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CONDITIONAL PROBABILITY COMPUTING IN A WERVOUS SYSTEM
Ty

DR A. M. UTILEY

ABSTRACT

It weo previous papers It has been suggested that two partlcular mathemati-
cal principles may underlie the orgenizatlof of Aervous systems; the first
is that of classification (Uttley, 1954, ref. 13) and the second 1s that
of conditicnal probabilicy (Uttley, 1988, ref. i4). The suggestlon 1s basad
on the similarlty of behaviour of these formal systems and of animals.

The design of classiricatlon computera 1z dlscussed In the Tirst paper;

the design of conditional probability computers le dlacussed In & third
paper (Uttlay, 1988, ref, 150 In both papers working nodels are described.
Further Teferchce to thess papers wlll be by date only. It 1s the gim of
the present paper to conslder whether the twa prinelples might oparate In
AEervous sysgems.

Tepre are four requiresents for the principle of classiflcation
gporate In an area of & norvous system. Firstly, In that ares, slgnalling
must be binary; this would be the ease 1f, for example, the Impulse
frequency were at elther & very low rate or at & maximal rate, or 10 slg-
nalling were In terms of standard volieys; In general, 1 the rlore actl=
wity were In one of only two sfates.

Tne second requirement 1s that the flbres which form the Input to the
area be cormected to neurons in &5 many different Ways aa possitle; there
Ere many araas 1n which thiz conditlon iz met.

The third requirement s Lhat more than cne mmapse of & MELron must be
come Actlve for 1t to flne this appears oo e meb

The fourth requirement is that there shall be some way of delaylng sig=
nals for perlods of the order of seconds. A block of lsolated cortex doos
remain aceive for such perlods when scimulated briefly so In this way Che
requirenent might be met.

If these conditions are A1l met &ach neuron will Indicate, by ILTINE
the oceurrence of & particular spatle-temporal patgern of activigy In the
input to the systew

(94009} 121




[

If the system 15 Lo have the a4:1 tlonal property of conputing condl=

tlenal probabdllicles and 0 of maklng Inferences It must meet Tour addl=-

tlonal requiremonts three of Which hays hen supgested by Bamns {1765

ref. ¥ o #xplaln the spontinecud tiring of & alngls newrd. The {lrat WO
1 denand that some physlical quantliy In a neuron shall wvacy (&g @ enpnleal
| comeonteation). The qaantl by mUST change when the Aeuron [Lres and recover
l ar & olow rats when the neuron 13 not peing activated
| The third requlrement la that the affect of ene [1FINE NEUTGH PSR
amother to which 1t 18 conmected pust dopend on thelp relatlse atabe. ™his
hypothests has boen made before by Burns, (loc. ©lf) who has recently
found evidence o apport It.

The L2sk fequirement 15 aet LI there are Shorb AXON NEUTONS enbedded
in uwe population of indleatar madndnd alrendy deseribmd, whose &XOTdl
ayatens Nhave an lnhdbltory gffect.

From the thret papets, twe IEpOTLANC polnts emerge. FITSLLY, 2 thea Ty
deslgned to explaln only cenditlenlng and extinetion was found Lo explalng
vl *hout oxtenalon, 2 mmber of Quer fems of plastle behavigur.

Spoandly, from the theord the rules for the deslgn of A nodel Wore
daduced whlch can be translated 1NLG reasoenbly vlologleal regulrements.
there are A0 ledst two lines of wark which may lead to cests of the
theorys. Flrstly, a study of the mathematles of Tandom cOnReX1Ons. ualng
amatomlenl data of oell and flore denglty, Will lead to laws doscriBlng
the Limited powers of clagsifieation of randoly cOnnect+d DEUTwS. Tese
powWers cih De conpared with knewn payckologleal 11mpits to dlseriminacicn.

