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é camman wag to devaigp general fhfnrzpd of. tna %raln is Htg'
fhearzze a&aut _the zneuran_ as the Fundamental buzwdlng blnL&

7 Frﬂquﬂnth ?he ne"ran is mndeled as an. 1nput—summ1n«--fhrﬂshaldg

'dev1ce and iearn1wg is prnpcsed to veglde in the tﬂnnﬁﬂtlnns wlth;.;;:

"otﬁer ﬁurh ﬂlemenPE The questlmn haﬁ “lmauﬁ heen hau tq rhange3

.ther'ﬂFﬁxcarg Gf +he cmnnertzans as a ?unctlun QF pamr experxence"_;'

.giéﬁ tﬁat tﬁé- ne*wnrk-.qf —neurunsf--h#s'- braln—lziﬂ'_ 2earn1ng:'
lﬂrﬂpertlﬂs ' Thls paper w111 suppotrt a_ thenrg ;ﬁ% neurnnal .}
bperaf1an developed bg é Harrq Klopf by thzng the' %videnré ”b%

' psgchﬂlngq-s.'studg _bF rleavn1ng. For znrtance,_thxn‘paper w;ll

'-”shsw %aw the thearq pvov;des ai'unique Sy highlq ﬁaﬁlﬁ?aLﬁGTg

: 7yn1¥1gat1gn uf clas:xcal ‘and aperant cund1t1nn1ng,_txe twa ma;cr,
Iaa§ﬂing;§éradlgm§,-as tmn_aspects_o# 'th&- §ame-~baai;:'1earn1ngff

process.

. &ié?ffg thEQPQ 'igiiﬂﬂE ;in'.thch._tﬁe {%gnaégi;'_eéfiﬁaég

.'-:':*—i“"ja_)f‘fl?f..ﬁégli_ ?Ihange‘i based on " the .?.Tf‘f_iv%l of r"é'i“,_f?'ﬂf‘:erﬁen.'t aétéf*-"

_.:;6éﬁrﬂﬁéi #f?iﬁg} :,Th1s";i5L iﬁH7C5ﬁﬁraaF 't§ :fﬁéaviﬁé-féﬁgﬁfaéé

;;ﬁﬂ Q Hebh 5 {Hebb,' i¢49}' fhat chang( khe afflnacq of agnap,es'
Ny

tupnn the a:surrer:e u? s1mu1taneaus even%c (1n; Hebhf*--caga..,hé;

"sznultanegu,_jevent’. éfe'.pvesgnaptzc «nd postsqnap ic ?1?1ng? “

_The pr:mavg dzstzwgv;shlng charatter1stic n: Hlopf'* theevq'.asj_{ 

"prasgnted 7it' hera_ﬁia that it UbE: anlg cne k;rd oF nnuraﬂal
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slgnaz -SiéﬁéIS”Phaf.act as.?eiﬁforéemant far & ﬁeuvénal éttinn

 1$?5~ lnd;stingﬁ1=hdb4a from the szgnals 3ﬁVD¢VEd in swch actions.
.:ﬁ'de?eren;e_ta ﬁh15_+gnd§menta1 _aéd;.éu;que chérar e?Antzc, -I'
 wi1i're£é? t?_th;,tHEqu éﬁ_tha"single.§h&nﬁel theory of nggvanai’
. learnlng E . . . -

. éﬂ.lmplltlt nadﬁl n? muzh ﬁ? stléulﬁgi“éspnn : thearg .hag

besh that 'n% a :Enfral r91n¥a?cement mvfhan1sm wh;:% can change;

fthe rann#ctraﬂﬁ used jUSt przar tc lts. attzvatlnn - The' neural.

xmﬂieiﬂrﬁ_ taak  §§ iﬂn thlﬁ 1dea and devvlaped the perceptvan and= o

Evarzoug ;er;eptran hased sqstﬂms ' In_tﬁe percegtran 'éﬁ 'iﬁ ﬁhe--*

.centrai' rezn?arcpment mechanxsm madﬂ} a 51ngln avaluatlan of
1per¥ormanca 15 used +hraughout the sgstem £a change f-nnnec*xana

Because' tha._re1a£arcement- mechanlsm a%?ects Ehe E“fl?E sysham

thﬂﬁﬂ theorzes afe; sazd tb ysa glahai ' e1nFarLﬂment :“Some P

.#hEDTiEtB:'an he!zeve ‘hat some p?lﬂtlpl& af lucal raxnfnrrement
_:ié néceSsavq- p .exp1a;n all _af thv braxn & _axper;mental;g
damunatratable caéaﬁiliﬁies;  chcé1 tein¥arqemgqt.re#érs éd fﬁeg
'_use of dz%?nrent evaiua*znns af _tﬁé.rréﬁulﬁa.'ﬁé :éhﬁféttign_;iﬁf
.@d1f¥erent parts _éfii#héf'ﬁqstem  _'& Mma o édvsﬁtéﬁé a§'§'{éca1_
. £ve1nFartament thenrq is that 1t can patcntzailq laa.n mang +h1n95 
:fa# nnce _' Each féf _thé subsgstems mzﬁh dlffereng evaluat1on
”i:éeasuses can Iaarn seﬁerételg a% and in puxallel wit% the ather=
 in__#henrg,.:muveNfLan be learned thzq way in a ngmn amnunt GF-
mﬁime. T%e aqstem_m ght evaluatﬂ ah' artiaﬂ'_as bElﬁQ exetuﬁed
'EB?cEﬁsFﬁllu tbut as havxng ‘an unde51rah1a result In this case,
 nne shauld ?eward the executznn and pun:sh the 7the< §ec1s1an?'£§

'PETFa?m th# acfzan 1n that partzcular sityation. Such divisions
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Jin the ifﬂpﬁ aF. rein?nfcemenf 'disFributian arg by definifion

lm?asszbze in. a glﬂ&al re1n¥arcement sgt%rm

Tha ;1ngiﬂ chanﬁal theavq Dg.ﬂﬁbPﬂhmi 1aarn1ﬁg p“ﬁpﬂie: that -
tﬁa_ arazn is a Inuai re1n¥arrement sqsxvm . In thlb Aheurq, gach
:neuranal almment haa as lt: rexn%nrcemnut tha algabralc ﬁum‘;af
i#%f_znputs +rom +her neuruns; wlth depnlarlzat on taken as __
paﬁxtzve re;n%arcement and hgperpnlarx:;tiﬁn rtaken a8 negative
' vé1n+ﬂrseme§tf_. In‘ pr1nc1p1e then, each ﬁgﬁroh'can save i%e amn
'“ h§asﬁ§e  p%'1§ucce§§,1 éndebe_.atr1v1nﬂ aﬁtef _ité_'bwnH'gpaié;
HeueVﬂv,: §he  rezn?avtemeﬂt nea:ures £an be e+Fect;v~1q the same j

'.an dl?Fa{ent neuranﬁ to the -extent that tneq Te BXC1ted. or.

'1nh1b1ted : ¥rnm'r the - same saurtes :In pavﬁzcu iar, it__isj-

' _hq?UtHESLIei bg thzs theorq that the neurans: .a?f”the brazn éréif,

_contvazled "ta' a+tazn' otherwxse arhitrs g QbJEctlaﬂ' like food,
ﬁheitar; anﬁ phg§1cai 1ﬂtegritg_bg nccaﬁlanailq\dlstrzbuting more

or.less'gidba13eftitatiﬁp and inhibition. -

As a 1acal reznrarremﬂnt thearq, the_efﬂgle ?ﬁéﬁﬁél theéfg
'hsi _ﬁ" putentlal ?nv learnlng thzngﬁ that are 1mp9551b1e for a,_
"-fglabal rezn?urcewent sqstem ' A glabal vexn?urcement .sqstem;'tah

ﬂp# :nstzce and learn +vum globallq neut:dl events Thus. if éahf

not iearn aw assgcza%xan batween palved neutval evnntﬂ nowr can 1t_q__--

flea;n ham' tb'.acnampllsh a gaal 1¥ the ?e1n¥orcemend sgstem +arf'
tﬁat gaa* 15 a+ p?esent sated and 'unmat1wated mithr_respegt _ﬁo 
'that gnal 'féﬁ' ;iII-these thlngs ﬁﬁhe;.axperimmnnal studg.g+.L
 1earn1ng ha: shsw1 that. animals tan anﬁ dﬂ dm verq ?rﬂquentig and-'

naturailq_' Neurnns _aperat:ng atcnrdan to the s;*gle thannel-_
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._thﬂa?u caﬁarlg can. natl & ralatlﬂnshlps b»tuaen glaﬁs lg neuttal
atzmulz: bezause uznce ail atamul: r{rxtm %o ﬁEUFDRSf ail. -
' gtzmui; veanarce same ﬁeurans: and theée veinFurted.#EQroné Q111 
."learn ahguf mha+ brzngs them re1n¥nrcpment _:Héwévg?: if;rémains
mté be ﬁaan _whether the whale system qzii. be abEéJ fﬂ' maks
cqﬁ%fru¢ti§e  §§g:de'thé felaficdship ﬁﬂt;téﬁ_bq the_few'néufﬁnﬁ.
reinforcad bq_thé-éfihu;i_?in' order o accomplish its  system

-_ggalé.

Far the ﬁlngie channel theorg aF neuvanal leérnfng--a_:yefg L

avzoua' qumstzgn"ﬂ? tanstructabxlzﬁg muet be #acad It seéma,a__'

flzttle p?epagteraua +0 prapose that USUmi neural exc;tatiahf_and_f

' _ 1nhlbit1an can be used as- reznfarcement ta the neurcn and then ta;f

go on thﬂarzzxng abuut all the marvelﬂu advantagea a?_thzs setup_-

'thhﬂut care?uliq checkzng.“_to Cse¢ if tha iﬁeé'_iéz_éveh o
-mathemat1calig saund ,aﬁd_ canstvurtabla ?:Thusk' “to insure
- 'mathematzca1 ' an;ndneas- and' :t .--chark h ma guts éimpler'

ip?ﬂﬁlﬁﬁiﬂnﬁ abou+ thmrbﬂhavxar a? netwarks af. newtéﬁsz-wéf&ing
;ac"ardzng ta the gxngie channel thearg;';amquéf:gimuiatipharﬁé§e 
.bééﬁ_:égvelgpedr Thls-;wﬂ?k;:-lﬂCIUdlﬂé' #etaiied _mathematical
“'ﬁa?mvia%ian.df_tﬁe_napranal-eﬁuatiéﬁs Foy éqnép#iﬂ ;hange ié_alﬁa -

reporiad nh_ih'tbig.péber._




'Page 5
2.0 THE SINGLE CHAMNEL THEDRY
' _ 2.1 Hakihg & Sipgie_Chanﬁéi fhéarg Hg?&-.

The initial ébjgiﬁion to an inpuﬁ_fﬁin?arcemen%' eguivalence

is ﬁhaﬁlfit_-ééen"__tﬁe_ 1eavn1ng sgathm wauld not mnd tu'learn

e anqthzng Uae¥ul It saems it wauld be LaQ1eat ?ar thn neuraﬂﬁ 0

-'pass 'szgnaia_'annngat »hemselve; and relatlvalq ignar 2 trg:ng ﬁs
manzpvia*e tﬁe anvy 1ranmenﬁ Czrcular lovps aF neuvaﬁa' auch - éa
”thﬂse- s%amn in schematlc {flgure 13 are'?nawn to be wot'gncbmﬁﬂn-. 

! in‘ﬁﬁa-brazn;{ IF neuran A (reFer to F;uume g) 1ncrea=ed 'sénéﬁfe

“f:fC;'when #zrzng | 7 PEﬁpQﬂSE “to C's paﬁgxﬂg a axgggs-Fram_E anﬁ

::Tp§s1t1ve re;n?avcamnnt ?allnwzng, éﬁd'if #hé1ga@é h§?Sf#dr héﬁﬁﬁn"
« ;3 andg sgnapae B (1n1+1allq bg than:e); éﬁén sucﬁ'ét£éﬁfurgs Qné}d.'
::iugﬂﬂ;g-tgpnilnts pﬂ$1t1V? ?eedback sgétemé raﬁd tae égnap5é§ 
’wa?!d' ﬁéﬁa;e. iarge | fh:s. kind of 1eavn1ng dce: n:t saem Vﬂvq

:us;¥u1._ The sﬂlu+1ﬁﬁ prapasad bg Klagf is %o spa;ifq that fa

"-sqnapae wh1ch is autzve {ﬁhat is pas:inﬁ a slgnal man nof have'
1t: e?flhac4 changed bq that sxgnal acﬁ?ﬁﬁ aJ_rezn¥ar ement _»Ha
_prﬁpﬂaes tﬁat i” generala when a sgnaﬁfe 1s actlw%:_thera is &

;perzcd of. tsmﬂ %aliaulng duv1ng mhlth thc gqnapSE ;; 1nal;g;blg _

* ¥3?' learp;ﬂg; ;hangaaa_'Thusa Far.effentlve lgarqing to aczpvg'a 
:.?neéfbn:mqéfihava[twe,éﬁféféht'suna93é§;; éné tﬁ:?arfg £hé-_éignal_
 ' that ffﬁef;heuruﬁ F:re:ffihv response: o, énd:ané ia}cérfq.fher'

f'veanarcemeﬂt ta eva’uate the Fzrzng to the ngnal an; change the

'ﬁqnapae'.{figure 3?;—' Ih  nrder ?er zha_learniﬂg t& nccur:'tﬁé
"r21nfﬁruement muat cdme:'sume-'time aftar  #&91_=n ut -signalr

uctur?ed;_and spec:?zcallg, the 1nput aanal can nat “e Qccuvizng”
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when. ths rainforcament arvives. The hypothaesized wachanism by

o

which ~ a recenily a:+ive-5gnapse is kept fvom undergaiﬁg learning

“changss is zalled zer#settinq

i;‘%hg single ﬁhaﬁpgl #ﬁéofgf éacﬁ —ﬂéurﬁn yses -a57-ita,
:.rein?@rﬁgmgnt'thé;élgeﬁréit sum‘aF_itéfiﬁputleram ot%er neuréﬁs,

5 Qi£h depniarlzatzﬂn %aﬁén . 55' 'ﬁoéi%i?é' reinfors ement  and.
;hgpﬂrﬁniarxsatznn :taken as negatxve rﬁ1n¥artem3nt .Howeveﬁp the
:paiar1:a+iaﬁ 15 omiy e??ectzve as vezn%a?cement i if ar%ivééz'
saan:a?ter'a-neuranal'?iring.:-Thié iaidnalagau; ta fwé.ﬁecessitg
”tﬂ delzv#r ?ezn¥nrceﬂent =ﬁnn aFtev the vespanse tn L= 1earﬂad71n
 Dpevant i'candl+1"n1ng  : Leérnzng  'éxpev1nants .1na1cate that;

:dalaqzng tha rainfor: menﬁ.zn aperant tand:tlﬂning Iaajs to shafp:

