAL THe quantitatlve type will find appilce-
tlon rore Ceadily. However, 1T 1x very lLlkely that legleal-e¥pe mackinea
WLl alac Fing appllcations, Arcng the logieal-type learnlng nechines whlzh
have not Dedn disuSSed AT BhE CORDUTEN PrOGIRNTES CERONsiTALed by
oeetinger fref. 5% and the sedel of anlml leaming descrited by Deutsch
fref, @), Another type of computer programne WLt leaTning properiles has
Tecently been deseribed by Friedserg. fref, =),

Althoogh Llttle has Deen zald aboul tuman and animal learning: It ls
Tolt that the principles ciscusesd here are hIgLy slguilicant for puyehe=
lopdste. Thelr sigmd fleance doss not arise fron eny suggesticn that the
ieaming mochines are models for animal iesrming unless Io an excremely
geneTel Way. The usefulness of the prement discussior te pevelslogy 14
1lkely To be In siggesting hypothesas znd experifpsncs Tathor Thin
explenatione.

I am indebted o ‘the Dlrector of che Wutlonnl Fhysical Laboratery for
pernlaslon ©o publlan chig piper, €0 Dr. Uttley ard ©o BY O0Thel eclleapues
Tor valusile discussions relaLing £o the mubiect maCter. The respensibllity
for the opinlens axprested, [6, however, entlrely my own,
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AFPPENDIX TO THE PAPER BY DR, A. M. ANDREW®

e of the maln ob)ects of the paper Is to poirt cut the need for zone
fomm of interpolation in any leaming machine applied o process control,
Two foTes of inerpoletion ane dlsoussed) e ubder the heading
*interpolatien® In sectlon 4.3, and one in terme of polimomial fENCLlesin
In parc & Hlchout some form of [ncerpolaclon the LeaTning mneehine cannot
gaploll The SHITINOLILY OF [Cs envlociment.

The princlples Alscursed 'n the 1alter part of the poper Lead ko a
mmber 9f Interoqting posolblllcl oo not mentioned In the papsr. One of
Lhess 1o the poaslblilty of making mechloes whickh =111 fleam i leams,
‘Tha daglpm of a learning machine Involves the cholea of values for a mmber
of parameters, Including time-consmants of amdothlng for the rupping velucs
of stat{stical guaniliies, &nd thresiold jevals at which these quantities
produce a chonge In the ecitml polley oI the machine. & person desiming
e machine would need o cwoke thedse values Cather warbl crarlily, since
thers 12 no simple way of detemining the valuse whlch will prodacs maet
rapld leamning, In fact, the destgn of a learming machine L preclsely the
#ind of intractible mathematiceal provlem wnlch 1% 16 Doped W Dy-pasa hy
the wes «f leamning rachlies. Evenfially, therefors, 1t 1z 11Rely that
machines will be devisad in which the learning procdss 1Tself will be
miblect to adaptive modl fleations.

Mo of the refermeces regulre further comment. Tn referring oo Wilky
and Weodooci fref, 2u), the welter shoild have Teallsed that these workers
are wmder the direction of Frofessor Cabor, and arve puteing 1o prackleal
forn the 3¢l [-sboinising filwer propoded oy Prof. Savor (ref. ).

A much abbrevigted form of the puper by Chapnen and Fresd (ref.22) has
nowWw been putlished {ref. 2zl
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DISCUSE1I0ON ON THE PAPER BY DR. A. M. ANDREW