Sgcondly, In temm# of the LBeOTY. Leaming Lawd in exrperinents on very
sinple animals may be tranelatable intod laws of reversible chemlcal
redctions sush work may contrivute o an understanding of synapas
cheml Ll

L33l FICATION SYSTEME

‘e lnput wo A ¢lassl flcation system 1 o mubar OF gepaTAte channels
saen 10 achanglng state of AactIvity the systen can dlstinguish eomplex
satio-tenporal patterng of acelvity 1n these chanmels The cutyat froé &
classiflcation system conslacts af a pumber of chapnels too and the systen
can 4ynthasise compleXx paRLLema of activiey In them.

e eonditicns for the exlatence of & claaslfleation systes have TEEn
seared formally (1954, ref, 73 and 1658, ref, 23 and they are repeited here
1. Fach lnput channel must De always 10 one of W0 States acklve and

lnactlye.

2. The Inputs muat be combined in a8 =a0y ways a3 possible = 1deally 1n

all posslble ways
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Flg.i. The Classification of canale-temporal patterns of &CLivity lo beo
blmary Inpubs (&), A System of colncldence walts end delays, [shomn
a8 trlangies) which distingulshes only 'befored, 'simolcanéecus’ and
‘aftsri. (b) The pattems which dan be dlstingulahed by the Systes,
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% There must be a unit for every continatlon of Inguts which wndecabes
if every Input of the comblnocion 1s actlve. & comblnation or s&t of
inputs i3 sald to define & patéem of activity. The cormexions
boodsen INpUCE and unlts are called counfeng COMTECIONS.

4, I temporal patoems aré o be dlstingilshed each 1nput MUST pass
through & serles of delays; the cutput of each delay sust provide a
separate input to the syatem of Indicating units

A wery silmple classification syaten L shown In figure 2o there are

paly teg lopubs j &nd & 4nd Dechuse each Lnput suffers only ono colay the
aysten can dlstingulsh tenporally enly ihefore’, "simultaneous' and 'arcer';
pevorthelass 1t can distinpaish all the pacterns of figure b, Without any
extensice of principle or of rules of doslgn the nunber of inputa and of
grlays can be extended indefinltsly 50 that the systew can dlstingnleh very
eomplex pattemns: there 1s alwiys ene Indleating unit FOT edch patterm.

thnary Inpuls
Hervous transmission 1= In terms of standard lmpelses which meat the
requirements of binary classifleatlon. However, at Low Levels in nerwous
systems, intensicy 1s signalled In erms of impulase frequency. Tt would
: not be possible for a traln of lApulses to signal both an intensity and the
! mzsher of tlsea that & pattorn had occurred. 10 at higher Levels, patrems
are distinguisned by classlflestlon then intefsl by must not ba aignalled
16 temss of frequency but In terms of ‘place’s Thers are several posslble
mechanlsms by which thils eoding could occur
] Firstly, by weans of a threshold mechaniem a system cif distingilsh
slgnals which are elther above or below o certaln energy level; all neurons
appear to possess such thresholds. The second prinelple i1s that of adapta-
| tion whereby chanpes are enphasised; for a signal which consists of pulses
af varylng [requensy 1f the pulae rate suflers such Al {rerentlation many
times the signal will be changed Inte a serles of standard volleys =
standard bessuse the FIring rate of & neuren can lle Gnly botWeen DWo
dsfinite 1imite, Such a form of activity meets the rirst requirament. |
In & m@ber of Areas there 18 3 tndéncy for firing rates Lo be |
standapdlsed; In the audltory nerve, for eXasple, slgnalling 15 In cems
of pulss frequency (Galambos and Davis 1iMS ref. #) Wit Hilali amd Whitrield
[185% ref.§) have shown ther, In efferent fibres of the eochlear nuileus
and for oteady stimualus tones, this frequency 15, broadly speaking, lther
At abour B0 pulses per second or 1t Lg at the slow packground rate. A
sipllar ef fect Appears to occur 1n ventral hom pnglla sg that the force
in & muscle 1s determined more by the mumber of muscle flbres contracting
maximally than by the lmpulse rate In individual fibres.
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The Indicating Umits