.réﬂuctiaﬁg jin laavnzng,.thh 11tt19 ay ng 1garning if'th€ §eiégf 
.exceeis F:va ﬁaconds {erce,'1?483._ Lei__us .§ai1'.t&er.piét of

lrezn%arcpment’" a#%ﬂctlvenes:, in'_caugiHQ' learning versus Time -
5 ing =

'delaq a?}'rexnrar:enent after r93panae  the';*rein?ar;ngnt”
'e#?echzvene:ﬁ _curvg3,. It  ulll be a'cansquence at . tha éinglé,}
channﬂl theorq s ].éiplanatiun _ cﬁ'- Elasﬁitél D and dpéfant'

_cénditiuning_ tha+ tﬁlz reannr:emant a%?ﬂttIVEEGSE éurya'muqf;he
the same cuyTve as the plat - of amount.19F learnlng versus Eﬂe
']caﬁdzrxcned stlmulua~uncand1t1aned itxmu1u¢ 1ntervai in cla;éital
.“. ;and1?iuniag. P*q¢halagxsts consxdev the eFeects Py ,Ehése 'tgg_
r3 iﬁ*9%?a?5ifﬂn._learnzﬂg' ﬁﬁ be -??mila** (Tarpy, 1975), but the
i;tachniééifhdificuitieé_finvalved _in 'ﬁe&auriqg_' tha . ﬂgtailéd
chararter1s¥1cs .é¥':the'“béinFnr:emeﬁt; gf$a:tiven§§5 .ébf?é Vin'
‘operant 'cqadit;aﬁiag; na§§4_p§g#énﬁ¢¢ 'Eifhén .caﬁéig&ati§ﬁ[__of -

‘refutation of this idea.  Based on experimental data for the more
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-
éaaiig -santralled'_tlassical'_cnnditiahing_ interval  {(Russell,
i?&&?f _ ﬁﬁe . reinFafcﬂment ef?effiV?HMSa- _turve 15  gughlg-

-lﬂVE?*ed i wﬁaped m1?h maximum ak 469 msv& ; énd ne,ixg:b;e at
'v_zerg and abouk 4.rsecnnds f¥1gure _43. .The._rain¥qr:améht
'ef ;§*1Vﬂneas cuTve -anrﬁs'dééiﬁnated a6 a Fantinn'g$'tima Elti,
'whare ,:ﬁﬁe.' ﬂ%f&ttzveneas af ?ainﬁn?temént: at..ﬁiée b ois
.pfapﬂ?tiénélsta ECt-£0), where g¢“é§:the'iimé_af-the-iagtq firing

of %ﬁe.neufﬂn:°

The general intent uf_fzeraﬁétting_;anﬁ the veinforcement

'ff5t+ivnneés '¥unct56h‘ is to ?arcé_thﬂ_ﬁedrnnﬁ.td_h&vejtg Isarn

~   abaut maﬂlpulatzng tha ﬁnVIPanmenﬁ ”tqﬁﬁidgr*ﬁhe ﬁié§ram_§f]_thej]y:

EFEﬂdbaci * ioops avazlable C %o ~a  hEurcﬁn in:i¥i§??e..5; _gTﬁe'
: _prﬂ5umpt1§n is that far a neuyron to 1eatn alang 5 'rainf$vﬁ§ﬁen£

flaap 'a?: su¥¥1czant dnlaq ta escape aerasattzng.- ¥ laop mlll
have fu zﬁvalva the learnzng af somethlnq patantzalig useful  and
.:gzgnzﬁitant "f: thﬁ Egstﬂm : qulfalIU: th;swmag mean_aumgthihén
. abaut thn extefﬁal o7 1nternal_gnv1rcnmgnt;_bui;if‘mgg.alsg::ﬁaaﬁi;
 éf pnglalig 59§lﬂp1ﬁeuréizi°“§’ sucﬁ.éﬁitﬁg_ciﬁtuif QFHFaéé? iﬁ 

:tha 11m&1c agstem;ﬁgg'bé._ | |

Z'EHE"-&ualitative'Sgnapt;c.thange'Ruieé

Real neurons are 'beiieved_'tg.-ha#e ‘their._aqnépsaé"Fixed
'_whether tﬁagf ére axtitatarg ar inhibitarq and thus iéaﬁning.
-.changas prababiq :nlg 1nvolva the extent ia mhiﬁh- the 59189525.

ara - ercztafarg “nr znh1b;tqrut Fnr szmpl:t1tg of tha dzscuss1aﬁﬂ

z.ané tha ;arnal madalf'ihg sqnapées will ba allqwed =1 bef hath:
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extif&fa?- :and .inhiﬁétmvg agz'ﬁi?Féfﬂﬁﬁ timés," ;?he.sgnaétic
a%%zcacq can- then b thnught nf as a siﬂﬁie nuﬁbér:w&hich ';éﬁi
thTGUPh-Lea?nzngl.shange 1ts value and gvEn its sign.  A:p$§iti€é
.s§ﬂap=e wzil m2an Lt is excxtatarg: tausmng.depnlar;z&ti#n; arid 8
negatlye_ sgnapae.la 1nhzb1tavq- cau%iﬁg hgpéréciéfizatign,f-fﬂiﬁ
E}.QH ch,gngz_ng ' capaéll}.tg i :hauld not ._: E'eve?ezl'q affact _ fh?_
féénafaziﬁg: ;¥ gﬁr cunLlus1nnﬁ Tharé_ prupevtzes were ahasaﬁ

przma:zig fgr tanQénzenre and =1mp11c1tu 1n the belzer that _évan

i?:“the--exa:t phq€1alﬂg1cal mndel is nat carrect, fhn pr1nuzples

"that maks the mﬂdel uar& should still jupng zfﬂ_.raal nerveus .

' sq§tens

In'éﬁﬁitian;;¥§r,t597é§ilﬁwing ;et.a?'agnépﬁi%igﬁaﬁge rulgﬁ;
'“’ Qe=wi11'speék és.if zach Fifiﬁg.accurreﬂ in isolatiga.réfher Eﬁaﬁ_.
.bezng mxxed 1n a6 ‘ona of & ser:ez of ?111nqs,:and we"mili :sbéak T
as. 1? a aqnapse 15 alther lnvolved in. {C ucas) a Flrxig or is nat

'_frather than thls actuallq helng a tantlnuum Later 1a thih.PépEF '

'when ,gﬁgg quallta+1ve rules are =arma11;g§ mathemaé;tallgfﬁheg o
'mzil ba’ ﬂxtended anﬁ refzned ta covar ﬁhﬁée__tasea_'én  ¢ﬁhﬁIe£e
geﬁaraixtg —kfhe; qualztatxve lnarﬂzng ?Uléﬁ for synaptic thange

?  ;an now he =tated
31} Sqnapt1c reznﬂzrtement 15 dernEd '35”-the_'algé§yaic 5meic¥__-
”5qhap#1t -1nputs_ to tha poatsqnaptlc HEUT O, mitﬁ3déuolarizétich'

'_taian as.ﬁbaitive and hqperpularizatzan taken 85 nega® ive,

-E}QTﬁé 5gna§s§ is only mﬁ&ifiéﬁ by reintorcement that arrives

afféf  a;'sigﬁé!'“isf.pasééd thrdugh;ﬁhe_égnaﬁéa5{i;s'e;-faéﬁer_a .
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prasynaptic firing resulis in a -pugtaunaptic %ivingi The
reinforcemant wveriss in 1#3 a#%ectlvnuesq depandlﬁg on its tlme
- of arrival  at - the past qnaptlc ne Y an accardlﬁg ta _tha

reinforcement EF?étﬁlveaeﬁi CUTVE and the rerosetiting mechanism.

_33-T§§ synaptic efficacy is set  ta. ﬁh&E:average:”réin¥qrcémant

fe;éivedﬁé¥ter_é.ﬁassed'5igna1._

2.2  Wpat The Meuronal ‘Eiemen"té_'_'g_earn

Tﬂe ﬁqnapse is the naturai un1t far deatrzb;ng aow changes

':dQE .*ﬂ 1eavn1ng acgur, But the naturai unit For das ribing'what

.fii learned is at a hzgher levei Nhat_la leavned at the leyéi;eF._:

. thE'_1ndividUal .neuronai elEmant will be deéc?ibﬂé next..fTﬁéf
ﬁprapertlmg *hat w2 establish herﬁ about what the nsuron. lgarns .

'-.-m111 f‘hss.rn b# usad tn shaw mhat 4 neuvnnai_netwark learns.

' Azcardznéufa Qualz?atlve rule - $hree ﬂéch-'§¥ 'é Vﬁéﬁfén“s:"'
'aﬁferent -g;napses w;ll bae sef p?ﬂpargiﬂﬁal to. ‘the rnxnfarcement
i'thﬂ naﬁran ?9£ezvaﬁ aFter that sgnapse pange ”a_éignag; fﬁj makg
fpvzntlplﬂs descrxbzng tha - candltzuna .unﬂer_.@hica. a neurﬁn’gQ
'sgnapaes wzii underga these mad;?ztatzmn 'tﬁe_cTUciéz éarﬁ :ﬁgre _

- iii aFtﬂr tha+ =gnap5e pa:aes a sxgnal“ : ﬁadzfzcaﬁz:n can ﬁccur .

at’ a :gnapsﬂ a? a. neuTan anlq if the neurﬁn Fires in "asponae-fta

' é._ sgnapt;; pafenﬁiéi: generated.-bq thab sqnapae. CIf%he
f.quiff:atiag _ graﬁual; the' syhaptic ne?¥1cacq m;il.'&e :se€-:

. according ]Ttﬂ; hgé7 much 'ﬁeinfavcement_'iﬁ re:ezwe; and what
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ﬁfﬁﬁartiaﬁ 5?7 égnapéic.:signal passings a%e. folloued bg .thg_:_
reih?nftemenﬁ; 3 ng- amount u?n_mgdiFicatiqn _is.inéependenﬁ b?i
 rein¥ur;§@éﬁt ré%ei#éﬁ:mhen aiﬁigﬁgl is nﬁfn passéd;':.Thﬁs,: tﬁe'
:éﬁdi?i:éﬁinn..mill,-baﬁfjust as gfea%l 1% 2 gzven ralnfcrcemnnt
”_ro:rurs 911g whﬂn a szgﬂal is passad  as mhen .tha_ rainﬁﬂrtemﬂnt:
'GCLUP: ever; txme thﬂ presqnaptzh neurnnl?xrps whﬂthe{ ar_nat_tha
“_pﬂatsqnaﬁtxu neurqn ¥;ve§ -#vr'not.- .aimllarlq._ thé 5gﬁépt1c
“mudz¥1catzun mxll 9@  Just as greaat i the.reznfarﬁeéeﬁt_cﬁmes -
~EVﬂrq tzme tﬁe pastsgnsptzc neuraﬂ #ires vegérdléﬁa ﬁf ghethev -
. ££é1q pvﬂggﬂaptzc 1  euron is .¥1r1nq _..Tﬁus'_tﬁg.'siéﬁétiuﬁé
'irnznfﬂrcemﬂnt faiatsanﬁthsk in mhlch d.5§napse wiii.be mﬂdl?ledxi
:rte;aa ;qga!.exteqt ;an be-diy;ded_lnto thrae:1deal'caaes.r -
ii.ﬁ ﬁeénFﬁréaééﬁt:_;nmeé'ﬁniq_é?tef,é:;e;tain pfapartian'
'qf‘,tﬁé jiﬁ#tancgsH é? ﬁfeggnapti:,_ﬁiring .?ausiggf
_§asts§nap§fz]¥iring; R R
' t2f ‘éein¥of£ém§ﬁ£ 1camés'dnigiaFter a Eavtain-éfapﬁftian_”"'
. ﬁ¥ the 1n=tances a% postsgnaptic %erng. iﬁdéﬁendeﬁﬁ

a# presqna;fxc Fxrlng

JR91n¥ﬂrcement 'tbmes.unlq aFtér a tertain praportion

.

'af the 1nstancnn oF preagnaptac ?zvzng, -iﬁgépendeﬁt

B af ppﬁﬁagnagtx:_f1r1ng..'

:In thege three ca=a= ﬁgnapt1c effxcacq mxll tend to twe same Full
ength-ﬁ'value.'” but wzll- not. in qeneral: Undergg thzs_
'mnézFxcaﬁzoﬂ a* the bame -réte measureﬁ_,ve?spa_'the number _ of

_fvezn?artementﬁ 1n5tancea.[ "In ideal cases one and tws the neuron




'?aéa*ii

caa.be said to be %éeking pu;itive reinfarcement and avaiding
negatzve : ntgrrem#ﬂﬁ ":In, fhése ;aﬁgéf_i? tha peinfafcemént
wh1rh ?a;iawg ¥1r1ng is. pasltzve then thé ﬂégha@sa.:millf_éécﬁme'
 :pa;1tzve 'éhd +erd '59  cause ¥1r1nga 1? thé rein%nr:eméﬁf 15'
'::ﬂegatzve tﬁﬂn the ﬁgnaprxc eFthacg will hecame nega% ve and tand
.fq p?avgntg ¥1v}ngﬁ. -;Th;s behavxar Cmﬁ be summar zed to samn

- extent in a:general descriptive principle:

'Cﬂwtxﬂgenf Fflnczéle:;'ﬁ'Béseﬁ.*én' the §91n¥arhemaag a ﬁeuven"f
: :?3591fEs after- rlrsnés ﬁd tﬁé sgnaprea wh1ch merm 1nvolvad in‘.
:tﬁa;firiﬁgs;.the neuron. madszes 1ts sqnapse= 0. that theq wzlllﬂ
. tause i£ﬁ §p .f1rg_:Qﬁeﬁ  fﬁ_ Fzring cauaeﬁlgn inew ease in thef

ﬁeﬁfdnfgleipéctgd_rein?arcement after tﬁe-%iring}

lIn 1dﬂa1 ca;e rﬁrae *here is a verg dl?fevenﬁ sztuaﬁxan frﬂm that7
'iﬁ;ﬂfﬁa[ ather +wu cases. Here the rezn,arcement PEL*IVGd by *he_
—naur31 1:.1ﬂdependant n% whethev 1t fives  9? ﬁat.' Th15 _tase
U:ause:' éé_:fg u%g:-g :econd general pxlﬁczgle in axﬁlalnxng an&

':unier=tandzng fhe bahavznr oF neurens apevating aczarézng to 'the f-

"_51#913 :hanne}ltheorqf o

Preﬁictive -?rinﬁiple : ”?Ifr,af'ﬁunapﬂa*s activity. 7péedi:ﬁ§
'(#reqven*ig pTPCEdE=3 the arr1val of exn%arcement at the neuran{
fthnn tha+ art1v1tq w111 cume to have anf ec$e§£ _an the neurnn.

sxmilar to %hat gr the relnFavcement

'IF au*zvztg 1n sn"e sqnapaes predxcfs 'the. arrival of :éaaitiﬁé,
L rezn¥ﬁrcemﬂnt; then ?he agnapses wlll becnme pDSltlwe -and'iF thé-

" ;?:41 tei rﬂxnfarcemant is negatzve: thﬁn tha sgﬂapse w111 be:ame’
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nagativa.

