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o' The Jolioswing swomery includes work vwhich hag teen covyloted ar

Z Liovght %o a fairly comolete form. Varlous parta oi ths laliwwivg
) :vs being prepurel cor publication, Sore proposals for futiuta werk
e alse iroluced. \
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SOME APPLICATIONS OF MEURAL NLT THIORY OF LEARNING
A muaber of sroblems involved in learning have been coneidonod
CJram the poirds of view of neurel net theory. In this thaory 2t is
swnzd Shat s e fect of leexrnimg is cnly to increass r exeiia-
cren et sone cveatar, this excitstlion inereasiug in samo sery siwple
e wdta 2 comber of elrfarcesents, In most of tho caowglios 1t will
weorsowr2d that Vil dncresne 4n Mnear, Wo shall gencr:lly lgicre
de eiferhe ERiih aslse dus to the facy that there are o.ochastie
wassbs Lrelved, U shoule e erphesised here st In Lie 2hoshese
o1 rviels of Teamidng it is generally assumed that the wrobabiidit rs
Daner 0son reaudt of larening (Shrough some sampling meclunism peise
~enr ;1A a llsesr namsre  On the other hand, in the mesent melel it
croneenead thal, the learmdng changes sn exslitetion oy whal 18 equivae
s, Ml Snoa chenge in depolarisation of newral reiiranes, Qne
ssivid, ol courss, laclude here & change dn thresholis since ous cane

T ¥0li the Aifivrence betwsen an increased sxoitatica or a decressed
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wreshold, I there is o singlo stimdue involved, thar one simply
Ponoe tareslinid, u clidage in the axeltation and a rendon Slurhuahion
Mromowindeh o detsendne the chaige In probebility of 4o Lcornsc.
i wha other hand if theire are two shimill between viic' » cholee must
b: mode, then the threshold, ivself, dces not enter, tut .riy & changs
Tooarsitetlon entexs, together ith the fluctwations, Thare then
wrealds o diverimioatlon tetween the extcitations coxrespnding to Tvo
~Llailt, oither of which way have bean altered by coscitd-ping.
S0t esin of cuch a simple system 4t then ssems reascnvble to
»Uhah So acsornt for scre of tho classical leaminz duta to Sen
cowess Mroaob the rioded can cecount fer the dsta In & siapin way.
Thoo e soonebion invelved is thal of avoidiign, thon I wlil be
ceren dnah thie condlticvdng taies slane hedwson e toniilioned

LT aus fard Whateve response thoe usconditioued s¥imuiv: firsy inte
abrse Thav oy Jao exanple, 34 tey wicendibicned shirr oo ludtdetes

Jorw ¢ £Aighi veadtion, then it i nocumed that condl!iculng tekas
coun bevesen wha conditiored shimulus snd this flight resciione X
LA Ye azdied U el thiz £flight xoeestion affects prinsilys a center
et fndiintes rovicn movomsnts and, th, cogtiiiiles Lo the
sorden £hastuaiione or perhaps lowsrs thresholds to resperiwes in

wrgle Thus, ir nveidance loarninz there are 1ikely to be “wo prodes-

i1y 3 3 ¢oriltioning to excitement (or perhaps, witlvirswal) and

»ooswdlbioniug to the coamrest wosponse. These procsssas may, in prineipls,
soLaparabad eperdeenerliy. Thus it can be ssen that ¢ poemster ine
sadved, 1n slnplo diserivination enters into the sxprassic:a fox periore

i a7 PY



i, _Jearning under Fartiel Reinlorcement,

v ecnsider ha situwiion in which there is & cholte Gi 50 19+
sronea, tech of which is rewarded with some fixed probabilily, "tc
aivh ﬂ—w being Lhese probaebilities. Using the simplest merdel, acssuming
dinesrity en! nezlecting any possibiiity of extinetion, wo awve far
taz vemn vedne of £ and % aiter w trials, £ e €.,3ET ¢ ed

v & + wT w, whers o 15 the innber of "eorrect! suiposics, v
v o w ? ¥ 5

1403 water of "wrong” rerpmtes amd ¢+ W wr, If we tlno ascums
g B ﬁm_, ond T safficientiy sranboy then T w 30 thel the prous.s
e 4