It has been polnted pub (1968, ref. d8f. 24 that a classification syetem
con be conatructed from unlts of &4 cOERCD design If each unit Indlcates
when more than a critical nunber of the Inpets to 1t are active; the critl-
#al number must be two OF more. [t 18 easlest Lo see thia 1f the eritical
number 15 taken as two: the system of figure fa then takes the form of
Figure 2n There are (Wwo faputs to each unlg; 1T they are acilve simul tan-
epualy an output of the unlt 1s active and can serve as an input to Iurther
unlts, A classlflcation system using units for which the eritlcal mumber
L& ten takes the form of figure 2 1% has been dlscussed In an garilar
paper. (Uctley, 1854, ref.13. IT the eritlcal mmver of Impulses 1s
dlfrerent for differsat neurons clessifleation will still arise but 1€
form will vary in the way shewn in figures Jo and 20, -

It can be seen thet 1n figures & and & & princlple of colncldence 1=
employed so that an gb unll, fOT &Xample. eoiild not fire more often than an
a2 or & bunit. 1t follows that thne higher tne level in such & systen the
jower the rate at which Lts units indlcate; 1t would appear inevitable, 1T
pore than One Synapse mUsSt Decome active for & neuron to fire, that the
same statement MUSC be Crue of & ROFVOULS SYSTeR.

(a) (b) (e)

Fleg.3. {n) Complete lasslfieation of three lnpats,
{b) Ineomplebe slasslfleation of specially chosen patlerne.
e} Incomplets classification arlsing beCcaSe connexlons
are Liglted In length.
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whrouzh gne 1ntemedlate neuran might exceed the number o dlrectly
-onnected @ ABUTCNE gimllarly the second order peurons might exceed the
[irst order OeUrens: and 20 on Indefinitely; Lf the ¢ [lbre became active
there would then bé an upeontrollable increase In the number of agtlve
neurons, The magnlfication Tatio per order depends on the total length of a
e ayonal system of a neuron (1965 ref. 160 1f the ratio exceeds unity
any input can rire the wiole populatlon. In terms af classlficacicon each

ynit ls then an g unit OR & cunlt OR ... and there is complete ambigulty a
of classlfleacion.
1f, on the other hand, the pagnl Heatlon raclo 13 kept below unity 50 b

that the system 15 stable, then the actual number of newrsns of a given

arder Will decrease wWith the prder. In consequence, &8 the complexicy of

& patlem Increases the number of neurens which gistingish that patiem

will decrease; UL Lhe Rearsr so the 1natapillty point thar & Systen G&n

Be held, the greater the complexity of the patiemns that 1t can distingnlsh.
fhe stabilicy of a population of newrens pas been stodied by Baurle

(1955 ref, 4, Allansan (1985, ref. 4} and the wWriter {1985, ref.i7); this

work must be related to experiments on tsolated cortex (e.g Burns, 1851

ref. £ and to measurements of ribre denalty (e.g Sholl, 1955 ref, 12 and

Fayrs, 1956 ref. 8.

The Mmber of nits

It has been suggested above that gach neurcn distinguishes & particular '
pattern of activity by virtue of its cornexions. The hypothesis will be {
pade that these comnexions do Mot change, once raving formed; although thelr
function may. Consequently 1t 18 mOst important te consider whetner the
mmber 0f neurons In 4 Rervous system are adequate 0 account for all the
pAtiemns of actlvity that an animal can discinguish.
The first pelnt to be made 13 map one is here consldering the PRLTETTIE
of activity which are jnitiated within the system = the tunes Which are
peing played upon the receptors = Not the 1imitless patiems of the
prrernal environment whlch can arcuge the intemmal pacterns, 1T there
were n flbrea which signalled 1n & pinary way to a neural eclassirficatlon
system then, for complete classificatlon, That system would have Lo con=
tain 2 neurons. From the polnt of view of this paper the evslutlon of
neryous systems ls seen a struggle To solve that intractable problem; 1
the fallure to golwve Lt can be geen in & mumber of Knowa paychological |
Linlts to pattern discriminacion. Incldently, 1f each lnput fibre possessed i
not two DUt m discriminacle levels of activlty, the Tequired mumber of ¢
units would be, not & wt o tnis 1s the fundamental reason why the
input fibres should use 8 biNAry System. | fig.4. Tape
AU least three methods appear to be ysed 1n nervous systems 10 order ] 208
to reduce the number of gigerininating units, Firstly, the mmber of ;—“g-'
fibres entering the braln ls reduced to much lass than the number of
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recaptors. It 18 suggested that chis 1s one of the primary functicns of the
neural bodles which are interposed between receptors and train; in other
wWotds they may e sald to abstract key features and reduce redundancy.