'Théftwé'w;gs a? Hdes;riﬁiﬁg what the ﬁéufane learn '{tﬁé
§éﬁerai lﬁfinciﬁléé Just étateﬁ} cnr1a¢pand exartlg to tha fwa
maJsr cand1+zan1ng #avadxgms of leavn1nq .thcnvg o~ aparant aﬁﬁ'
.;lasszca& candzfz*nzng Accordlﬂg ta the 1ngle Chaﬂ?él learnlng
5 the$f§, neuraﬁa lnarnzng to- ?1?& 50 A%, ta qen mora ralnfarremant

;is; the, &1nd af lﬂarning 1nva1ved 1H apgran* cénd tlonlng andﬁ

- meuTons. leagnzng *a fira to pvedzctars aF raxnfarrem~nt. iz kthe

 .klﬂd 'dé; 1;arnzrg 'vEEpunsxble ?ov Llaﬂﬁxcai CQndxt anlng th S

?fanlq ars ogevan+ and clasﬁlcal candltxanznq un1¥1ed *115 wag as -

L ke agpactz ”dff thm same tammon learnan process, hst aecunda.g-.f

ﬁvezn%arcement and senaarg precondltlonzua alﬁo are ek:lalﬂed wzt&§1 *

'v inﬂ ¥uvthﬁr smbmllzﬁhment of the learnlnq Puiﬂa Y dEzETlptlﬂn af'

R arh a¥ these phawumﬂna uF learnzng theavu and th91r explanaﬁlun

ifbg:the-slng;e.channal theqrq follows.
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AN EXPLANATION OF SOME FORMS OF LEAIMING

£
-

: Tha Role OF The Ffedictivé FPiﬁtipiE'in:ThE Marpwvaus Sgétem

ey

By tha p?&dlcﬁlfe prlnclple me.propmse *hat the neurons of
‘ﬁhé &féin,“arg3 ZEa?nlﬂg tn have pvedxctﬁrn OF sfza;lz have_*he
'ééﬁé.e¥¥e;g-lgn. +hpm :as rtbe _stzmulz themselveﬁ._ Frum,_th15__“
ﬁrin;iéig”:aﬁd.lﬁﬁe _a:aumptlan _tﬁét resgaﬁses._éng s#imél;,are
.:auaéd*3bg :néﬁrcna!'_.?irings : and éausé, neuranai ' Firingﬁ .
| respaztz#elg;: 88 that 1? a stimulus causss a re;p ﬁse; ﬁﬁen a
.. §E€Qﬂﬁ =t1mu1v= whzcﬁ predxcta the ¥1rst will alse comne .t :?teﬁd.
:tﬂ {£§§$é;H£ﬁ§.:TEugﬂﬂSE This is exatth what is ea;erlmantallq 
'rdﬁée?§§& [%§“ cza ztai éend1t1ﬂn1ng ._'Tﬁ QEnerai .claaalcal-
rﬁéﬁdi*idniﬁg_ pvcredjre canszst: of pr&ﬁentzng & nev fral C ona _'
.that ﬂaen n:t LEUBE a pavtzcular respanfe nthgr .thaﬁ mr;gﬁtiﬁgl
re%pnnsea, :¥nllauad hﬁ :ér uncand:t;aned'”étimulué: {Uﬂéﬁimhiiﬁ
efieh1veiq causes 1a'.uncnnd1t19ned 'faapan%e €UCRk : Aéter_wé:
number g? such pa;rznga a¥ the C% and tha U&a—UCR,-thn g a:sunés_
tha gumer ta EJGkE a re:ponse a¥ 1ts own mhlch tlaaslé rasemble:_
"ﬁéﬁg ﬁcé, §§' =ame' part of 1t Claﬁslfdl candltaanzﬂg is eas1lg_ 

explazned u:xng the pred;;tlve p?lﬂtlpl? r_Cans:de?__zhe neuTons -

re=panszble ¥ar the UCR. . By daFlnltznn;_these are':aused?tq_¥ire-__'

_bg.the UCS. Thus the UCS must cayse tﬁem tu be exc1tad; “and thpé
.thﬂ UCb _i%; psgxtzqeﬁireznfﬁrtement tn these neurana  IF'fﬁ§§§
',neuvans Hav; accesa tn a. szgnal at somg n? the1r---gnapséé fﬁéﬁ_
‘1ndztates:=+h9'cs, then these sqnapses presgnaptlc ar thitg w511 

-fpraézﬁt {fraquentzq grecede; bg experzmental deszgn} %he_ arrzvai,

. §¥} théf pn=1t1veiq 'reznforc;ng UCS. -Qihﬁﬁ:“ by tha pvedlctlve -
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pf!ﬁciﬁlaf thesé sgaapseé_will becoﬁe pﬁsitivé_énd tand to causs
_:tﬁé; néuroﬁs.'feépaﬁsib;é;¥uf_the'Uﬂﬂ fﬁ Pive ﬂhéh:fheiﬁs.a;cursQ
;Hé%erriné ‘ﬁaﬁ§ j§c 'igééi-.léarning cﬁfﬂ_ #hrae, :.ahence féé
'prﬂﬁlftzve- griﬁc;plﬁ-.gas. 6erivéﬁi.;it i% ééﬁarent.%hat for ﬁha:u
ngdvons espanalhle ?a? the HCR ta unde1qa lﬁarnzng L?ﬁﬂQ&ﬁ theg.
'@gﬁﬁL~sgmetzmg‘_+1ra_-;ﬁ _?equn;e .tél the.LSi:_Thzh is thﬂ aﬂlg
: t#ﬁ#?ﬁi§n $§r tﬁe_éé%gbées 5ignalling.the C3_tb unﬁabgo 1earn;ng L
' ﬁhaﬁgés: £ﬁaﬁ igf_ﬁat._expliﬁiqig Ful?llled Zin;'thé__ciéﬁaiCa17
' ﬁandztznﬂzng paradzgm This cﬁﬁ&ii:an w:ll alsa be ;étié¥i5677i$:
ihq chan:ﬂ'sam# nr thﬂ'sqnap$e= szgnalznu fhe CS alreaig.happen to
 ﬂhbe-s11ght1g pos1+1vn -ﬁrV_i£__9he ]@?i@#he neurnn'*ﬁ accagzawal
.Elbaukgraund ¥1.zngu ccrﬁvs mhzlﬂ the €& is on and thase ugnapses
'fare thus pr35gnap+zca11y a:t1ve It-'iﬁ very _11?91;' that;:#hé_
;tsgnaptzc lgarn;ng changes will etéqv in ?ﬁeﬁe situatﬁons beté#§e '
£ he-nanlearne§ §#§§e i% unitable ..Qﬁﬂé. the 'sggggéés be:qﬁe.
fsiighfiq éasifive. fhég wzll -qenﬁ to ﬁauﬁe'the neufgﬁ td_%ife
ﬁ“ﬁﬁfé; thqs lncreaszng the oppartunztg far égnapti;.;@adificafiﬂﬁ;f
t'fﬁ&-_ﬂ:tagzanal .thanceil¥1w1ng ﬁf the neuron in pasz punse ta an o
”iaébxt?arg.inpuf is prcbablg nat unllkelg Neuruns ara Cﬂﬁat;ﬁ+197.
[?1?1n; at:.an. avevage ?afe an fhe nrder g? one ta tan tlmes per _
,;se=9nd {in rat v1suai cartﬂx {G?1¥$1th:_1?313?. s0 . taat ;i?_:ﬁﬁa:
:Qéfé Vani 1#5 a1gﬂa11ng sgnapses acﬁlvztg lasts verg Icng =ucﬁ'a'
 3:ﬁa1$:;de1:e La wary Ylkﬂlg in some. GF ?he neurons re;;nn51bie rov'
' §&€ ¢¢&7  In nrder for a sgnapse tn undeiun Zearnxng Mhange§r éﬁs
'ﬁréégﬁaptxt éc*1v1tq mu:t precede rE1nancemﬂnt aﬂﬁ t e cr1v1§g'
must :ééqif in” the pastsgnaptzc neuvan‘*-.Flrzng. Cla:szcal-; V

Cﬁﬂdz*;nnzn; :ame: saout in what i in some aanse_ a - degenerate;V
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;éée, iﬂ'tlaséitai c#nﬁitinning:the ﬂS}E sqnapée?s.a:tivitg_is.a

good ;reilcgor of £h=2 tnmzng rezqforcenant {the UCRk whefhér ”Qr-
ﬁat'7£$e_,naprpn _+;TEb ta 1t Thua it is alsa.a gasd predzctar
' mﬁéh_thé'néﬁfééidueé.Fire to it, and 1gu?n1ng qc;ural. gnmg a%”

f_ciaééfcal canﬂi*ian?ng’s more detailéd characterisiics sych as

'~_when 1& mar{s and thﬂ character af. the Lundifxonpd ra panue tqrn_~ 

.':ﬂﬁ* t: +1t 1n vevg wsil m1th fhl:'explanatxﬂn (Klaﬂ%:_i??gi

Learnxng bq +he p?edxctzve gr1nc1ple 15 nat depEﬁdent an +he

.actzans paF  the neurans or. of the arganlﬂm %or the a»currenta a% R

1subsequent re:nfar:ement ' Thus; it ”aeems that .fhig. 1eapn;ng

-aﬁguld 'agcur ven uhan tha predltted ﬁtxmuluﬁ dn#: 1ot have ang

éxFe nal VEuFDnﬁe aaﬁucxatnd w1th 1+ - I # tha predlct@d'-stzmulus o

 de11vﬂr= exc;tatzﬂn ‘ta some neurnns; thﬂn - predzct ng StlﬂUiUu
.:iﬁﬂuld aiﬁa cnme +a ﬂxczt +hase neurans {LF rheg have a;;eas__ta
s:gnais o¥ the predaetxng stzmulus). }nterestznglg anough, gust
suzh 19&:&119 has beﬁn rﬂund éxpnrzmen%allu 3tp qccur {anpd:ky
HI?SE?'.égdz:ﬁésizcaused dx+¥1cu1tg _?af  many iq? ;thew'léavniﬂéTq'
ff*hﬂorzsts (Tarpq: 1975, Experxments show tﬁat- aﬁimalsf will
”iautcmatlcallq geweraizze from- reipﬂndznq ta part:cula* atzmull to 
.1F2395ﬂ§;ng tu-assgt1ated st1mu11: Bven: it the associafion accdrs'"'
 §%%Gfé..thE:.PESpDﬁ3ﬂ 15 learned. The %ﬁ?mzng QF the assﬂt1at1an_ 
5{5§§qu -?es;aﬂae learnzngrti% called ssnsp?g :preccndltianzag.-
'fﬁéré :§rei1€yg 1aa.n1ng stagea_qaﬁd=_tmh'§e§fiﬁ§;éﬁag§$ in ﬁﬁe

'3seaﬁarg5pte:bnditibning §xpariment. Here is an example:

L Learning i ' Repeateilg prnsent a tone auﬁ then a ‘tight, _witﬁfﬁ

:txma 1nterval 4PO Mb T
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. Learnzng 2 Pegeateélg preaent the Ilgnh thén) 4&& mﬁf Iaﬁer,

S a ¥not 5hﬂz¢ suffltlﬂnt to get a 1eg Flexian veapansm

Testing 1 Present light. Since lesrning . 2 should  have.
c!asslcallq tcnditiéned-'leg 'fléxian- to the Iiﬁht;'the.ahimal'
shauzi sﬁau a CR re:emblzng leg flex:an
- Te:tzng 2 Fresent +ene : The animai alsﬁ sﬁdws the leg Fflexion
s CR, ggét :aa iF Ing Flex;an had besn rlaﬁszcallg candltxoned to

;the'tpﬁé 2z well as %o the 1ight.

.3'sgnze thare was na apparen# rezn?arcemauf assaclat with :ﬁhe _.

'ftane; a central rainFQPtement mechanlﬁm thau? 15 har‘ rassed ta B
. P o

axpiazn whq anq repanae cauld have been Iearned to it

' The maﬁel nﬁuraﬂa axpla1n ;éenéorgf'pvgcﬂnditibhing 55?;&35&
theq learn, iﬁ"tﬁé Szame . way fhat tﬁ&q"laarﬁ by tlgaaicél
candi%ianiﬁé. ta hava the ngnal that 1% a. pved1ctor of a hépfah

,a¥+e:t;n; :,t;mulug, Vcame ta_ have the -same' e¥+e‘ts' asthat

:'=stzmu1us ) Jensarg pre:ondzt1an1ng pa:nts'cu? that gvan uhen th1& j'

'dana na* have an e%%att on the an1ma1= bEhaVIGV;\a,'uheﬂ ha daes_g

nok’ gﬂt ﬂav: any par*xtular Pﬂapansﬂ ta. the predztte4 stimulﬂs:'1 
tha 'preii;tzon; aﬁﬁacxatzqn -15j shill learned and fhe sqnap¥1c

connactians made.

' 3.1.1 Global Reinforcement —




:.Pége_i?

Qcc&fding to tﬁé'ﬁhenrq;-ane'saurce o+ rain?o?témént must be

*;jth: SEnsarq input channnzs, as théﬁe.unﬁéubtedlq carry éktitaﬁian';'

:tqsparts of the bra;n. But it is clear tﬁat man. and ﬂnzmals are.
m;tivaﬁéd ﬁq: nther.'t§;ngs than a?bzt?arqustzmulatzan._ bgmehnm:

%ha brain has béeni_Strwctureﬁs appa;anth by i%s genetic_

‘inheritanca. ée.that-it_lgarns_t9 ma1nt5xﬁ 1rsel¥ ani its speczes A

'bg {eatiég' and  ﬁrinking:' évoiding tissue damaga;_ fééi: cand -
_chiidvea.zng;_?atﬁ. Thﬁs} 'the.thearq:ﬁﬁéﬁ p?ﬁpcaatéhaﬁ.;éftaiﬁ
sensﬂ:q #vents aré spec;allq mzred up %ﬂ cau:e  §9,:t$u§e,-eithe%  
: gen§fa17.g;c1tat1nn _Gf  general 1nh1b1t1ﬂﬁ oﬁer.fﬂlaéxvelq largai;j
. :éreasEa¥ﬁt$e  §ﬁéin; "Th1s "ié e%?ectlveiq -é 'kzné ofi'globazf
 ;reﬁn¥art=me1t mhzch 15: as we observed aarlzer:'a ne s és:ar; pavt-’

'Q? ang u:a?ul av dxrﬂctable lsual ?éxh%ﬂrtemﬂnt 5YB tgm

3[1;2-_Becandé?g Reinforcement —

st has ‘lang bean realzzeé tﬁat tﬁg. 5?aih;5.;;aiq¥§f;emgﬁt
'methaﬁism” iﬁ.q55§5=51mple '. The madel af a centrairée;ﬁénigﬁitq;
.&eiiVEr. E1n¥arcerent tﬂ the entlre brain and mhlth ééndﬁ _rewavd
Elgna¥§ whﬁn we. eat anﬁ punx:hment szgnalﬁ when we g%t hUrt.éusﬁ

';saﬁn be med;fzed *ﬂ +ake acccunt GF the prcmznence ot iecﬁndarq

 .ra1nFﬂr£ement Secandarq reznfurcement re%ars ta'ﬁne fatﬁ that __:

'_stlmulx asgoc1atad w1th reznfcrcement tahe un   ra;nfarc:ng
..P?ﬂpeptlﬂg +hemaelve= ' I¥ the dal1verau;a aF Fnad and a_alicking'

'saund ara. pepeatedlq paired; an anlmal ﬁuch 8% the vaf_will'!ééfh_

B 1 dﬂ-_wcr such as bar presa1ng Just to hear the cl tk._even 1+_

' 1t is na 1nnger pa;rﬂd mzth Faad (1n uthh caae ﬁhn e*#ect wauldj f-
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'ex;xwguxsh' bé@are'fvarq 1an§}. .éng .pZauaibie réinfartgmént
me haﬂxsm muét ba $1mx1ble enaugh tu aiiam an arblfva"g. stiéﬁius”
itn fa*e anrrezn?aruzng praperrzeu unen pairad wlth ra,nfﬂrrement

The 1ﬂma 1a+e waq ta mad1¥g the tentral -?exn¥arcemen- mechanlam:
thmnrg 1; BT clalm +hat the central mechanlﬁm leavns oy claﬁszfal'
'condl*1an1n; _ thaﬁ ‘:cnrtazn : stzmulz Te.f éﬁﬁat-&*eﬁ .mzth
'-r21n%nrcement Iaﬁd_-aendﬁ_ ;Gt_ re1n¥arﬂemeﬁt in Pﬁggnﬂﬁ# tu them
éiao;,ffﬁ.a 19:51  ?&15¥§pceﬁént thegyg _fhe rola .PF ;nntral
-i: §erhaﬁ;sms.:£§f not. 5§ '§ra5iﬁéﬁt 'aﬁd"iﬁ. thg.'prggent “t@ebrg
":seQendar; rn;nfgrcemnnt 15 handied Verg naturallg wzt&nut séndiﬁg
.- _thE-ﬁ etandarq r91nFarczng stzmulus a1guals +n and ?rwm a cgnfﬁél

: -mazhanzcm '.