Yoiity of the covvet recoonse Pp saiisyies Pc » 4, thisn va oo

(1, ¢ T, W) _
P, (0} 21-%e ¢ {1o1)
ds
Low wring the corbinuous wproawmation  ee w Pc’ and W v o« 8y W2
dn
ey dovadr Lo erpression for P, a8 a funotion of n,

T T aT 0T n
2 v hd L) (102>

P ™o

STl T e (R al) b T B

g
Tt P(0) = § end Fy(e@) = 1, aw| ==} = $0(Ti, '»'FZ"‘).
2o 2

Costiner thrie soacial cesess &) 71—(, = 1y T, = 0; b) "'?.", = 0,0,

w

i, =05 254 ) "Q = 75, 7fu w .25, Vo see from (1.2)*lab by plote
ting P, ainingd (T, ~T ) a &1} tree curves ehovld shar’s nat

totether, ciros (a) and (b) thern resuiting ir the sema curves, The
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curez from casae (c) showdd, according to this model, scor give sompw
Jaeh nigher velueis of P,

"

ftendonson pove daca on T-mage ex-erimenta with rats ©oing these
hrea rowad aghedule Seven rete ware used in eash of the thres
groupe anvl olght trials ron each day. These data (adjusted as explained
belou) ere pictted i Fip, ) as Do rareart coarrect turns during eech
oy cgadasth (Tzc - "Tw)n. It can he sesa thal the deliz 22w with the
poucebion that the dnitiel. sloprs snouldd ba tha mawn o Lhe thirea
¢roen, and 3189 thet groups: {2 end (D) give sesemtislly . sace ¢ulTe,.
‘forsmately Standey ren each rab cnly watil the aniwal 71t +3.0
2735, rot nscesscrily corsucutive, without errors, This wicre that the
wutded valves of Py, for about the last half of each grcup, ace in
w0l glnce they do not include the rais thal had presumilly veached
13 )% correct responre, hWe have adjusted his date on tie essrmption
*h i Lhe rates thet were vithdrawm would have contimsed 4o porform writhe
iy arwe Usdne this acjisted datas, it can bo seen frun he figuwre,

ot dha predictlan of higher value: for csse (¢) is aiso oontirwnd.

Jeo Avodtenen learring,

-

Lonowsgl n0% medol, foo evoideonce loaming is eorsidarol, ahds 4z
dsarded to reprvcant ths experimsnts performed by Prady ox. Humesss
{luysholagdeal Fecard 12, 361-365, 1962) 4n which a ret 1: pleved ir a
sat contalning food and stter and left ir complete derime-s for en age
sauled portisde A oms end of the bax eloctrodes are arang:d 30 as to

‘:1\’5"}8311(‘}’& J.G., #0, Ed, D, M’ Harvad u’mi'ty’ 1950° Quohd
1o nan ord Hostallsr, S-cehastic Vodels for Lemming, p. 262,
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rake a recod of contacts. In a control rur, only the record of
cenbacts 158 nade, but in an experimentel run the contects are ree
coited and the -nimel simltancously receives a shock.

Forr the gorteol situsblon, it is assumd that thers is an ex.
citation S(1), due to the tendency o explare & new snv.rtarent,
widsh decrecses Linaarly with time during & period 0% & ¢ i/,
to a constant bzse level, € . Tus responee {(enteriny tha el
and of the bax) cccurs vhen €(t) pins a randar exeitstion, & ,
awaads the threshold, h . Tne miber of responses n, .- o time

% '3 ther given by

o h Eg =E) g _ o kOT ) o ag

2

ne
2kE ¢
(2.1)

e MR E) 18 s s kE@t-1) , t&if.