For example, ¢ven at the sarly stage of the recina, there (s a imndeedfol d
convergence from receptors t optlc nerve. There Is a corresponding loss
of diserimination in that the Informetlon passed on 1§ concamned primarily
with ecntours. In consequence, for man, n is of the order of ;0% =0 that
the Information reachlng the brain from all senses 1s about &S much as 1s
contalned 1n black-white televizion Screen,

Secondly, the nervous system does not achleve complete classlfleatlon of
the Inputs. If 1t were 5o there would be & unit for the Erelca and if ic
fired one would percelve the whole symphony [n that maglc Instant, Bur,
through the phepcmencn of short Cem WMEROTY, ORe can percelve ariy che
last few seconds' worth. S0 If r 15 the number of flbres walch fire aring
the span of short tom penory & 1 of the order of nlr

Telrdly, there [s the phenomencn of span of dlscrisinaticn whereby &
set 0 unrelated obJects can be distingulshed, ak first slance, only If
the nunber In the set is less than about sewven,

Opposing these factors 18 that of duplieation. It has bean polnted out
— edfller that, by roandom conmexicns, duplicatlon is 11Kely ©w Qccur and
Ehat this will enable the system to funotlon even §f damaged; but such &
gln wlll b bilanced by a loss of diserimination 1f the rotal number of
— Aturons 12 not ncreased.

Ty eonclude, at the present tlme there BppeATsE L0 De no evidence to show
that che nérvous system of any partloular anlmal does not contsin enough
| neurons to mateh 1ts powers of discriminating pattams of meceptor setivity.

lelays

It hag been shown (1984, ref 13 that for temporal discriminatlon sach
| bimary signal must pass through & serles of delays, as In figure 23, and
I that the output of each dolay must provide an Input to & classiricacion
— } SYsLen.

The bunan cen distinguish cemporal Intervals between brief dbimell in
agedrdance with Weber's law for Intervals up oo about three seconds 1t
wWlll be assumed, [or the convenlence of binary arithmetlc, that cne can

distinguish 32 such invervals. & cemplete classiflicatlon ayatem Lo dlis=
e [ tinguish temporal pALTems to thils extent would require, not 8 pup 2920
Unlts. Howewer, if at any Lnatant only oné of the 3& outputs of Sigure =
Lt is active it s possible to deslgn 4 system wileh recodss the Informacion
from the 32 channels Into 5 channels, each active or Inactive: the output
" | from such a coder, shown In figure $h, his 32 possible states. ™e toding
eombined systen could be that of binary arlthmetic which 1s ahown 1n column twp of
| e table below
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l Husber of lormal Rearranged Hﬁ?:ﬁ:‘;fﬁ
| Pelays Code Coda Vobar & Law
| 0 00000 11111 a
| 1 0001 01111 ar
| 2 GoOL0 11101 ars
| B 00011 10111 ard
! q 00100 11011 ar¥
| & 00101 11110 ard
30 iillo il o] ardd
2 11111 00000 | artl |

any rized arrangement of this code would suffice; let It be according o
e nupter of unlts In the code numpar. Such a code 18 shown 1o columm
theae: the undelayed signal 12 represented by rive units the next Tive
diseriminable intervals are represented by NUmbErs cantaining four unlts
and ena gero and placed 1N random oTdeTy the last Intervil produces HeTo
activity In the putput of the coder. The fourth column ehows the time ak
yhich each numoer should appear ot the output ¢f the coder for Weber's law
0 hold, The data of columns thres and four are shown graphleally In
fipure 5 this 13 the gutput of the combined delay and coding system When
3 single pulac Docurs at the input. It can be seen that the systen behaved
exactly 1ike the nearly unatable population of neurens which has beem
postulated already, Conslder all the & neurcns suggested by figure e
when the a afferent becomes active the dipectly connected & neurons wWill
rire after one symaptlc delay; this actlvity Will be passed 10 @ Deuroas
of higher and higher order, thels mmber steadily decrasing, until the
reverberation rinally ceases. [T 18 smpgested therefore that & nedrly
upstable populatlon Of NEUDGns, sach of which fiFes 1fa ericical nmber
of impulsas falls &i 1%, ROT only classifles Wt alao lncorporates the
necessary syatem of delays, Rowever thia system 15 not exactly of the form
originally proposed and In which delays occaur only ak the input lewel.