:The. szngle- channel thaarg -3 explqnat1en .é¥_ 'Secnndavg'
"Vfainfavtement '15 :mnedlate %rom the prcdzctlve prlntiple and e

'_iuHaﬁ+1c -1nput~rexn$arcemﬂnt equzvalent& All neurana mhlch.

'“fPEue1va a r#:nfavcemant {whzch 1s “just anﬂther nanzers 1nput} and

:f_Lwh1th have ac:ess tu a predlttur ;of th#t r51n¥anament;_ m111_;"

flearn £o. %avﬁ +he pred1ct1ng 1nput hQV9 the samsa e%%ect_as fhé_
' PPEd2Etei.1nput —.1t m111 bherome a ?axnfnrcer  11?  %he lleérn56 
'aeLcndar; rnznfnrcﬂmEﬂt is pas1t1ve thzr learnzng u;i-.ﬁéuse sﬂme'
Bt thﬂ naurnns te ¥zre in respnnse  §&  the..xnput signal, th9§ .
1nnf§aﬁxﬁg tﬁé.fnumber e? neuvons that ﬁ“ve a::es= £z tbe 5}gna1;ﬁ‘

.and ?urther spreadzng the ranga aF thé mecandarg #sin#ﬁrcement

 9¥¥25+ ffin th:: 'gase, 1§he: eFFectzve .s:npe of the seccndarq_f.
-; reinFGrcﬂment w111 '.bé ,.preclaelg that T'of' gﬁhé erlgznali.'“
B _razn?arcament *ha+ 1t predxcts Thds,.' zgnal that gred1ct= *he

"argzval a¥ foad tand; ta vezn%arce as mukh af the bra ns neurans-*
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lfﬁat_ me?e_-fein?dvtsd  by %aqd; which is presumsd. to be a
éigﬁifiéaﬁf pq§tia#_§n ﬁfnﬁide.tbntrnl of re;ﬁansg5Viﬁ the hunﬁrg
”':anzmal - TﬁgLasEEdﬂdérg vein?ar%eﬁant ié-inia?érg Qag equi#élaﬁﬁ.
 tn +the arzginal rexnvnrtement Thus;:_f?_:anntﬁer_ ,zgnal fia_ a
.19F8dznﬁ9;_ af 'tne' preda:ta? 'G% feﬁﬁ%arteﬁéht;.fﬁen 1t taa m111
-ta;a.gn exﬂfnrcxng arapert;e= f Iﬁ principle'this' c%alnzng saﬁ
 §p :Sack 'ﬁgr.-éﬁg -iength "~ and thus prnv1deu an explanataan whq{

'unﬁer ze?tain-cahditiﬂna; animals tan-learn-tasks that involve a

dalaq bntwaen.'resp:nse and reann?cem$nt, ar:bétwasg 1] aﬁd ULB.f ”

Sin clanulcai cundzt:anlﬂg, aF more thaﬁ 'tha'-Fem 'éétanﬂsf'that
'nsurunﬁ éf }'a11cwed ta laﬂk at re1n?a?Cnment aFter firing. The -

::cand1+101s-;under mﬁzth +h15- klnd of 1earn1ng wifh}-ﬁelagéd

' rexn%arcement are pa:slble ars thuse 1n mhxch there ave secondarq'

, rg1g¥ar;ement cues a(allable to _tbe'_an}ﬁal. This _mgans that_“”
| t&ére :is_ soms 5£gﬁai. éfter 'réspoﬁsa{ par?nrmanée £hat ACCUTS
f?Qitﬁin a .féw ségaﬁds fanﬁ aﬁfimallg_'éﬁﬁ s, a%ter,--thCh'
.iniiééé??;. tha* j the rexn?orcement Sis Lamzng ) -In- naturalig'
  §§?&3&1§3§ gr 13 narmal iearnzng exparzments the usg g? thls kxnd
'n?freiﬁ¥ﬁrce&enf is khe rule rather than nhe exceptzaﬂ A rat is
 framarded for. pregalng '%hé' bar:'naf 'sﬂ much' by _ﬁhe eventualf
.:;presénce 'a¥. foud in_ ifﬁ stométh; but more bg tﬁe ﬁxght a# *he'
_ éaadibein§ gn the;hgmpeé.ér by the squﬁﬁ tha# s1gn;fq _tﬁat it:

.hasiﬁéenipuﬁ.theréff
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3.2 ?ﬁe Rnla QF Thé'Coﬁtingenﬁ_?rinciplé in The Narwvaous qufeﬂ.

Bq %he tnnt1n§ant prlnclple e prnﬁﬂfe that tﬁz néuréns a¥1-
fﬁai:braLn ZEarn to ¥1rﬂ 1n geneval “and o F:ra ta ce"tain 1n§ut5
16 ardev to maxzm:ze feznfgvaament that :ig' dependana on the1v '
':firing..J Iﬂterpreﬁzﬂg stxmulz and respﬁndes atValght?orwardlg zn

termﬁ a?rneuranal -%;r;ngs,_ th:s leadf td,_an_ expl anat;an 'QF-

'ﬁparant randztlanlng The explanat1on can be 111u=tvated uszng &
'_31mple exampie af apmrant cand1t1on1ng "_ hungrq rat 1earn1ng to
f press : har to get a pellet DF food. The ?oad is &1amn to be a
.  §trnn3 pnsztzve ralﬂ%ﬂPPer tu a hungrg:_fﬂt .1 In_-ﬁéfms  ﬁf:.thé-

f 51ng1ﬂ 'rhaﬂnel fhearq thzs means thaf the. food CAUS S much mnrei, e

.Extltatzan in the rat’ 5. ‘prain than. 1nhlbﬁt1un j fhe -sght o#_:the H'
5é?i ié ,ﬁﬁe }caﬂdztzaned st1mu1u5 {CS? mﬂd the mowaments 1n bar
'ip?EﬁSlﬂg avn.the conéxtzoned veapnnsa {Cei I¥ tha'rat per+arms 
_the CE {bar pveaszwg mavements} 1n responge tu the 08 (=1ght o%_
.:the bav}:' then 1t gets rezn?ovcement {(the Famd): and jubsequenth”- 
tend“ tﬁL pev+orm the -QR_ tp;.tﬁe'ﬁﬁﬁ_ mare__gttgn gnﬁ‘ mcre:”
'efflclenflq . .A:cﬂrd1ng .ﬁé .tﬁé' éiﬁggé thannei t#eb?@_ thﬁée
neurs%a: reapanszbie Fﬂr the CR (har prﬂﬁ 1ﬁ§ mGQEﬁentsﬁ “Leéfﬁ#;
'aﬁ EUnmaelzﬂd in the contzngent pr1nc1pler that 1F thag Firef in.

*response e tha CS {presumablg soma szqnal 1nd1cat1zg the QS 15','

"acresszble to these neurnna at snme n+ thw1r sqnapses¥ then theg:}f"

.wlll rece;ye_ po:zt;ve reanorcement {&ha exc1tatzﬁn d13tr1bu+edf'
Ttg{ﬁha’é%éi% whan_the-?aad is rece1ye§}. !he neuraﬁs TE:anulble.
“fq?;'_£§é - CR will “learn -ng hakiﬁq” thezr“ sqnapses 'mhase:
5;presqnap+1: act1v tg szgnals the CS more: pualtzvelg e*?ect1ve -iﬁ:-

cauglng.'tha nauran-tq fire.. Thus;'the Ld wlll be ma*e lxkelq to
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gczur in veépgnse tn the CS.

Th:” 1aarn1“g a% the ﬁeuran: bg.the antingent grin§ip}e' a§_
whe§ .tc fLTE'_éﬂﬂ mhpther ﬁo Flre  in -ﬂrdef o géﬁ :théir
921nfﬁr>ament 1% naﬁ dependent on the vaxn%u:cement halng.-élﬂ$$lﬂ
va1n¥nrc:ment Even féj “neytral®. senrurq 5t1nu1u: Axcltes some
'nauvang :F #he braxn and thus thaﬁé wlli 1e&rn whsn éd Fl?&' ;ﬁ-
_erder fﬁ 'get  fh:s pnﬁ1t1va reanorcement 3 I? the stlmulus iﬁ
trdelg n=ut,ai fhen an equal number of nEUTonS wxll b; 1nh1b1ted'

'fﬁg: ﬁﬁé; st1@g1q§ aﬁﬁ mlll gtq' ta  tlwa 50 as ta prevent 1ts
.:;Qtéurféﬁté;iﬁTﬁuﬁ, gartﬂ; ﬂ?l‘ﬁhé b;aiﬁ will learn abaut ﬁhéi.f

 j ra§p6nse1ftéh}ihéenczes bq the - Lantanqent prxn;zpla Just as weff

"Q.ha¢e shawn Eﬁa* parta ' # thg bra:n learn' abaut- pvad;ct:un' v

ﬁrelatzan=h1ps anﬂﬁg neutral stxmu11 bg the pvedzctlve p?lntlple

There isg stfnng-exgerlmental ev:den:a tﬁat ﬁe%vauéf_égstems:

'd# -iﬂarﬁ abaut Eﬁ;_raeepanse contzng@ncxe= of nnu?"al stzmuix
-ﬁTha gﬂne‘ai phennﬁéna ig” talled 1atent 1e¢1n1ng & gpod_ ear1q 
 iexamp1a';igi the ram905 case QF Bladgett ] “ats 'ﬁléﬁgetﬁttaught-
_twa groupé af ?afs ta ga thrnugh a mazﬂ fté 'get- f&ﬁﬁ  Bﬁe of
"Ehg&aﬁﬂtﬁe' exper;mewﬁal g?nup; had Plxmt bﬂén ?am;i arlfad mlth
 f;th# maza bq allauxng them £0- cumpletelq explare i€, wi thmut thﬂ1rf

_belng 'anq %uad cantazned in Lt He ?nunﬁ that the rﬂts that had

’alraaéq #xplored *he maze Iearned much %mster than ﬁhé Vcantrnli“ﬁ

{graup uwha had ;uut as mang reanorced trlals Appa;entlga even':

'thaugh tﬁera was no reward. the ratﬁ haﬂ learned sam ‘h1ng abaut

thﬂ maza bq explnrlng it be#nrehand
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ézcarﬂingrtn tha single channel theory of tﬁé_br&int ﬁeqrahé

_in: partﬂf ﬁ?-_the 'rat%"bvaina leafnéﬁ mhat raspoﬁsés would get =

what st1mui=, wha+ tﬁrnﬁ in the maze wuu}d aﬂt ta uba"' ﬁiare:'in;,,

 #&€1 §3:9, as axplazned aaf11er bg the rantzngen4 pr1nrlple

_éxgaﬁiméntailg, ma-saei?hat sﬁmehu@ the vats- were Casle  to use
-&_tﬁ;s__hfaviauslq_ 1aavneﬁ in?armétipn.‘dﬁce it pggamé glabailg' 
.L-Qgé?uz . In ﬁrdef.ﬁa sxplain ﬁﬁié_abilitg. tn use fhe. 1earn1ng' 

”abnut neutrai s?xmall in latent lﬂ&fniné,._a third gene?al-

73ip?ln£1p1ﬂ a? neuran behav1ar wzll have ta be prnpn:ad

ﬁLﬁlVltq Chan,e Przncxple ' Neurnn:_ hﬁVE 'change%"in;:'théiv"'

":yFrﬂquanc; n¥ ?1T1ﬂ§ uasﬁd 411 +he re1n£nrc¢ment that aﬂrlves af*er

-,_valng. I? the rezn?nrcement is puixtlve the neuru1 tendsj3fe

“fira mors a?ten;_;?-zt s=negatxye, the neuvroan ¥1reﬁ 1355 n?*en

.:'Haw.Qe £aﬁfe:piainlafent:.1ea#ﬁiﬁg. '.Gnnsider_:tﬁat ﬁﬁer;i_
have. beég Vfbfgéd_ tmﬁ.-§rDupE. of .ﬁeﬁrunsl ﬁﬂe,gegg puaiﬁiveiq '
Jinn%prﬁﬂd oy & s#zmulus and whzch has 1e&rned when %a. %ifé ”ﬁp
ingéf '§t; 'éﬁdf ane which is nega*xvelq rein?arced bq uﬁé stimﬁlds-'
:f%ﬁﬁl_gﬁiin*'ﬁaé.flearned_-hamr o avnzﬁ it. Tﬁg.t'tup.__ﬁavé:
:;cﬁuﬁtefééfiﬁg fgf?é:éé ;taéulting_ in'ﬁﬁ.a§efts?egpaﬁ§e éendaﬁcg..
Néﬁ3aaéuéewthé. %éiﬁﬂlus pccuTs and - is Fuilnwed bgf éaéitive i

.PEln?ﬂrcmmaﬂt (+h15 carvespands o when ﬁhe Iatsnt leavﬂxng

'beLﬂmﬂa-useful - naw thnrei is_ Food iﬁ“_the -maze3 - Dnlq the

;ﬂEdrﬂnﬁ ;asztzvelg 791n%arced {exc1ted) hu the Stlmﬁijﬁ mlll ¥1re_.