£ wowwveo

CANRON -

Tn ¥ic, 2.1, taere ir oshown the agresment of ¢is atpraseion
{aning the waluves 5 = (4, kB = 2,73 ard exp [-k(h nc‘fo}J # 1a.9)
nith the date for two control anumels,

Por the cxperinentel situation, It is essumed that <he eficel uf
rreadving sunclss 18 to produce an inhibition, J, at the race
%% = B ~¥]j, where ¥ i the mmber of "wrorg” rupomoa (iev. 8hocks
~unived)s  The net exeitation is then €(t) « J « After Aintrodusing
ey approxisebions and ahlplif.icckim, there results fre the mumber
e ""mxks, W, the exprecsion

v-~-1oa(l+k€5n), t< /6

n%;‘k(hvéo" &) E’""(§]"(%)’ 3 2/ (2,2)
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Since ¥ has teen takea oqual tc 1/% (1/8), this iuvclvas orly one
aédidlonal. rarawnter, k. . Using k ) = 0,39, and ths valuae far
tix ather pavarstivs gilven &loie, ulch wore entirated Ior iiiiforers

tnimals in conteol runs, gives the curve plotted in Flg, Z.-. %hic

trined by Brady snd Msrmasse,
The constant rate of shooks after ¢ = 1/8 given ty (2.2) 1 due
0 cuy of the approximations used., Without this, the si:i:s mocdel
voeld give & response curvs in which the rate decreesed wympiotically
to a8 cowtant valus,
Jn tis nhowe it 48 assumed that conditioning este only to ireduse
i vemtoaey of the animel to po to the wired reglon, Thers could
£2:0 be conditisning whileh res:lete in redueiica of gener:d ectivity,
T1ds coud B3 chizcked by monitourirg the activity more co w7 bely.
is aedification of thr experirents has been suggettec %o Lo, Maorasse,
The ruded ez be mede mare realistic by ncluding rloc the fact that
1here ean be a decay of inhibition siwmly due to forgelting witn the
150000 of tinms, Also axperim:nte in which shooks wre drlivered anly
soireacticr of Wi times thet tre response is made, cmn x iraated by
t «2dzht wodlfsicetion of this model,

Censi’sr next en applictbion‘t-o the data by Solawn mxl Wymne
{Foychelk. Monoge 1953, 67 Hoe i))e In this situstion dogs were shocked
¥ thay 4id not escape over a barrisr withia 10 seconds of a warning
geimius, latencies were recomded, An sscape befwe 10 cseconds is
moferred b0 as an avoidance while escape after 10 scconds is Jefer:ed
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to as a shock trial.

et € denote the excitation level correspanding to the esc.pe
rosponse, In the absenca of tralning lot 1t hsve & valis t‘:o + 2
whare § runresents a randem fluctuetion, As & resull of tiaishe
nent following the presentation of the conditioned stimuwiie & 3
there will be a conditioned excitement vthich will alfer 5, ©o
that 5 wi1l no lorger be, for erample, on the average zerc, but
hnve sore mean valus I plus the orisinal random component £ .
Iat § Lo proportionzl to the muiter of shocks, W, for esample,
o ihah ¥ ® Pw, Wa use this hypothesis rather than post:luting
that the standard deviation of the fluc-uations ineresse, cineo
tiia 18 simpler, In addition, 8 & result of escspe, ui "o ngy
o0 ocow' & sanditioning betwain Sc amsl the escape re3mc-ce,
st this Jatter bs proportionsl to the mumber, 6, of ascazez, hec ,
Since purdshment may lead to tho Ccxvach responss thers oy :lso be
zrcitioning of the stimulus 8, Lollowing errors, but ithe eifect may
not; oe the same i1 magnitude, axd hence we introduse & coofficient
irnisad of b, Henoe we have €:iven by the following exirest ions

Se€ +boe puspw (2.3)

if h' iu tho tareshold for the escape respense . if e ngrin
approxhicio the distribution furction for the randam flw.tuetions By
an sbeolvie value exponential, then the probability of o correct
Tugponse Py will be given as a function of w and ¢ by intograting the
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fluctuations over the proper range, If wo assume that do/dn = P, ,
then the expression for P, can be solved, since n @ W ¢+ ¢, and hence we
wyr obtain ¢ (n), On differentigting thisc result wifa mespest do,
n, we obuain P, as a function of n ¢ (ﬁ = Qo-f}

%)

P, = mesmeprem omemgpeeane 3 B & 3
© 280 (BoB)ePRa)

- {2.b)
P = £

¢ 2b e"-h. -(b "a) v ba > (F-'B)(a;s n - x;%‘)--1)

:«enfeuiaxﬂnim related iy n = ¢ + w,

(f-9 c*-éni-ﬂo (2.5)