Wot only will the clustera 6F a neurons nehave 25 in fipure S 10 EVETY
pattern of input activlcy theps will correspond a cluster of neurons
which will behave as a revirberating delay sFsLem.

e origlnal fomal arrangement of delays {5 shown 1n figure g2 ond the
suggested nearal pealisatlon of it 13 shown diagrarmatically in figure 6b
In the latter there 1s o redumdance of delays tut it will have 3 certain
advantage: the mmber of Deurdns wileh {rdlente the pattem A ome second
before U7 will be independent of the ctmplexity of the pactermns A and 5
i other words temporal dlzeriminacion of the stimill will be independent
of thelr complexltys
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Flg.8. Delays 1n & elassification zystem may bo (&) all at the Input or
{b] distrimibed throughoal the systes, b

In making an estimate of the nuaber of neurcns required to distinguish
spatlo-tenporal patterns one concludes that & 15 not necessary to allow
ome factor for delays and another for dupliceticn; the aupllication provides
the dalays,

CONDITIONAL CERTAINTY SYGTRME

A conaltlonal probabllicy system 13 a classification system with an
additional function; [C has been defined (1988, ref Ju) as one In which,
when any set of [nputs becomes aetive, the conditional provabl Lity is
cemputed of every other possible set of lnputs; the copdicfonal provatility
Or each 36T 1& contalned In the unit which dlstinguishes that set. The
design of much a aysten has been discussed In & previous paper (1958,
ref. 18 from whieh there were the following conclusions.

The ayaten 15 much easler ©o construct 1T each unlt Indieites only
whather the conditional probability of the corresponding set of inputs
excesds some arblerary threshold. For exemple, suppose that this thresiold
18 taken as one halfl and that, In the past, patterns A and ¥ have gecurred
as follows: -

A4 1111111
b LEEFRREEN

[T Aocours pluf A 15 47 50 # 15 indlcated (Inferred): on the other hand
If Hocours prAMH 15 4710 a0 4 13 not inferred. Fach uslt therefore
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TeCovery process (the sodfun punp mochan!sn) soems too rapld but i has
béén medsured 8o far only In ribres of largo diamecer whlch are now
assoclated with leaming for fibres of smaller Alameter the FESOVEry may
be slower. However, because of the long retenclon of learned Inferences,
the slow recovery process 13 more 1ikely o be & chomlcal than a physieal
18

Toe fourth and TIfth cequirements Imply that a unlg can Indicate In
Guite & different way, conditlonally. In dolng =0 1t must not eoune; bt
by gub-control, 1t sust affect other units to which Lt 1s connected, For
the prosent the lndicetion of eecurrence and conditional Imdieation will be
both ldentifled with the rlrlng of a neuron; the problen of distingaisning
them and the consequence of net doing 80 will be discussed later

Comnexions for Counting Comirol, Sipercontrol amd Subeontrol

for a classification system with thres Inputs the couniting connexlons
ire shown In figure Pa. For supercontrol ([requlremant 4] there ara
connexlons from cach unlt to all [t= superunics and for subsentrol
(requirement £ there are connexlons from each unit to all its subunica;
the WO systems of connexiong are ldentleal and are shown 10 Jagure b, but
the twh foms o control are In oppoelte directions and hawe difforent
faneelons,

(a) (b) (c)

157 Comexions far (a) eounting control, (B) both super-control
and subcontirol, and () for all thrée foms of control,

The connexlons for supercontrol and subcontrol include some wWhigh are
required for counting control #nd it 13 an Inportant questlon whether two
or aven all three foms ¢f control could be effocted by the sime phyaleal
cOnnexXions; thla has not been Acliléved In the electrical compULar
described In the previcus paper and which uses three separate connoctive
Syatems.