MR L. FIRACHEY: T fInd Rwself 1o gdme difflculty st the prospest of havinn
ty erm Ined Clve Rinutes all the coemsnis T welh B0 mako on Dr. Andrewt s
paper. Firat of all, T think 1C 1& falT o 0dy Chat wWheFe &re Dwe or
perhaps chres typee of leaming prograrme (or machine) whiich can e
myisaged. There 12 the sort of sel f-organising L¥ype, 2uch as the Par—
ceptron, which you hope 1= ulnimately going to organfae Itself Into a
saleable conflguracion. Then there 15 the Lype walch mighc be called the
"thinking' machine, which 1s sophilatieated =5 Btart with and has some of
Its concepia already bullt i, as with the geomecriecal Frovlea=gclying
aschiine. T find bath thase very Intercating lndeed, But nalther &f thee
L othe mopent show slens of having any practical applleaclon, There Ia A
third type of leamming mechine, which I8 really not So much a learing
suchilne az mn optlmm sesking nachine, whieh i3 speciallsed, In that you
declde beforehznd wWhat 2070 of ChIDg You want 1t to learm in consigerable
detall. Hachines af tila aort have probably loos ¢lels to be called
learning sachines, but more elaln to be called uaeful. TheF have beoen
slrulaved oo Algital mechines for & nuster of yosrs, ane 4¥c generally
regarded ns bélng uninterasting from the polRt of wlew of prograsoine,

1 think r. ASdrew Les cmfuged hie lssue conalderatly Dy trylng te
apply to a practlical probles & machine of the self-greanising peresptoon:
Eype. T do not think this 1s an approprlace hing o 90. The firsy oug=
thirds of the paper pefers o logleal type oconditlonal probehilicy eon—
puters, and FInally comes o the conclusion, with swhleh I skall agree,
€40 Chey Are not much god for the type of thing ke 12 proposing fow
thew; the tables of the size of storege requlied In any praetleal provlem
COPLAInly naked LT Airfleult t0 Imaglne cometroetlng & machine of wthils
=art.

[ hawve some fuPer evidence which 1 aheuld 118s to put before you to
relnforge this polnt of view; 1t 18 not conceTned Wwith e anount of
muipment bt with the way In which 1t fopctions. The last thied of the
[ATer 18 concerned wWith m totally ciffersnt prosesal, which I think might
Pfobably skend more chance of success, Bt it scenod ©2 ne Lhers la
nothing in thls parc of che paptr which 13 other Lmn purely speculative.
It foera To M & greal pliy thai, when you are c2lKing cbout leaming
machlnes, yoa should start o gedsribe them es cpplled to ompllcated
physlcal preDlems s0ch a5 smtrolling a chemleal works before You have
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Hhde Zong practical Ineeseimatlon, or simuleled inwestizetion, of aleital
corguters whlch Fou con moic S0 very «asily (or chese syanens, 1 thins |n
any peactieal ecatrfol problen you have £ make use of ail Eig zneciallscd
Infortecion you can gek held of, Woush I'm afrald T hava nak Blme oo
expend that at the moment.

I Just want mu say that, afgor recdlng LEds paper, [ wWas atfmulated —
porneps 1 shoald &ay pricked — Ints writing 3 progreme for 3 2lgltal
miching «@hlieh sleularzs wn s s1ighcly laraer scale, the machine described
b Plmire 7, Tls 15 snosed ©o be 2 jeaming maching ef the HUES Cipe
15 ine condlLlonsl probabllity coupuber, The machine I sasleaged has we
deeinel dlple Inpute anc twoe geeinal CIELC CuRputE: ¥OU 2an set Lo o add,
FUBLIREL OF RULEIPLY cr Co give the Ledst signiflemt diglt af ithe s op
LMy product. Wiet yen ask it to do depends ga tRe Indicatien of suscess
which 13 glven ¥ & separate pure of ohe foutine, w@oleh 1 eallad Lha
Teachut, THe way LU weusond was zueh that 17tk gac 3 Dad an=wer the
probabllicy ¢f That one wag depresasd, and 17 It ZoC w right answer 1t
WOt on giling 1T right. Hew Lhe resiekable cthing about thils particalae
Pouline 1z thet it behaves conslderacly worse than you would eXpecT; it
hehaves WHTME LNAN 3G FEAdoL AT [1rst it was ey leokine for tud least
SLEilMcant dlelt On the sum, md before 1L goL ALl the mnswers correct
LT Ware 843 wrong gnes. On bhie averaps it heg brled sty and & hulf
Cines Too sson Pageisslul mnewsr, which [s worss thos AF you waAnt ETpaight
thrvagh, says Irem 1 L2 8, This 13 mot unrasscnable beonusa ovisualy
RORETINCS You bry DM sane wrong PURbers by chance saveral times

ER Ta By SFEINER Ik 4715 soper Dr. Andpew Bas beadicated shet 1.