In Figure 2,3, data of Solomon and Wynne are used to illustrate the
fi07e nodel, Tt can be seen that vwhether b is sero o not resulis in |
o1l & 8light improvement for P, nearly aqual to ons, Thus on the
bwie of this model, the nont irportant quantity s f end, sinoe probabe
Yr b, it is 13kely that it is the quantity P vhich is the most e3sen~
+.iel parameter, e bteing the rete of inocrease per puxishmant ¢f the oone
“itionod excitement,

atency in an Avoidanoe lsarning Situstion, In view of the previcus
ra5ult, let us neglect b, low suppose that the time T Z:1llxring the
gdmdns 8 until the punistment starts, is divided into M sarts,

Iming each time period we may writq &n a way sixilar to that outlined
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atave, an expression for the probabllity of avoidance, ard from this

e ey then calawlate the probebility of evoldance during the intexrval T,
The cumplemont of this probability 1z, by hypothesis, approximately
du/dn and ic a function of w ouly. On integrating the re¢sulting ex-
prescion we find

(g To) es"
Bna i A (2.6)
log ¥,
Tre probability q (L of escape betweer. t erd t + dt is piven by
vt o
-. log P
1 T 108 Fo
q (t) = : (g ¥ ) o . 2.7)

whe maen tirne of escape ¥ san bas obtaired from

i3 «1 -1
grrrt e aew ] (2.8

Since the integral of q (t), Q (4), is given by
tan_1og2+3w
Q(t)el e (2.9)

the nedion tire is given fram q (t,) = § sbove.

If eecape does rot coour before tims T, then shook or punishwment
cceurs, Astums tab shock results in an added exeitation ¢°, Then
{2 sbove argument oan be repeited but now we have ¢ addud, In this
oy we bilain the latensy distribuiion ss a fumotion of trieir,



@lOm

3. Application to Free-Recall Verbal lLesrminge

In previcss work (Ne Y. Acad, Sc. 96, 1056) it wat polnted ovt thet
freewrecsll verbal learning data of Frunar, Miller and Zimmwernman
(J. Exp. Psychol., 1965, Li9) ean bs accounted for in terrs ol a single
lsaning coefficient and initial threshold. Tabled values for the
porcentage correct were given, However, two substantial errars occur
in the resvlts given vhich were not caught in the proof, For 16 and
20 trisds, the caloulsted values should have been 95 and 7% respet
tively. In order to correct this error we give here in Figure 3.1
the caloulated curves, together with the date,

The situstion involved is that in which a subject, aftsr hesring
2 11ist of words, is osked to write down all those he oan rz2c.ll.
iren such records, the proportion of ccrrect recponses ir calculated
for each trial, 17 we ignore the effect when the subject '»~rs tho
yord tab £ails to recall it, tien the result is as shown iz the
iigure which also contains the theoretical expression in which the
treshold k h' 18 (57 and the lemrning paremster (b k) 1> .15,

It can ba secn that the agreessnt between theory and experiment is
axtisfactory. However, it would be of considersbls interest to ate
ot to determire the coaffisient k §, neglected here, tut which
sciz08 from lesmrring due to hearing the word but without recall,
S1arly the effacts of interastion between words nseds to be oone
sideved, A4 study of the resulis fiom various list lengths in the study
raforrad to sbove nseds to be ocxrriad out,
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Relations between neural net modele and stochastic models for lzu__'n_ﬂﬁ.

The theories ior psychophysical discriminstion and lezrning orie
ginated snd developed by Rasheveky and Landshl are based on neural net
nodels, and use as basic variables tho excitatory and inhibitory ime
pulses in hypothetical nerve pathways and centers. A different approash
to mathematical rodels for Jearning has been extensively developed in
racent years under the general rame of stochastic models for learning,
The original provosals for thess stochastic models were put Corward
by Bush, Mosteller and Estes, fctually two models &xre involved heres
o, sensiders the samplos dram fro: the stimmlus space by th: subject
during the learning trials while thn other is more fomal and considers
tha robability cf a response at ay; trixl as being given b « Linser
onaratar, which depends on the response and outcoms of the prvceding
trizl, and oporates on the probbility of response at ths preceding
trial. These two approaches have beer shown to bs mxthemstic:lly
equivalont, #o that it i correct to coraider the stochastic theoriss
of lparning together,