Hosdiver, &t the beglnning of this paper, 1t has been shown that IF &
unlt Iedleatos when =ere than a rixed rnumber of Impulses reach it the

{94005 1385




|

counting connexions tiks a differént fomm. If the critlcal nusber 18 TWO
and there are only three inputs the system gf counting comnexions is as in
figure 7c. It 13 interescing that thia system of cOUNtIng via subunlts also
peets exactly the requlrements of gupercontrol and gubeontrol. Not only are
no additional comnexions needed Bt incorrect connexions cannot arise; for
example,there can be nO eonnexlon between a ¢ unlt and an ab unlt. This 18
prue by definltion; If & unit hag bacn labelled & ab unit, for example,
this can be only bedause plther it possesses One connexion to an & unlt
and opne to & bunlt, or It possessSes DWo semnexions to another ab unit.
mnase conclusions are alad Crue it the ¢rltlcal number of impulses 1§ more
Lisn two, for example, Ten 4s 1n figure 2l tat then ghers wWill be further
reamures of design which have peen discussed elsewhere (1955 ref. 13 In
e rest of this asctlon the erltical number of impulses Will be taken A4S
TWlie

The Bunction of Commexions

An ATTempT Will now be nade to dlscover the eonditions under wWhlch a
peuron must fire in order to mecl all the requirements of 2 conditional
certalnty syatem while 3t the same time using & slngle sonmective Syaten
for all three forms of gontrol; only the three input system of figure 7c
Will be considered.

For counting contrel there 18 the following rulé.

A hatever the state of @ newon it fires uhen it receives tuo oF moTe
simeel taneous impulses from otker neurons whatever their stote

For supércontrol & firing neuren must be able to flre a neunron to
which LG has one ceanexicn but gnly 1f the two are 1o approximately the

- same.state, Tis difference 1n state could be effective physically only in

ap ares affected oy both peurons but wnaffécted ¥ gthers: the synapse mests
ghese conditlons.

For & neuren which discingulshes the pattern g, Suppose that Ria), the
rarity of o 8 stored on the @ side of all 1ts synapaes; similarly for &ny
other neuron b 1f there 1s 2 symApSe DetWeen neurons a and & the
{ndependently variable quantitles Rla) ang b} will be stoTed on elther
slde of it A possiblé mechanlsm which would meet the fourth reguirement
1s this; suppose that the spike and threshold potentlals of & nauren
depend on 1ts postulated wariable state so that they path decreasé after e
neurgn has flred, and then siowly mecover. I meuron a fires |t 15 then less
able to actlvate neuron b and Lf neuron § fires, neurcn a 1s more able TO
activate neurcn b For superconirol thers 1s merefore the followWwing rule.
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i A neuror fires when 18 recesves one impulse fron o firing newron
if the rarity of the fomer exceeds fhal of the [atter by less than
a threskold seoumi.

A very simple neurdl model of a conditional probabllity svstin I
Sketched In frgure S, If neurons g and b fire then the ab neuron will also
fire, by rule A; this 13 oounting centroi. If the g neuren [ires alone, the
ao neuron wWill flre only 1f Afal) exceeds Rfa) by less thar the cricieal
amount: this 1s supercontrol. Mow the conjunction of g and & CcANnoOt oCcur
more often than that of elther a or b alone so Riob), the state of the ab
neuron, canngt be less than #la) or Bb): 1f the ab neuron now does 1re
condiclomally then It must fire the b nouron by rule B because KB 18 lesa
than iffab); In comsequence, the fAfth requirement, of subcentrel, has alas
been ReL Bub with one further physlologleal hypothesis - thit synapses
function in both directions, Howewer, this hypothesls can bo avoided §f
recurrent collateral axens are introduced In Reurdn ab to mediate sub-
cantrol; 10 this arrangenent, shown In Sfigure sby thers 12 one system of
connexlons for coUNtIng and supercontrol and another for subcontrol.