Zeencd Qulla hopeless to vae the fcca ol lozlzal ceslan or @izical
technlques 1n hle mechlng Lecauss of tha iarge number of boxes that would
bz Mecpulre? to hondle geed efe of his functione. Tae aliuatlon @ighty
Bowswer, Be L1ti¢ mere cpfimistic than this, 14 thze cne BRIt take
RAVBATAEE Of 4 anl f=or amizing type of devlae, such A% The puresptron, in
IAE SAls Job, Here the self=orpanivscion RLght conslat, MO 0 TeINlGr=
=ing Whe values ol bie asepaletion colls, bub parhasg adjusiing Lhe
ERTESiAld. ACJUSIEGRL Bl U TArCuboids feans oo be s redagnabls thlng o
g6 when ane 1S SEyIng 1o effect a lopleal network. 'ha réasan far Lhle ie
Lrcl oane ndy conaldar o tiresheld devics: wilh many Blnery Inowtg s a
IReTAIL el 10MCak networi, Fob eamnple, 3 threshuld devics with 1wo
Injrabs Rhat cen nave Ihe waluw of @ 5P & oand hes # throshold of 1 1% am
Fither-ur evice, end an co. S tial 1f gne has O Inpues 1RG0 such & ualt
Gl ehier aro B ulfferonr tiresholds that esy B psed. This allows the
Suvler So be ehy dne of the ¥ Alfferent Smetrical logleal fAumetiong.
Tend 13 of efirad & slicky grobles 48 To how cie Lalle sfiether Le shoald
raldc of lewer any paTrietlir EMrestold te effect soas EIVED rEspoass,
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Tale mlght be dene By nutatling the Lhrsshold auring the scmputation of
ife responsey, and fron this nusation deternine which way Lo change the
inreshold In order to Inprove the responsc.

I hope that chese eofupents will stlmulate further thoufit along Chese

Lines,

DR A M. WPDHEW (1D Topiy): T disagree with Hr. Strachey In NiS Agoumpe=
tion that che third tjype of leaming machlne he menilons - tha optimus-
fesking mashine - migt necesonrily be such that the sore of tning 1t Ls te
Learn 1 prederermlacd in conslderable detall, Seetlon 7.2 of the papar ir
izntended to lndicate lww the prinelples of theoo machines can he s¥fended
Lo incorporate self-recrianisction. The use of sub=geals which are ket o
adapelve modificetion, &5 mentloned In Sactlon 4.2, introduces seill
mreher flexipllicy of gperatlon,

I spologlae for not adequately roviewing previous work in sel f—npbimia—
ing systems. A lerge mmount Las Been published, Including 5 review of the
fleld by Azeltine, Mancini znd 3armurc (ref. 1, and decadls of the
Westinchouse OPCOM by Burt and Vas Nice (ref. 20, Tne work of Drapar and
LL {ref. 2.1z parcieularly noteworchy.

It iz dlfficulc to comment on Mr. Strachey' & éxperiment In procraming
Wlthout having [uroher detalls, [n any case, the provles To which he Las
appliea Lhe computer Qg rother different from the process-conirsl Lyps of
applicacion which I nave veen considering,

I agres that computer similation of leaming machines ean be extremely
waluable, One ¢f my collcagues 1s elresdy using a 4izitel computer In chls
Wiy, ad I = sterting to ;repare 2 programne simulating a Lazraing
nching which applles the cootrol funeclon shown as Equarion € ef the
paper. The construction of such ¢ Programe DOCGRES 4 rFathir more compli=
cated matter than Hr. Strachey sugpeses I 1t 12 deslaned o maike 2 worsh-
while conirlbutlon to the derlvation of deslgn princizlas for Learting
michings.

Toe king of legleal network suzgested by Or, Spetnor doec not, o far
B3 [ can see, 4ilow Interpolatlof uny more readily than do other losleal-
Lype devices. WICHGUE this featurs the machine must take a Long tlme Lo
leam o perform any oSk involving continuous verisbles, even 1T Lta
complexity can be kept withln linits of feasiblility,
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