In the neural net theary, rardom fluctustions in the response enter
through the conslderation of flretuations in the thresholds arxi exsl-
Latdons in the nerve centers imvalwvad., Thus the question arises of
the relotion betwsen the isural net thecry and She stochartic theoriss,
eapecinlly since tho stochastic theoriss involwe no statenani or
hypothesis gbout. any interval evento in tho subject, This quustion
was cousidered by H, Martines in his thesis "Studies in Stochastis
Inmruing Theory” (Comittes on Mathematical Biolegy, 1963), Martines



rhcewed that, under certain aWim sbout the probasbllity distribue
tions in the newral not theory and about the stimulus sarples drewm
by the subject, it is possible Lo establish a formal squivalence bee
tweon the to theories far one particuler cace,

It is piroposed to investigate the relations between thoss thearies
fuxthor, It is velicved that the resitriciive assumptlons shout the
adistributions and stiialus saples mgy .ot be necesssry, 2nd Lhalh 1t
should be possibls to establish the equivalence of the theories wxder
noce general conxiitions, In any case it would be useful ic aow
writ assumptions ae necessary “o prove the two theories aguivalend,

v?. under what caviltions, if any, they might be expicted to zive
g::entially different resulis, Also the relutions between the tiro

tr rorles should Lo examined ia more detail; i.8., wher paramrlers

tre £itted to the sams set of experimoniel duta Ly Bith 4hearies, what

is 4he relation hetimen the paramstsrs. What ligh% dc those r:lations
Yrecw on the sizificance of the paramstors in both the theories? I

1s slso pessible thet consideratior of thes relations retween the cheories
nyy suggast asxperilionte for dsoriminet ng betweenr them, ord to help in
the interpretetion of the parsmiters,



Miscellansous Results,

The problem of the h.wave of the elsctroretinogrsm haz bean con=
sideved recently (Bull. Math. 3ioriynies, 25, 125). For the wmpli~

tude of the aswave » simpler model can Le considerec, U:.rk eing
carried out in ths Department of Ophthaliiclogzy, Unliversiivy of Chicago,
indicates that this model is satisfactory. Ths mocdel pactriates e
gererator substance which is diffusible and in the natur: of =
syneptiec coenzyme necessary for membrane depolarisation o be able

to czowr,

In a situation in which a esignel is to be detected in the presence
of noise it car ba shown that an sveraging device esn gregtly increase
the sertainty of iletocticn, In neural net terme an aversging device
is not very cimls, ilowever, if cne siwply asks for sum, vith a
pocsivle loss, then tus result is simply achisved, It can bu shomn
that only summaiion is needed to give the desired result. *urthermore,
i3’ ths loes is axpomenticl, a 3imple expression can Le ovtainod for
the prohebility of & corrsct response as a function of the number of
repetitions, thils there are dats om externally produced noise levels,
dats in which there is orly interral noise have not boon fouad,
ito guesticn of the "additivity® of internal and external noise is of
interast,

The prodlem of discrimination among several stimli is of interest,
A particular mechanism has been considered in which there always results
the choice of only & single stimulus from among & group of stimuli,
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Whil: this mechanism has soms undesirabls specificity, it msy be
& aharting point far further work,

Dwring the pericd of this repart, tha following papsrs, cenpleted
in vhe previous perioi (Air Farce Contrect AF L9(538) - h1k) heve
bean published, Copiss of these papers, which besr ecknowledgemant
%o the Alr Force have besn mailed out to thoss individusls a are
genisnetions of the current distribution list,

"iathematical Theory of The Centrel Nervous System® ! D, Lardshl,
Annals No Yo Acad, of Sciences, Vol. 96, Art. L, 1056-107C, 1962,

14 Canondenl Foin fer Nenral Nets Without Cirsles.,” J, Toahex, Bull,
Matn. Biophysies, &b, 335-3L3, 1962. -

“oa Vimal Adsptation I - Photochem'stry." Harcld White, Bull, Math,
Bigphysics, 2l, 351-359, 1962,

"1 Vieusd \daptation I .. The Flecizorobirogran and Ghe Eipolee Gells.”
Breedd White, In Procs,.
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