_w&en *he itzmulus acrurﬁ Thus; when the pOmztlve raanarcement A

-¥Giiﬂms,- these}. w;ll ”gét tén_-lncremﬁeé- tendenag__tn- f1rgf—

'::sunsequentlg wh1lﬂ the neurans that have learned ta ;reVentlthe.i




.'Pége 2$'H

:.gtimﬁigg Cwill nat.'rThﬁﬁf fhé.neurbns t%ging.tp'get the atimuiﬁf_
mfii'#gmiﬁafen?q*théi? increased firing.aﬁq tehﬁ_ta ;antréi:'#he
ﬂrgaﬁiémﬁg é;ﬁigné. | | o

._fqijﬁﬁé extentrigﬁét'.fhe_ acf@vifg éh;ﬁgg ;f;nﬁiﬁlé_ ig:
:réﬁuﬁdaﬁ§ 5&ith'.thé cdntingenf pf;nciple itlhas beén in£;Q§ed inl
:_fﬁelmatﬁémati;ailfﬁrmaliigtiﬁn afithe néurpn.-  Hﬂwevef{ I-_ﬁave'
' ﬁ§t ;artitular}q'érieditﬁ iﬁpieﬁent”the attivitq'change principle

yet iﬂﬂthe;cuﬁéuter éimulatipﬁs.




. _?a§e:24
4.0 FATHEMATICAL FORMULATION
4 The Basic Form OF The quatiggg'
::.Sﬁia ﬁ§mbav_3'9§-agﬁ qualifati?e:Fﬁieg_éa?.sgnag%iéwe§$itécg
_'chéﬁgé . paiﬁtedn.,ggtz'ﬁhét in vepééﬁéd _identi§ai3 tni§1s' a¥
 hP?E5§ﬂapu1c ¥1r1ng tausang postsqnapt;r Flrlng and rﬂiﬁfafﬁement
,  fﬁgzcwxng': the sqnaPSﬁ”'tends to gc to a full strength that 15$
prapﬂ?txunai ta the average reznfortemant aFter ¥1r1ng Thus the_
'15§ﬁap*1t: e¥¥1tacq egf {For gamma). ahauld ﬁs seﬁ pra:crtzanal to
fvavera;e re1n¥arcerent after a ¥1r1ng,. hut an;g . ea1t1ng thnsg;-
 =¥111ngﬁ ta whlch tha sqnapse cantrlbuted to. 'Hfhlﬁ caulﬁ bg*d““?'ﬂ'
f bq de?xnzng rezr+grcemenﬁ aFter a Flran as the sum -??iiéii:ith§ 
  xﬂput avter tha TITIHQJ but the prublem m;th thls %g“mulatzan ig
:that if jae: nat allaw the 5qnapt1c eFthaczes tu chaﬂge gmuath1q3'
' wzth"time Gur equatzona can nat yse equaﬁ:ans wztﬁ term: such .
as all’ re1n¥arcemant aFter a ¥1r1ng whzch 1mplq wazﬁ ng .several_
| se:and;_.ﬂygr_.whxch to add up 1nstantaueaus reln?argﬂment 4&1”&5 :
to F;ﬂd :fétal exﬁess. _ Instead.':it" behaaves_'éé_jta daveiapl'
equatzanSJEGsing'”bnig 'instantanendﬁ :@eaaures o¥“re nForcﬂmewt
_lThzs is nat a serious problem because  &3;_caﬁ '+1né _% relatlon
: b*tween 1n5tantaneauﬁ v91n¥urcement jund what synapiic eFcmacgf-
5 fshauid ﬁm - G 5hould be prapartioﬁal. tﬂ_:aferage ';natantaneguﬁ._
   ?91n+9rcement:.i Thzu ?elatznn :mﬂétr.haid tb;_znsg§é £ha€“G:igﬂ°
H.Prﬂpnrtzﬁnal ta excaas.?alnFurceman* _wh%th is. deg§§fiqnaii £

7 aVﬂrage Lnsfantaneﬂuu rﬂzn?arcement
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R wﬁat_iﬁ n%edeﬁ is an incremental or ﬁetivitive eg&atien. for
& :thaf.';aﬁ fg§ -shgwﬁ’rt§ have the .dEsi%ed _gaéggncie§?; :zh 
7  §&?£1’01ar, wa uuuid Izke tha 1ncrement o d%rivitivé_tc:ﬁé'.zara
'wh=n +he ideal value ?ar ef?ztacg is reached Thus; I prapoéé_wé

-;;nnslder:-T

| 4c

1#"——{t; ~ REFRE. . {done after firings the
- £ R n'_ *qnapse-cantrihutes to)
| wﬁéfe: Rit? is 1nstantaneeus rc1n?arcement-
R G is synaptic efficacy - - - :
. R is an arbltrarq cun§t<ui
This, ;iﬁ 'znfd'”@hen B beara - a .carfaxn pvopnrtzanalztg'r to .

.1n=tantaneau5 reznfarcemenf and the sum e?%act u% the equat;un 15;
:zeru fthng cancei? 1? bears that prnpavtlnna11tg ta_ average   
“znataﬂtanauuﬁ re:n#uvcement (assum1ng 1nﬁtanranaaus raln%urcement 
li.aVF?ageﬂ and the abave aqaat1nn ig appized in the same wag.

. Th1s fuxil bef_fhe ba:1t ?arm af our sgnap*:c rhanga equatzonn

":ﬁate thaf wﬁ;ia G 5 Ser1v1t1ve is. glven aa_:a #unctxgn of g;ma '

 ?mh11e G ztself 1= ﬁﬂi;t Thzs 15 dane tn amghasxze that © narmallq 7
':cﬁanges__szawlq,“iﬁ  ?élatzan. ?u the__ tima caur53_ _dF éhg?
 §éinfar§emen£,:é{?ec%iQEnésé curve. . Thus. G“can aE Qiéwe§7as 3
‘éansfaht't¥ﬁri ﬁﬁe_‘ﬁﬁvafiaﬂ_ bF_”a_ Fiviﬁ§_'ahd  £&9 sﬁﬁsééuént_.
‘:e¥¥ect1ve re:ﬁ?urcement 'ﬁThé'-#ﬁange. iﬁ'g,'ﬂn.+he nther hand,-
' chan§“a've?q quzc%!q dependen+ _un "§Eaﬂ ﬁéméﬁtarg r*zn?artementj j
ibﬁlng,recezyed.bq the.neqrpn. | -
'aerﬂsettzng can be added ta thzs equat1nn bg cnnztvuﬁtzng S a

'_Fvnction :¥§f[.th§- Iarasettlng mechan15m5 eFFectxvezess that is-

fIE?o when tﬁe mechanzam ‘is Fullg aFFectzva and ﬂne wben ataliu'




Page 26

inef%eative"' The deriviftive equatioh can then be multiplied Bg
) th'é fune tzan 59 +has 1t arts as a wezghtlng of tha .signi?icance :

o+ ﬁhﬁ pregnnt s;*uaéxan

23 ——(} "~ [R(t}-KG1 Z(t—t1}  (don¢ after firings the
' 'ﬁt: . R _J_ﬁ_- ~ - synspse rantvzbut:s ta?
whare 7 is tﬂe zeraaettlng e%?ﬂctlvencs Functinn'

: £

1-is the €ime of lasi presynaptic Firing’

- ﬁuztable Z Funt+1un 15 a blnck funct1an mhzch is Iﬂ“ﬂ for | E2ome

._txme and than becamea-one tharea%ter

Mhew zava:etfzng was dxs:us:ad earlxer 1n thza papeT 1t waﬁ'

" 3e?erm1na§- .that. rnzn?uruement shauld ?be~ eFfacﬁlv gfter  &,
'._respahgez arcurdzng fa-_anx 1nvevted~u “shaped :rainFa#:émEnt'
e??e:*zvena:a carve" A ¥1r1ng is the-naurai.equivaient.gf &

s?E=puﬂsP 50 the er¥eat1venns= o raanDPCﬂment as - it comes in.

. after a F;rzngughouid be;yazghted=bg this curve:-;

Y SR

3y mm(gy & 'fR{€}4KG3“Z{t~£i}'L{ﬁwtﬁizr {done after #irings the
-1 'f' S D L sgnapsa zun*rxhuﬁps +a)

 ¢§€?9. i is %tha. re:n?arcement e¥¥ect1veneaa %unctlun -
v 3 is the tlme af pnstsqnaptxc flrzng-
{%hli ?exn?a;cem91+ e?%ertzveness Fun:ﬁfﬁﬁ” f{ﬁ) is nnlgﬁfknamﬁ,:
'fexperimEﬂtailq %rdf thus hasl_ﬁq_ mathumatlcal Farm;latxnn qet
LThIG ¥unrt1an Farwa +he hasis for a resn?nrtemEnt e+¥Ett1veness
:if”“ct;?“* wh;:h_  m;ll ha develupea ~im tﬂg fnext; 3e;tzan f
fzefbaaﬁfiné:“ -iﬁ   a o sensa, alsar_'wezqhts rain¥ur£ém3n£ :
eF%ecf1VﬁnEaﬁ  but :§§'.ndt-.cans1dared pmrt a¥ the r21nforcement‘

; ¥unctzgn _because_ilit Z'zntroduces ' unne:essarg." 1ntrartabler




mathematical dificultiss).

4.2 FRefining The Formulation And Extending lo Many Firings
4.2, 1 The:Heighting;Ef?ectiveness'ﬂ¥ Rein?orcemgnﬁ-ygn;tigﬁ_--f__

"f Thg§. ;av__g@j ha§é _cdnsiﬂéred geightiﬁg | rainfqrﬁément‘s
| éfe;tivenessr.5q 'an.'iﬁVErted"Uj_shépe&. cquE tracad _o§t=bg'a
'éugctiah;ggea_af tﬁg time'gihce postsggggticf £iring. Cin thié_-
 e#ctiﬂﬁ* +ﬁb-Fein?éf:ementfé¥Fettivanésﬁ'?anﬁiﬁn:wii' be reF1ned'

'”_zn several uag: o qust: 1nstead aF aﬂd:nq the pvavzao tp cnlg-; 

“5f?apgig _t5g  sgnan*zt change equatzan when tha sqnapse contrzbu+99 "'

o ta-tﬁe Fxrznge -§hi5 w:ll .be,_znrludﬁ ,in, tha frﬁlnforcement f'
 ;eFF&cu1vena=§ +u1et;§n.'_:Thé .blnarq cancept a; Lanérlbutlng QF_};
nok tant zbdtlng gzil be generalzzed tc a centznunug measure_7aF'
._ﬁhe sqnap ERE-$ .:nnfrlhutian :. AFter. thzh, the ?31n¥a?cement
. 5¥¥ec*1vﬂne=s Func+1:n will he generalzyed ta the.gtage_ Q§ _w?ng;
-fzrxngsfﬁifﬁ,fthé',neqran_uand.'the_ rnln:srrement  §£¥é¢tiyéses§.

function L), wizzfsé given a mathematical embodiment.

Hhen a neuron #1?35 a slnglﬂ time each. GF its 'gnapses ‘may .

hafe cantrzhuted tc_ that ?1r1ng to ﬁl rent dngraes and thus"

ahauld bn raanged ta dlfﬁerent degvees ' Up to nuw wnf have .ﬁéen 5::

'ﬂasﬁumlng :that ELthnr a sgnapse contributes or daes nat, mzthfpa?'*”

1ﬁ§eﬁwé9“ 7515 aFPﬂ5P=LftQ _be ah-,a\t1¥xcxal 'dzvzs1on -~ Dy
- tpuciai'_measure af cantrzbut1an is the txme hetweew pvesgnap*zc-
"Firing éng gustﬁgnaptlc F;r;ng. ' Snme__arb1trarqﬂ fime :rzterza

Ccould bs. chosan “ta  divide 'the_sgnaPSas intu_cgnt#fbuters-andf_
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'nnncpnﬁributeP$; but it is more natural to use a more tantihﬁaus
m2asurae of  degres of contribution. & simple mode! is that of
sxponential decay:
L S($0-£2) /T
4y 0 o= a S
whare: C 1s”the contribution of this synagse.
© .0 £D is ftime of the postsynaptic fiving
§2 iz ¢time of the last presynaptic firing bnfure 0
T is the membranz potential decay time constant
:fﬁlﬂce ths tima canﬁtant ig“'that: of. the 'membrahe paten+1al ‘s

f'detag:_ thz; ';_ uzll ba proportional  to hom much aF the Iaat

-sz;ul:e pazsed 9, the_-égﬁépsa- was #%ili _aruund when- “Eha
 iP°5t59napt1r__f neuraﬁ_ﬁ'éired. " Now. ﬁﬁﬁﬁ.'e¥$9tt4venes=- Caf

B rezn?ﬂrcement FJh*lan can be ?eFined ta take accounﬁ JP the size

“af thﬂ s;napse 5 rﬂntrzbut1nn to the lean

’sa Etgy v ¢ L{t=%0)

'_wﬁnre L(t? isntﬁeirein¥aftement_EFFectiVenesﬁ function to
be uysed this way in the synaptic change équation:

“gs*'ff '~-ft&ttsuﬁai L<t§'zétéfiaf
dt : RECT R _ :
:whzch now. no Iargér needs fhe aFter Flrzuaf fhe sgﬁapaer'
cun#rzbuted ta prsvz:c o '
At thi% pgiﬁt snwé termlnaicgg shauld Se revzsed and clarlfled
ﬁﬂ:get ?ﬁg;-raserve-_thé ?sgmbn1 L(t? for xhe ?unctxon p;oduczng +he _
. singiséﬁgmpedjzlnver.eﬁ ~U. .ﬁhaped turve prevzuuslg called _Qha:
 ¢§;§¥&&§§men£h gfrect;venésﬁ ‘curve. ﬁhd ,LEt us wuss the 5thn1_'
:giiiiénd t§e;5a§é..%einfb;;ement e%+ect1veness Fqg;zlqn_-?dr g.

. synapse sggﬁj?icf'hiétqrq  §£,_ths.e£Factxvsness of ;astagnapﬁic- 
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teihfa:cémen£'inzﬁhangiﬂg fhat sqnapée:..Thua;_tﬁp r%in¥afcement
- §££egggVené5g  $§nt#$an E{tk ~may cnn51«t a% severai humps of the
| 'shapg tféﬁéﬁ bg.L{t}; whaﬁe anse+ cﬁrrncpanda to Fzrz‘gs iﬂ"the
  :§as£éqna§tizf neyTon, ' T§e dzagram ;iﬂ %1gure & §+ a sgnapsa’é
eznfarLﬂmenﬁ Effeatzveneaa function E{fiﬁ'éhﬁﬁs fths ﬁeﬁult of -
37?@3- ¥1r1ngs  (tnﬂg arse asﬁumﬂd tu be sepﬁrated bg en*ugh t;me“ta
175§~cansiégrgd two 5@ perate Flrxngs) The %1?1nga cause temporarg
in:véééeal'infthéﬁﬁ'?qn;t;an #hat are u?-the game 5&599.“ that a%
. tha funciion L(k), but thch afe ot diFFeréﬁF helghtn dﬁpand&nt:

'an huw clnaelq pastﬁgnaptlr fzrxng Fallmmmd gresgnapt c fzvzng

haw.me ?an.canszder what shéuld happtn to the E vunctxan 'iff
 thare a;e two ?1P1n§S.GCtUTT1ﬂg EIDEE LﬁﬁUQh tngeﬁhe“ thatntha;E 
¥unct1an ha; nﬁ+ qet become 18vo ?vﬂm th& Flrst ﬁﬁé thén .tﬁéf
'ﬁeaund—nz:ura. C:nszder the E ?unctxona as.+heg mauij.be if each 
¥1v1n; had aczurred alﬂne | Then we could apply our equatxanrnncé'
 F0f éach Flrlng o | | B
?? ';;{t}' m: ER§#3~§Q1_Z$tfti? ?1{#} .% £R£t3~KGJ_I€tft;} E?Ft)r

whare £1 is the first firing’s seperate & $unctxon
_ani EE iz tne =ecand Fz{xng & seperate o) .unctxon

fBSt:sinﬁe th13_;ﬁ_qu;valent to:

L ae L .;  : C ; i.. . . o Co _::i

B ——{g&} ™ IR(E}I-KEGT Z(£-T1) TEI(E 28T Co ;
4 - _ . _ B i e

tha équatian'cénf;ust Ea=uaed ance'nnce mith an E ?unctian - khat

 £§- tba um- aF aach fzrzng = E ¥unct1nn ﬁeperatelg ”his cnncept

is graphnd zn #zgure ? The cancept 15 ca511g genera 1*ed *a ang_




fjmijﬂapﬁc

i =t

.E(f) ; F .i.ﬂ‘ a/one..