/%

(a) (b)

Flg.A, Weurel conmective syatem in which [..i each mynapoe
- Axerts all three forms of oontrol, (b) seboontrol
15 effectad by recurrent collatera] AXotis,

Fule B may be comparsd with the hypothesls of varying synaptic
reslstance; According to this theory symaptle resistance 13 mou the seme
as electrigal reslatance tut It Involves the notlon of Impulaes sometimes
Passing and eomatimes not passing over a syapse and of thls passage being
fecllicated by 4 previous passage of Impulses. According oo the conditional
protabilicy hypothesis the passage of impulscs 13 detemmined by the
ﬂﬂﬂ‘fﬂﬁﬂ bEtween two independent varizble quantities, the states ol the
0 DELEONS but Che hypothesls of synaptlc reslstance refers to only one
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varlable. I comsaquencea, erpeTimental extlngtlon 15 more erslly explalned
by the former theory as an active process (1985 ref. IV DB

fulgs A and B and the connective Syatens discussed do not seen blalogl-
eally lmpossible; Indeed they have been suggestod by Barns (1855 ref. @)
wiether wlth the regairements 1, 2 and % for an entirely dlfferent reason.
is will be aeen later, the Sixth requirement s not unreasonable. The major
di friculty muat now be discussed; this la that 8 neurdn can glve a binary
ipaleatlon In two qulce Aifferent ways \n only cne of which 1ts state la
changed. In figure b SUTDOSE DAL SOMA evERT exteTnal Lo the aysuem CAUBES
the o sfferent [lbre to become actlve; this fibre, by means of TWO
connexions, wWill cmise the @ neumo T fire by rale A, Suppose chat the o
peuron tires the b neuron by rule 0 a0 that pattern ab 15 inferred Croe
pAELETT . How Supereontrol of TUrther neurons should, By regulirement Iour,
be exerted only by the a neuron and not by the o neuron. There 1s no wWay
of aaking this distincticn In the arrangenent Shaw.,

Tnis d1fficuley occurs In an acute form When congldaring conneXlons
from the systém [0 motof unlts. Consider & classical allmentory condlticned
raflex in which there are the three patiems S, 0 conditioned stimulus, and
%, an uneondltioned stimulus, which alwiys produces a respense A, Supposs
that the three pALLErns are reperied to 8 condltlonal certainty systen &g
in figure & the prinitlve determiniatic contrel path L& shown 10 fall 1ines;
wroken lines show the chamnols by Whlch the activity of the lower level
systim and of an unrclated receplor systen are peportad to the higher level
system, Whother thla systes 18 deslged according to figure ga or 8b the
input polnts will alsp be cutpat polnes and the broken lines must indlcate
o peo=way slgnalling. How suppose that condltioning ccours &8 in T
firsy sequence of the following table, where & unit in brackets lndicites
an Inferred pRLTLOI.

1111 1 1 1 1

Sl:
§ [ERERANEATEY
r 1111 (L)

C.5.8
- . ;
1 ' A
A 1
| [ \4
A
1
Se Su R

Mg.9. Conmexions boltméan ermm and elfectors and o Condiflenal Certainty
Syatem mhich mill Llead to flassionl Gondltioning Bobavlour.
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Ir 5, occurs alone, as In the second sequence, then 5, and Fwill be
inferred and impulses Will pass down the § channel from the condltional
provabllity aystem to the effector organ in aceordance wWith the focts.
But how 15 the £ Impulse from the Funit of the ecnditional probabilicy
S¥stem to the effector organ to be treated as Inferred and not actually
counted? I the inferred events, which are ahown 1n bracketa in the abgwe
table, are counted the probanilicy of § glwen 4, will remain ac unity even
though 3, 15 not relnforced; and this situation will b perpetuited,