,VEC'f') l\f ZmJ ag/{me,

TU?"J Sum E(‘e)

-....'.-Fiaura_?. | I\lusrffa:hm a‘{: Mcbme E(:é)‘“-.'_ S
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' - nunher  of fivings just by -ééding_ g all  fthair ssperate E

functions i¥ alone.

Tha cﬂnrep+ 3? addsng up 511 ﬁﬁe éegeréte E §>HL+IDRS é%
iggch ¥1rzng appea?i- ta be uhat 15 mghbﬂd theovet lfﬁllgf but da
:fﬁg. isz1CJltxas-]ia.-calculatzng thlﬁj'm&ke 'it' smplauslble
.Fa?tunatﬂlq, thé. gqpat;uns' can ba cha»ﬂn rzght 50 Jhat exac+1§
 _this'cancgpt::ap.bé‘i&plgméntgd varg.simplg. _He chaaa'E iand" an. -

': ;auxi1iafg function A this way:

4t

Taking ACQ) puaz*;va and E(O) zevo, ‘and snlving the differential

'equatzcnn:

.  ii3' E{tk_?'e _{_”f_er _": _(ﬁée apendix é.#dr-deri?étianki f1

.ihlch: fgf suitable r.anﬁ S is'érverg égﬁié%acﬁnrﬁ rain#ur;é&énf
e%?gtfivénaas +u1ctzon (5ea ¥1gure 23,  TﬂE5e:e£uatiaﬁs3éfe USed 3
by a&ﬁing 0 A(+3 each tlme there is Q pﬂcfﬁgnapﬁlg ¥1r1ng  ,-§,

.marhemat1zai arg;ment can fhen ﬁe qéeg -tn: show that the E_
‘¥unct&nn re:uit ot aﬂdlngrsuch a C ta A is exacth the_-samer as

-'ﬁha 5F'¥uan1vn If the G was nnt added fz‘ls.s‘r the E %un txon 1+ the:

. *i 1n§ ﬂ? e?Fect C had accurred alone
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Ig wzli be use?ul to note a +ew QU<J;tar1ve aspe:zts mF th;é;
: 811§16111tq func*zcn ' Fzrst, & sqnapsefa ellgzbzlzﬁg function iif
anlq =zgnz¥1canflq largﬂr than zaro 1¥ @ signal has ‘been 9aséed-'
?é.wthe 5qnapse-w1th1n.the ;ast:fgw EELGﬁﬁii BEcqqﬂf iﬁs_éize:is
prﬁﬁnrtiaha- ta the cnntrzhutzengr'and_ ﬂuﬁbe%_tqé. such féighai'
J-paﬁsxng avewts Ta E: raugh appraxzmatznn Lt 15 JU:t a measure n?
.th“-e:tent 3+ ac;ur?ﬂnCP n# such event with a deiag ‘lag of 4&6 
m§n .Thi?dg note *ha‘ thli Funct*nn determznes not how o in what 

 ﬁi?éttiﬁh_£hg sgnapse_chaqges{:hut mernlg hau %agt it changﬂs

ﬁ§;2,2 _Ptédittian Refinsment —
‘Consider ourv ﬁghép#i;jéhangé-equatiﬁﬂ:
12 =4} M ER{EY -~ KGY E(%} Z(E-%1:

”wthe t1 is t?me,GS”iaét-presqnaptit fiving.

'_me- tarm m.’ca'n 'aé '- thaugh‘" of as. a pr-eaictinn' s what the

TEIH*QTL“MEH? wzll bé{ IF the rezn?arcemant is prncxseig thzs-
:murh *he sgﬁapae uzil nat . change. - .In the abova. equathn the
_fp?adlft1on is hnlg F:] ¥unct1an nF sgnapx1L ﬂF?lcarg This'hakes“

T isEnse_—_ather fhzngu bezng equala “the sunaptlc e??z;a g shcu‘d be
'iiafgéif '$§vi thosu_ gnap=e= that gredz t tha maﬁt raind éémeﬁé;
_chever;'a%ten nther th:nga are nnt eqac L?QP. ins t nre, .i¥ &
.  5gnagie zf rrequen*lq prasgnaptzralig attive;_then a#an iF it ha§ 
o4 Zew sqnaptzc strangth it w111 have a large ' %%a't :nn 'the

'neuroa.' in generair we mculd 11ke ta make a sgnapge ‘s e?PeLt cn




the neuron be fhé'dététminéht ot hou mﬁch.reinfarcément-it needs
téu.feﬁain unchanged. In this case. both synaptic strength and
_number and size of contributions shouvld defermine predicted
reinforcement. ' fhis is'apparenth'a muztiplicativé relatibﬁship
- 1F the sgnapse cantributes ta two f:r:ngs of the TNEUToN then it
rshuuld_ expect thce 'aa much re;nforcement Thus I prqpuse we.
need some prediction tefm P in our agnapt1c change équation th;s:.
o de ' o |
13y  ~=(%&) ™~ .[R(L) — KPGI E(%) Z(£-%1)
4t _ _

_I ﬁays,triéﬂ-tb givg.a.sub#e;ti?e Justificatian for adding this P
_térm. 1 ha§ §hé added advantage of making the indi#idualinegrnﬁ 

a less unstable system, a problem that will be discussed later,

. i will now try #o state some of the .qualiﬁafive -propérties_
gf the P fterm sa;that cah ﬁru to defive a gquantitative fnfmula
tar it ?irsf, if there have heen no fzrlngs for a mhile;  and
fhan there is one-flrzngf then P should be the cantr;butzon of
fﬁg égnaﬁse to the firing C (equation 4), as this times © is how
'much":effétt-'thié.;sunapﬁg_'ha& an the firing. Seconds if
immediately after this firing we have other +firings, then P
should be approx:matelg the sum of the sqnapse s cuntr;hutzons to
" the f;rzngsf_becauge since ‘the sgnapse is cuntrzbutzng to many
?irings, it .is Ha#ipg':a large efféct' on the neuron. ~This
approximation ;s:.bf.ﬁqurse. only accurate if the Firingsﬁ-oceur
_ vefg clnse tdgetber,.'fﬁr .as the get Farther énd Farther'apart_
theg begzn to lunk 11ke seperate firings ‘and we should applu._thé:

: f1r5t1 case we Just dzscussed where P is set to just the C of the
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ﬁﬂst'recght firing.'-Thirdlg:'if a Fifing occurs and the.';gnapSE
did nof contribute to it (C is zers), bthen P should not change.
for the synapse has had _néither more or less effect on thé_
ﬁebrnn.  This Iaét _criﬁefibn points up that, interestingly
ghaugh;.althﬁagh P.iﬁ not a ﬁnnstaﬁt,_it is  naot pérticuiarlg a
#untian'ﬁbf time either. P;s value is fixed except for when a
- %ifing to.which_the_ﬁgnapse:cﬁﬁtributes to occurs, at which p#iafl 

it makes a discrete jump to a new value.

Three qualifati#e criteria for how P should <change in Cits

“ diﬁcfeta~ Jumps- have been given. To furn fthese into quantitative
~equations we. will need - to knuw"a faw of the mathematical
'prdperties  oF.,th§ E and A egquations. These properties will he
stated here and proved in appendix A

Theorgm: The area under tﬁe rest of an E funtion <(integral of
E(x) from & to infinity) is {E(£)+A(E)) / s.

Coruilarg: The area contributed to an E curve by adding a
cnntribgtinnrc,tn Alt) is C/s. |

Now the ﬁbaiitative criteria can be ﬁtated'mﬁre quantitativly:

1) if ALEIH+E(t} = O, then new P = C. :
2) if A(HI+E(E) = old P, then new P = old P + C.
3) if € = O, then new P = old P, '

Given these criteria I have settled on what seems to be the
simplest sﬁitahlg thange of P equation:
ACEIHE(E)

14) new P = old P~ === ' . * C
S : ACEI+E(EI+C [1-{A(E)+E(E)2/0ld P1
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I ioﬁ?sss thét evan $0 mé-this'ia net a vé?g ihﬁuitive ?o?mu;a,
'but: taking _cases 1* saems ta have the éﬁnlred prapevt1es f_i? c
.is:fgrﬁ; tha camplex Fract;an reaucas ta ang- and Pois unchéngﬂd

i¢ - Aft>+E{ y o= wld P, .éé- mh91 there, are tma. ?1;1ng= nearlg

-_tﬂ;ethar,_the érattian-i§.'a1sa Cane. awid P becomes mld P+

'anaiig; _i$ fheve.have;heen'nb firings Fov a whila, so A(EI+E(E)

is near zera {whzla is not), then the fraction is  near zeTa.
.”and P =g,

Nztﬂ thzs added reflnament a? the g pr@dzct*an t:rm - wa - can

nﬁw ask abﬂut Phe value of. the tonatan{ K in the Sgﬂzptlt change

quat1an {aQuatlaﬂ 133 Cﬂnﬁld&? a- szﬂgle__lsﬂlatgd F;r;ng- gﬁf
:uh;;& thé_ sgnapse tnntrlbuted_:éﬁ émﬁﬁnt'c._rtali.the ﬁigha%gj
rvaige qF ;§s E ?Qﬁﬁtiah.ﬁq'_égpﬁgsé we.maﬁt G.to,bg _stab;é':whgﬁ
FG'%%eﬁicts,tﬁe éffivai:a¥;an_amgyﬁﬁ:§F'dépéiarizatiaé quiv&léﬂf}
'tﬁxﬁhé_ ;gnapan s ﬁun' depnlarizing. e%*“cfr it the pre&i;ﬁe@
depalarlzaﬁzun avrlves af” ﬁhe _épt:mal _tzmé_ (400 msi.;éFtev

'ﬂflr;ngkg. $;nte,th2*aqnapse is not to change when  £his occurs,

7t§an if_the-effacﬁ_b?-zEquetting is igunoaved:

'_155}"ftart}eﬁéglsgt3rdt = O

‘Also: sxcess veinforcement is equal to PG, To get esxcess
reinforcement #from weighted excess reinforcement we scale it so

| thataréin¥arceﬁ;at_b;cprring at the optimal time fas the wunif :

edfact:

R IR(t?E(t) dt
1"1&3 | e ——

i

SPe

S0, B
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17} JH(##E{+) 46 = HPG

',H 1s éeflneé to be the largest value of nhe £ m91ght1qg Functlan
._Since _tﬁe shape o the re1n¥arLewen* E§?Eftlvena§5 ¥unct1an 15 _

-:dnpanuent anly an £ha ﬁzme canﬁtanta {1fv and A/s) ‘and 1ts hexght.'

'li determxned_hq-C ¥ﬂr a 51ngle firing, we have

18} H = YO

Hﬁare ¥ is a cana+ant ﬂqual ta the max1mum vaiue__m¥ E{t} fwhen'

”startzng 'mifh_ arzgznal "cond;tzona ACEOE=1, E(toxén ' in other =

7wﬂ:da: thxs coﬁﬁtanﬁ Y is meil deflneﬁ "nd dependent anly on  the

canstantn v and 5. Frum mu? themrem we #nuw

fE{t)dt , Eﬁftﬂ}%ﬁ(ﬁﬂ)]is-~.
Thus: for our 51rgie isgiated ¥1r1ng {indicates é€t33=E(ﬁQ?=DBL3
 $1369 ﬁ{getﬁ 1ncrementedrbq.C: we get: |
- Coors o= JECtidE
Land, T P

80

& o= s JECerds
-- 8*:=:_?5?IE{§)d£' Frqm_?)
19) IR{%;E{t;dﬁ’ = Pcv§ I£(t>dt . #rom 1T

=and”sznce #rom iSar '

Itht)*&PulE{tb gt J=_ o

then:
T jﬂ(t)E{+>dt-'= fapss(tkdt
pavs [Eceiat = wpe [ECerds
- {by. 1? and since @ can be arbiftvarily caﬂstaﬁ*)

RS2 ) : .

" Thus aﬁr;sgaaptic?ﬁheng&_équation'is fully ﬁeFinéﬂ,{axcept §arj§n--
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-arhitrary vate of changs constant) as:

20F . -={g} v LRIL)-YSPEI E(E) I(t-11}
.lhera ti 1= t1me of ¥abt p?e»qﬂaptlt P1v1nq gnﬁ m;th the canstant_'

apprax;maﬁelg {zernﬁett1ng is. bezng 1§na?ed) =et S0 that +he

sqnapie wzli asme ta have as gveat an eP ect an the N urnn a8 *he

:e%fect-_ié- predchr to come in ?rnm another sqnapne fSlncehbcth '

1nput5 are.bg der:nzzxan reznrorLevs, thzﬁ mﬂans that _Gifh lﬁhia*
:cqnstant* -=ac9ndarq raln*ﬂrc¢ment can bFfQM& at maaxﬁum of EQJal*
' e¥?ett an tﬁe rexnfaccemen+ 15 p?EdlCta -ihere is no partlcular
'reaﬁqn -%I .glveifthé icanatant this Vu)UEx ﬁut tﬁié is a:uaerpl:r

"re¥erante paxn* 1n sslettzng a value ¥ax the canstant

4.3 Nédranal Element Sfabilitq‘

. “-!EUzan 11&& elemen+s aperatzng accnrdan to _tha_'eQuatibns' _

.' :f§iven"tHas3 ¥arf ate. éxstxnrtlg unstahje The 1nstab111tg is a

ba:zt.cﬂnsequence a? u51ng neural 1nput as rm1n¥arcemnnt tu' thé1
:neurnn'r_ 4napses.- The 1nstah111tg is Lthe. result 5f A posztzve
?eedback 2aap tha+ is entlralq incal $o fhe sxngie nm;rnn and 1%5
:sgnapsea;_ and_ wuuié Dccur evéﬁ :i¥ fhe 1nput tg the nauron
Iremazned cé#stant in 1t characterlutzcﬂi. ?here are E: numbnr :af
aqa :;ta__el1m1nata"ev rminimize"this"xnatab111tq that ha#é
'-1nte?est1ng advan*&ges and diaadvantages: and most n+ whzch ha%é-__

nat qet beaﬂ Exfan:xvelq explnred
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To show how ?he 1nxtab111tq arTisss. tﬁnaiﬁer'a neufan_'with

ﬁfmang sgﬂaanes '.ﬁmagma the presgnapt;r NEUTONS: a# thnse sqnapaes.
.;.Firé iﬁ. a tatailq randam maﬁ._wzth ':g' Cfiyed p?ubabllitq'
dl:t?lefzun Also  assume the ;nxt1a3 average algatraic :um-afl
anuts fr91n¥orcamnnt? _fa .ﬁhe: neuran.'is. zera {ait&ﬁughw i%
'.uniergaﬂa randuﬁ riuxuaq1uns a? ﬁcurﬁe; depeﬁding on whith sf.the  

presqnapfzc nauranu happen ta be Flrzng wﬁd transmxtt ng Qignais

gth?ough__théiv-,sqnapse:.'_ Consider what happans  i¥ the ABuUT oM
Vf?i;es‘an§ ﬁhén; by chancaf:thE' rein?av:ameﬁt. (in@ut?‘.?ﬁllaming]
__the. .¥1¢1ng . hgapensjﬁtn_ 53'.§1igﬁt1u- pﬁgifive, jSin:éLfthis 

rézn?ﬂ?zement 15 pﬂﬁitzve it u111 tend (1ﬂ most icaﬁéak' fh',ﬁaﬁe ::
’#hé =gnapsas. whzch Laﬁsed the F1r1ng mnré poszt1v¢"# fh§q:Qére
.:excztatsrq and. less .negatlve  ?# thwq wéré  1nh1;i§§rg.'  Iﬁ
:gene?&}r-ﬁha.pasz+1ve.rﬂ1n$avteﬁant wzll E ulf.in cﬁaéées ﬁd Eﬁé

synapses wh;ch:_w;ll cduse . average. 1nput ﬁubﬁequeﬂth td_-he

“slightly . higher £han it -was befors, ov in this caae;_sllgh+1g e

'Qﬂsifiké{ Thus;;uhen the_ned?an'fireg.again_if wili{;fdbab;qrgeﬁ_
éiiggﬁig_pogztzve 1nput; whicﬁ:millncauﬁalhéﬁ'Eqnap§t4t iﬁEfga§é§,
éﬁﬁzgsﬁg-Fucther raz:e the. level DF avexa%e rexn%aruenent .ﬁ.Thi§ 
 pface5é aceelera*ea 'untxl it is cumplutelq 1??9V9v=3ble and *he
.;neuvanwizke element ;s uaeles: _ é verq ;1m11ar pua:t ve. +eedback
'pr&;esé.:ntturs_.1$ the 1n1t1a1 chance reznkarcEment is negatlve
'jiﬁ_théé ﬁége _%ég.-*gnapse=- become 'smeller andg hﬂsller {mare
.;ﬁégativéu u?_qiesi pQ51t1ve) o no Uaeful p#rpaae Yhe-nearnnal
ielementi arg generallq uns*able hin that 5mall ¥!uauat19ns ;fn.
"itbéjr rezn?nr:en#nt are soon turned 1ntm Iarge DRES thhnut anq _

-:pa?tzrular relat:gn *o EnVLrunMQntaI rgun?ar;ement ﬁe,endengies
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Bne way ta,mxnzﬂzxm tne 1nsudbzlx*q pzablem iz %o .usé.lfdt
:rezn%arcﬂmﬂnt ra+ gast how much 1nput 1% bEIHQ vncez«ad nou buﬁ;
'ﬁpw uch ma;e is bszng ?Etﬂlved naw thah usugllg ig. In _atﬁér
lwﬂ?dﬁf' maaEUTﬂ .thef rein¥arcement as znput mznus.ava?éga inpuf{
This bnlq mzﬁxmzz#’ £ha prablem besause the avermgﬁ ran 'ﬂnlq ba
!nvef: aame wlndnutnzze n# past values “nﬁ thus the B erage tEﬂda'
tn t?azl behlnd whaf the real Vaveragﬂ h&a beaama_ betause é%

1earnzn§ .rﬁanges in the sgnaptlc ﬂf?llﬂfiew  Thig sﬁlutiﬂngﬁah

be made mnvﬂ exac* by EDPTﬂCtlﬂg the avcruaa 1mmed1aﬁalg ?nr ang_f_f

.;{thangas ,in: the a%fzcac1es bg clazm;ng the neurnna ﬁ‘gp_trackﬁnff'
 thﬂ1r pr95gnapt1c fzrxng frequengxes aep&satelg Thﬁg; ?ééf 5: .
“?Qrﬂn'-glth ﬁ_ sqnapses 1abellad .1 ih1nugh “z-it ;aﬁ “%?l#hié ” 
féa#atiq§ Qﬁn _?ﬁvd_ ayerager Cinput. from whxch__ 0 meégﬁfé.

. instantaneous reipforcement:

M;'

f:
=1 5

f is average: input : S :
£ is the Ffresguency of presgnapilr firing -
G . is the sgﬁaptxc eFcmacg :

whare: .

.?ﬁiﬁ is'{a' pe f t .ﬁalutlnn to _the iﬁgtabiiitg ;fﬁblem 'ﬁut
un‘aruunatelg is raghar 1mplau91ble ?ﬂx 8 blﬂlﬂgltal neuron. - In
'thﬂ camputeg'szmulatlﬂns a var;ant of th 5tralght av:rage -1npuﬁ .

waﬁ-uaed ta mﬂasure rezn?orcement Fram mzth satzs?a; arg reaulfs
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4.4 Computer Simuiations

?aﬁe_&?

: ?a 1mu1a*a *he parallel aperatzan of many naurnns in a

serialfdigiﬁal ccmgv:er tlme mas d1v1de inko dlufrp e 1ntﬂrvalu

of abeuf. fen miliisecnnds. Althaughhive&l neurons are  nat
_5gncrﬁnized rtﬁiéraagazzt is a u:e?ul methad. o? neuraa_ﬁimulatian
. which apgears, in practlce,_*ﬂ q191d th? sama sovt af resuits as

'ma?a di%ica t can*lnu&ug tlme 51mu1atzau

Tha cruc;al state vawlahle uF each nzuren  is i%s membrans-

'Pﬁuﬂﬂ%lai ';_'1¥ .”é' neuran -1 mamhrane- pntent1al hexéeédém“iti_

'tb?eshalﬁ t%e néuran 15 sa;d +c flrn,iauﬁ_1t-_pruv1de;; iﬁ99§3-tD  ;
:;tatﬁer neurﬁns : A¥tﬂr Fxrlng{ the membvan% gotentﬁa1'iﬁlreéefttﬁ“. |

'usualiq 5u=t Iess xmara pmlarlzed) than lﬁaéting7'§stsﬁfiél; Iﬁ

'thﬁ ab,eﬂce aF 1nput: the membrane pntﬂutzal dECags epponﬂnfiallg

to thﬂ rﬂgtzng Iavel wlth a short txme tﬂurtant _ A t 1rd souUTCe

of _change in membrane’ potentlal ig 1nput ¥ram nther'ﬁeuvuns;.'1$

-_thare arn n.neurana, and Azg -represents the eF?zrgcg' of the
Ejfgqnapﬁg. fram-.ﬂeuruﬁ i %o neuran.J: and ? iéiaﬁ n~e;ament Q§§tar.
”%gih.thgﬁ X? =2_i¥‘nay??n:i is'Fiting_én&  ;afd- atﬁééhisa;“:theﬂ
fﬁig_ ;$h§§ibutiaa3_£e membrane gétéﬁtial_tan:bé ¢fit;en this:uéq

for -a neuron i:

Tha Alj’i are ailawed ta ba negatlve F01 inhibitqrg'aqnapgeSf aﬂd '

zgra _1? thmre is no ﬁgnapse between thc tmn neurons, lthaﬁges in
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these synaptic efficaciss was done Caccording . %te th: squations

.devglcpééyin the preceéﬁiﬁg7sgctinns,

The basic learning process has besn d&ménstvataa as it was

thaorized ta ozsuT nattarding to - thé twn §6uera1 deafrtp iva

"prin;ipieg; To sham the leavnzng p?ﬁﬂ&ﬁﬁ 'in; %ull-fledgad _anﬁ,
many fi?ings_ ac*zan and ta zllustrate nt what 1e«al the neurans

S uere ﬁimﬁiated: an erample mlil naw be uﬂnazdered

The maﬁelled nﬁurai network is dlaavammed in Figure o The'

Eefies-ug?  gvaphs '?aballed 'Flgure 10 Jhﬁm mhat haa;ened 1n *ha 
"hefwark. Tha harzfnntal az:s 15 tzme 1n hundreths' af seaandi_;

Each hofzzantal serzea' :hnws the Flrsna 1nC1dEnLE3 in a. z1ngielg

“_-nearnn. He.e is a dntallzng of the natwart’ﬁ conn#ct;nn:
- nesrvon 1 is caqnected ?a no neurﬂng
neuron 2 is cannettad $o neurons 1, 3, & and 7
nauran 3 e i B hecand 7
. pedran 4 wee o 1.5, 4eoand 7
- padron 3 R - ir & awmg 7
neuron & oMo B, ang 7
'nauronﬁ 7 et Beoand b

= F

NMeurons 2 -S-and 4 rnL91ve no neural 1npuh and thair- Firihg is

'U_canffslléﬁ 'bé- a' sxmulated environment in the compuﬁer pragram

ﬁeuruna i: §,_E,_and ? uo have ﬁgnaptlc tﬂﬁnectlans“ Frcm other:

.nearana; Sﬁme a¥ - thEﬁe sgnapaes are 1nxtaaliq nonzerﬂ and aFFectf'
._atﬁer naurona,.but.nate-that:the sgnapaes rram neurﬁw 4 zeem -tbf_

'  havs near 1270 1n1tzai eF#zcatg bezause tnere is littie_e¥¥e:tman'

thé-fﬂther.-neuvana' whan it fires 71n1tzallg - Under cartain

_caﬂd1f10ﬁ5 glahal 3951t1ve rexnfnrcemEHt _{pcgitiva-'input5 1s

deliyargé.ta neurgns'i.:ﬁ, &. ané,?. Iﬂ_thia:aeries-a¥“'outpuﬁs. -
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glﬁbai. ?eiﬁ?ﬂf:gménﬁ_ia deiiverad.iF n&yvun i firss éuring a 200
ms. ﬁimé:interQE.whicﬁ.-nctﬁfﬁ_ a% 7 ,ﬂecﬁﬁd .inﬁa?vals.. _fhé
fgreaeﬁce.:bé. th15 ”sntarval Jisg ihﬂitated Eg Fifiﬁg in.neurcﬁ'4l
'The amavnt a# ?e11¥u?cement del:vered in: qlnbal razn+avcement_ is

an randﬂm variabla. mith expected value p?agurtzunal ta the numbaf

. of ?i?ings'in-this Eﬂﬁ”mg. 1nterval.. The naural net satup is as
in operant  rconditisning. . Thus we' find that Heuron i 1eafns to
fire in rasponse #D'nEUPaﬁ'é’a firing. Az this beoomss léafnad{

4z ¥1r1ng becames a P?Edlttﬂ? af: re1n¥avcement and r2uTons 5,.&,-

anﬁ ? also learn to0 ¥ive 1n respanﬂe Ea A7 fzrlng
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5.0 STABILITY OF LEARNING

& mxnd is ‘an enavmoug organxzatsun CIn '—mg"viem,;.the

p?iﬁtiple f"eaaan it is able fa hava suah a?qanlza*zaﬁ lﬁ that it

dévelapg i% gra;uallg._ Cnnalderxng the g?Ea+  §§§”7 EafETuli

1nrgan1:&t1a1' oéz-é'.mind' 1% is all th? wore amaz1ng that zt ran'

fframa1n ¥zex1b1m and 1earn néw thlngs quxcklg Sﬂmeham the' braln

tan' qu:réig take up new Iearned asgac1at1ans; graduallq re¥1ne

_thwm ints as- aba*rac% as np:easarg 'entlt:aﬂ 50 ﬁha* theg afé_

 :3ma=1mai1g arcuratﬂ: and Ehem rememberrthem und1sturbe=-bq all the

-'ﬂ;nem tb;ngs that 1+ is qu1ck1g 1eavnxng end q"adualiq ﬁeﬁznlng 1
";?é 3 that ik Fi53 ecesgarg T pruv&de at lsast :ume gnneral o
 exp1anat1gn g% hnq a¥1 +hls is paﬁsible : Such tuﬂsxdﬂratzuns

will be paramnuﬁt in ¥urther raf1n1ng fhe mquatzanu the nnurans

: shauid 1&&?1 bq A thﬂ ¥n119m1ng submcctzans;'_z_ wiii_ ﬂzscuss

-ﬁsone 'af _ﬁhé” chavartetlstics 'I' tnnsxdev baszc ta ‘A develop1ng

liearnzng sqstem as the braln appears tn be: and I w;li' ahnw -hnu

'tﬁe _thearg ﬁi -part;;ulariy suztﬂd ?QF sqstems that havn such:f. 

charactev15t1cs

'.-551 :Neutﬁﬁa§ SQnépti; Compatition

In-%hs fﬁmputer- simulatianéa nauroral reinfaorcemant  Was

fakenf-ésf{the‘ aigabrazc ‘sum aF. thé iﬁpats meaéu%ed'FPaﬂ-iﬁa
:wéightéd 'average 'L=The  average was mnighted'-hq' E(E}L,'_the j

nreinfﬁrcemént"é?Fettivaness.- The result is that neyron, compares_

“reinforcament  if raceives afterj.a F:rzng ngt_:fg Juat“=1he

“reinforcament i§  usuvally receives, but to the rain?nrcement'it
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.usuallg receives a¥f§r' a Firing. ~ Tha -intentionggﬁere' is 'ta
,deve!np hampetztzon amcng the aqnap:ea af the neuron. Using}thig.”

'measu?e bf'-rexnrargement;_ onlq thnsa 'égnapsea, o 'étrangeat

'f--pa:ztlve velnfnrcement predlctzmn ov cantlngencg indic atlan mouldﬁ

ﬂﬁﬁﬂma paiztzve.. Thli-:an pravent iess valuable 1aarn1ng. from

.inter%ering wi§h §1readgjpresen€ imporient 1garn1ng_;

5.2 Symbol Distribution
The'madel néurénﬁ'avérthe:'dnit '1varning .elpmeﬁts '¢;3 gh§
'lilﬂgle rhannel kheary. Theq 'deriﬂe ‘which QF fﬁp;f 1nputs to

lzsten ta and 'in'*fﬁis :waq eventuallu datermxne  %he anzmaisi

reappﬂsea; 5iIn grdﬁr fnr truczai naurons ta chunse Zo ?ireiﬁa a’
pattizular =t1mu1J=: same slgnal aF¥ecfﬂd by that t lué 'muét
_ﬁé _afcessable B 2] ?hem - as ‘one of thezv ﬁgnaptlg_ingutsJ' It is -

1+al tn get tha 1mpartant sgmhals far dEciﬁiun 'ma&iﬂﬁ_ to  &he
?ElEVﬂnt ‘neurons, Thzﬁ"zs all the move impnftanf %ufdc_in”ﬁhE.
,'azngle channel theor; bmcause tha- neyTHns wxil ”%ﬂerﬁ éli;:fhéiéi
af?arta ¥1gur1ng uut huw to ménlpulate thélr awn lnpUaSa as thesa:
:are thezr rnzn?orcement;  In order for thzs *a be ugeful 2£a:_tﬁe
hale s;stnm there :hauld be snme cent\ﬂi aver mhat ﬁhese.inputs-
'”'afe: Bnn way %o dn thln is - ta increase tha range af'sisﬁvibutiaﬁ'
rlﬁé lﬁignals tna+-'£a§ﬂ §é__shown to be related to re‘nForcement
rThzs hapﬂen= nafjraiiq 1n the Single shannel theorg bacause;.as a
'secanéarq  ?51n+orcer:-:an 1nput streﬁchp VQIEP the range that 1t
H'“predzﬁts rezn?crcement 'Far,. Thxnkznq :dF 3 .vanga and E its

fvgin?érﬁement,- suc% aa the whalﬂ bra;n and alobal ve nForcement,j*




Paﬁe-%#,

wg se2 fthat the neurons of the brain have access to signals
according %o how related the signals are o  the nauTons’’

_receiving veinforcemsnt from other sources.
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6.0 REQUIREMENTS OF A SINGLE CHANNEL N:TWORK
&. 1 ﬁattheﬁ.tumpétiﬁiqn

CIn s ssstem in which only one kind of %ignali'is Qsed far
ﬁotﬁ"re1n+arce@ent _éhﬁ: 1n¥nrmat1ﬂn tranﬁﬁer, rﬁéa' Haé #0 Sg..
; ca?éfﬁi g;:the'gimes whan thess twu'¥un§tiana iﬁter?§§e-mith;aacﬁt
:ather.:.Héfe-we.wi11 di§¢us§'6ﬂe_éuth p§qblem Enﬂ i§é'§a1uti§ﬁ_bg.

_ prﬂpef netyork cenatrucfiun Althaugﬁ %ﬁé féiﬁ%afcnméﬁt #é 'a_ .

 neurnn }?5.ﬂx§§ta*19n, mhen the sqstem ﬁpleﬂrs rein+arcement +ar€.
g %éépﬁﬁae; it dﬁea nnt partlcularlg waﬁt..éhé:'respaniﬂ.'ta” be
i_réﬁéé*eé-.agazn-;5 In. pr1nc1ple{ thls pzablem.ls easily 591vah1§. 

“Ciﬂarlq +he r31n§crcﬂment ﬁaes nat ga puifzcularlq o thﬂ neurnnsf;
. ;3¥ the rﬂapsnse, but ta alz the neurcns the FESPGﬂS& HeUTOns weré 7
cﬁaﬁen #rcm ithe rasgﬂnse NeUTONs were ;uat the gnzg,'anEﬁ fﬁnlx

'iearn' ts-tﬁe_ e:n%u;cement? Slnce Ehe ra1nFcrcemen* will go tc 

' ail tﬁasﬂ'nnurmns te be chnsen amongst, mxth .nun= gart1cular1q'
'; ¥ayaredy tﬁe partluular vesponse mzli nat tend tﬂ ke repeated
prévétiiﬁﬁére rem&;as some_pruﬁ;gm 1n:that _theve; Ea ail .tﬁ;s'f'
géﬁ#é_ékéiﬁatibn:fdf.iﬁﬁiﬁifipnr;és the t;sé'mag:bé; éﬁming ih.tn'
fthe.negransfnn tein?ﬁfcgﬁégt_—'whaf. #ind'.ﬁ%_ é%Fé:ﬁs_'might_ it

- have?

f ?ﬂei tﬁa* the w1;85t ﬁgﬁrse hern 15 ta.fprupa%m _th§%~:tﬁ§j
'rbrazn.'ii 52 cons*ru>ted 50 as to mlnlmsze the effects uf'gehﬁralz

  nnns9=c1¥1c reznfarcmment or ﬂxcltatxnn ' Prnbablg_ nédrai:ﬂﬁéts 

. canszstzngr* ¥= bath ex:1tatarq and 1nh1h1tnrg rcnne#%xons':anlbé  _
.made 39 +ha+ ﬁnﬁap9t1$1c rexn%ortement ohlg chanQEH :the ?iring'

rata_ af';tha nayrans 1nvq1ved,-but nat;tha_avgrall eacitétovq or
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inhibitb?g nature af thzir outpuf. .NQQ wa need anlgu@xpiain._uﬁg
'there '.is' _littlé[ eiternai '_béhé?iav'_.change_f.upnn ‘giobal
ﬁ_rezn%arcement del1verante_ and incfeasﬁﬁ Fifﬁng ratds o¥ _tha-
| neyrTons. Sne-ﬁﬁlutian.is te'prbéosé thaf the Qutermzst parts af
'tﬁa'guﬁguti'gqstea .?hat ﬁu ndﬁ.?heed ﬁﬁ'.learn_ {~erhap=  the
- @ﬁtﬁheuréns} do ﬁa% reca1vn rﬂlnfarremmntr but anlg the autput
:-'¥raﬁ'tﬁg Qetmﬁf% 4-h.aa.r' receives rexn?nrttmeuf Sznce'me nave said
the 'falatiQe- ccnpasztzan af thls putpul iz unchangada thﬂra 15_--
'lxttle nece:aafg extarnal respan:e' a¥~ ﬁhe“ organlam glabaf
':re§n¥ﬂrtament accurrence. Th1s nec95sa;ﬁ arvangéﬁen* a¥vzn igme 
B maﬁ aqu1Valent ax;itato?q and 1nh1b1taru cannectzun: ?ram iﬁé'
.”neurana .rebezvzrg ra:n?arcement to thaqe caﬂtralllrg the mus:le:'
 §0 that ;eneral actxa:tg than993 in thﬂ iarmer dunt _a#Fect ﬁﬁef'

latter 15 :511ed "atthad competltlon

-; 5{2 'Eersﬁgﬁting_E:ﬁerimentéllg'Disprovﬂﬁ?'

fhé,préﬁqéed_:éraséffiné métﬁanism“ pryent§ljfein$gr;eﬁént.;
from bezng :é¥?éttive in_ thanging a.ﬁgnégtic e%f{:a:g'iﬁrfhat
: sgﬂapse has very re;enth hesn presgnaptiaalig actlv ; Th1=1 is
.;cleaviq-_nacesaarq;,ar elsa: any lnng duratson stimuius (1ast1ng
.ﬁ 5§9? 40& @5; E Fdfffinétahté)” will- start %o'jact  &§_:if§ sﬁn
fféinfarté&éﬁt; fnr gmttzng the neurun o ?1re in rnsg;ﬁee tﬁ.z*.é.
-11 tlﬂ wq11ﬂ agb.:" As w&- d;s;ussed _emrllet:;IZEﬂasettxng :is_
 ne:es5aP¥  ?6 Qéﬂefal £p .Farce thé_freinforﬁement"tu come in
'thrnush ¥eeihack iaﬁﬁﬁ' contaznzng 3ﬁhe_“enﬁir§nméﬁ?.  .H§Qever}

'-fdesplta aiz tﬁase raasans whg we naed revauett1ng far the =1ngle '
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channﬂi fheﬂrg; inarning experimﬂnts hava naf shawn avidaence of
such 4 m:chaniﬂm

In rlassital caaditiunihg; the UCS is the reinforcer and éhe
 €5 is the input s;gnal that the neyrans fe:panalbie for the UCF_

-ehﬂuld lnarn to Iy wauld appear that fa?aaﬂttxng wa;ld grevent

t1a55zcal- rnndxflanzng 1? tha €8 and ihe UﬁS_totaiig eveflapped:i= 

in time as dzagramﬂd ih-r¥igUra, i1,  However, i% is found.
'experlmentailq that thﬂ crut1a1 varzablﬂ fhaf determlnes learnzng
is the tlme 1nter»a1 betwean cs onset ané L e Qnset_ There 522M§

 £$ be 11;&19-d1¥erenta betwaen tha delaqed pruteddve' in wh1rh *he

”5565 startﬁ bn¥are fhe UC” but may overlap if partzaliq orT tazallq,

'“_ghﬁf thé -t%a;e  pvaredure in mhzch the (5 utarts and ends hefare 
thﬂ Utg anset {Tarpq, p 1?~20> However; aithough thzs resu;t_xa
'_bg no means sugport for the s1ngle channel thaorq, it is aiég:na% o

:totallq 1ncan§1§tent with 1t

fhe exper1m9ﬁtai vmsult can be explaaﬁed bg_ tigiﬁin9 .g$$t'
| tha apparent cantrﬂdzttlon wzth “the thequ-arasé'béﬁagéé'aF auﬁ; -
ﬁzataﬁen assumpt19n n% 1dent1+g hatween fhe pxtﬂrnallﬂé énd _thé'
 1nzerna1.7nﬂura1 ﬁzgnais that 51gn1Fg it &n sume extent and are
=what ig actuallq znvalved 1n the learnznq In a gene?al wag;.éhe
.‘:nerwausj sgstem is ‘known 'ﬁé. he ‘more sensi#ive ﬁa'chahgéé.in
ﬁtlmulaﬁzan than ko the absalute magnltuﬁﬁ Vﬁf..fhe. sfimﬁiatian_
.,-Thuszz.it ‘is naﬁ.unreasunahle o proposse that the narvous. ﬁgsfem
.is ma?; SEnsitzve_ta-the.ansef af the eztﬂrnal CE than ta,whetqet-
'it remaans §5 _th nok, Epachltallu: tﬁéreﬁare.p?bbablg maﬁg A

:neurans that raspand ta the onsedt bFf the extérnal Cs_éut wHith-da




CS

Nwwhmétcaimg S mg‘f’ { ﬁﬂn“ | !

f Ffj?’fe'lz Iluﬁr‘dﬁm cﬂc Sl‘tmulus on. awcﬂ §‘hmulv.\' an.Se:lL T ]

| 'neurtsn behcwwr, B
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- ngh iﬂditaﬁe hy &heirn firing whether or not tha sxiernal CS

ftbntinuea;i:;These naurons  would < thus  constitute  signals
: o o : : . . AR
1nﬁ;cat1ng €S onset rather than €S presence. The ' kind of

dl??eranra in ?1r1ng pattern=.1s shamn in %1guve 12

Pre:umabl; s+1@u1u= onsat nnurana' ayvige becaune af sﬁme +ﬂrm_
.';5§_ a?i'ngutql_:inhxb;tlan wh1;h is knouw ﬁﬂ gervade the cantralﬁ
nevﬁu&s”sgsfemk 5? 5t1mu1u5 anse+ a:qnals' érg: artuallq Lhe

damznant 'mnde ‘af _ugmbni 1n th# nevvau»‘fthem then zernsntélnﬁ_
. wﬁa1d nat ba af¥eht1ve 1nterna11g in. prcventlng 1earngng:.even 1Fl
':ﬁhé_-extetgal st;muius CﬂﬂtanES mhxla the UCS as ralﬂ%orcemnnt

&3 The'Eipectéd Laval Of Rein?ofcément'ﬁrnﬁlémi

Theve ;s exper1mental gvidence. Fvom. iééfning éxpe;iments
3.that braznﬁ develnp &, 51tuat10ﬂ dependnnt etpectzcn a; a lavel of
-'rgzq+agcament!_ The axmgleat ﬂxample is 5av01dance c3nd1t1an1ng o
' .If.:;n. égg§ri§enﬁer repeatedig %nllﬂm¢' tﬂne :presgntatgcﬁ bq_'
' 91é;t?it.§ha£&'§o a.rat; then the rat will learn itﬁ éxpett  tﬁé,
.:negatzve ralnrcrcement 'lavel aFtev'the Eone, Tﬁis is éhawn bg-

“ailawzng tha rat £a per?arm 5 ame response EUfh as bar presslng ta :

 _fpr#vent +he arrzvai af the shnck,_mh1zh ?he vat wlll tearn fa da

.The ﬁﬁeﬁretzcal prablem hera is +hat the rat recelved no appa?ant
pas;tive- rexnfnrtement ?nr presslng the bar: all 1% "ecexved uas
:the abﬁence u? nhgatlve r91nForcement a whq dzd i%'_laa?n tﬁ
E _per?a?m the'_respanney_ At pvesent I dn net kncw how to explaxn 

. §h1ﬁ w;ta,the:éingié..thannel theprq. S | tan. tﬁlﬂi DF .ﬁhree
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possibis  kinds of explanations, ‘all of which éag e partially-
TErue: |
1} Thers is no real expected level dF  v91nfovcem=1t invaivéd

 &9?9; - Tha ba? pre 5 LTy respanaﬂ iz somefhing the ra% maq'av mag_

nok §9.  At sama veurai 19#&1 these twp choites are of equ1valent’

fétatus._f One _15 not the absensﬁ of thv n?hﬂr; theg are Just the

two sides of & chsita. Thus: when the va% has access to the bar

~and - chooses nok. to press i%, this gets punishad. so the rat
-1E$r“$Jiﬁ;§ﬁEPusual.wa§ ngt to not press th bafﬁ-'?ﬁuar!he learns
ko meks the':ufner lchnire, bar pfessina} ng Ellmindtlﬂﬂ This

:1;5égm§ 1iﬁégit m1ght nat be an- EFFectzve methﬂd cF iearnlng;' th

S i i3 wmall knau that pun;;nment ' vmzd:nce conditioning is

V?raquantzq-mgchxiess aFfective.thah-cnad1t1Qn1ng using puai%ivs

reinforcamant.

'.'23 The levei o? reznrﬂrcement expactatlan abllztg of 'fhe brain
Tsame%am Emerges as a netwark phenumena that 15 nnt present in *he

;1nd;v1duai neu?an;-

:3} Tﬁﬂ mafhnmatxcal $a?malzzaflon u? the neuronai einaent.that f
'have prauented 'in- thli papev iﬁ -not qat.rzght;_hut must be
.medzfleﬁ ta gzve 1t thxﬁ abilztg At "ﬁresént, tﬁis 'seem:f §he
.mnst Qrﬂmzazng 1daa i The equatlﬂns.can ﬂ&cxiq ba chawged in. wagan
.'thaﬁ apparentlg wauli make tha nﬂuvnns measure re:n+g“cement £7 om
 5;ﬁ:'expexte5 levei in;;cnanglag the gnaptzc e?¥153c1e” Dulq
t 'pv$11m1narg Lumpu+er slmulat1on exper;menta have been tr1ed mith_

_thzﬁ idaa and the rebulfs ave unrlear at prasent
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'Tﬁe §5sic tmntEﬁfs behind the single channel fheory  have
.béén_:afaund ggblzrig sinte 1972 in a wide-ranging repart by

,ﬁlapf' For ons rnaaan ap ana*hev, tha ihﬁarq has nat becnmn wall
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