The same Aifficulty occurs In the goal=gesking situation of an instru=
mantal eondltioned reflox; this hasz been discussed in a previous paper
{2986, ref.id). In the slmplest example there ard two slouatlons which
arcuse the stinulus pattemns 5, snd & the nimal makes respenses which
glve rise to the propriceepior pattem Py and Py In randes order. Food
which arouses & stimulus pattern 15 glven for the conjuncticns 5Py ana
52‘:2 tut not for 5F; or 5Py, These facta are shown §n the following

tabla.
5 11
8 11
¢ 1
Py 11
Py 11

Then 5 will not arouse Py rather than Py becsuse pIPy)5,) and (Pl 5,) are
both equal to one half. If, however, the pattern G 13 arcused imternally
In the system, o represent geal choosing and 8 occurs, the P, and Py
unies will contaln pfPy/ 85l and $(Pof5 (3 which are 1 and ¢ respectively;
50 the pattemn will be #voked which has the highest prosablllcy, The goal
G may now aetually occur. How then 1z the almgle unle Gt bé Used to
Indicate At ofe moment that the pattern & 18 Inferred, Imagined, chosen,
and at andther moment that 1t 18 acmually occurcing? A Murther lmportant
polnt 1% that Py and F, are propricceptive pattems slgnals reperting what
has happened to Jolnts, vendons, muscles spindles and so on; they are quite
differont from the efferent paitems of signals sent to muscles. A

condl tlonal certalnty systém which recelved slgnals ITom eXLETOCepLors

and propricceptors btut wWith no Input sSlgnals reporting the mOLOT paLTerns
enitted sould Learn what to do but now how to do 1t.

Tne problem of conmexions from & condiclonal probabllity aystes to
effector units cannot be discussed uncll che problem of the b fomms of
indicacion 1A a unit have been elarifled; for this reason the theory
devoloped In the three present papers relites only to the amalysls of
pattorns of affersnt signals. The symthesis of efferent slpmals iz the
aubject of further work.
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If the o forms of Indleacion were not distinsuished in the neurons of
#-conditlonal certalnty system theres would be Lmportant consequencos which
have botn discussed In the previous paper (1088, ref. 14, There would, of
eour=e, be A fallure to distingalsh &ctual and lnferred éventsl LUt Lhls
would pecur only in the condltional certalnty aystem; 1f In other parts of
& RErVOUS Syatem neurens were flred only by actunl occurrence, then the
System 88 a whole could dlstinguish actual from Lnlerred events. A furtder
congequence; within the oondluional certalnty system, would be Lhat & singie
actual erent eould set off chalns of Infarences; 1f such chalns formed
clossd eycles there would be the poselbllity of regencrative stor2ge. This
wouild gecur 1f, for example, thoe past bad been 25 follows -

411111400000
fgo0l11111000
Coooo0i1i11110
DPl1oo0Cc01111

E1110000011

Then, Lf Aoccurs, A lmplles § implies C Implies D leplles £ Implles A
implies.... An laolated brain cous exhibie such cemclnugus actlvicy.

Inkiti tory Conmexions

Te sixeh regolrenent arlses In the following way. If a pair of inputs a
md ¢ bocomes active then the copdiclonal probabflicy of any Inpat b is
oboalnmd by subirdcting i rariey atored in the g unle, which 18 counting
irom that of 1ts superunit ebe. -But the (a) unle 18 counting too and 1t
must not exert spercontrol. hence the rule. The sysctem of unite 13 ahown
dlagrammatically In figure Ma -If a2 and ¢ are occurring there Will be falae
supercontrcl of the ab unlt by the a unliy this will o prevented 1T the
ac unlit, 1n coOUNting Ccan exert &n InhiblCory erfect on the ab unli;
aimllarly for the be wnit. In meurdl torms, the sixth requirement 12 met,
therefore, by the following rule.
€. d counting meurvn infibifs supercontrol by other meurpms at the some

Level,

The necessary Inhibltory links have been Indicated In figure Ioa and
shown more reallstically as short axen neurens In figere 0B Such neurons
pocur 1n larg numbers 1n ¢cefebral ¢orteéx and che Bypothesls 1s here made
that thelr axonal systems fom Imhibltory synapses. This hypothesls has
been made to explain Enhibltery phencmena In & nunber of areas;, In che
cochlear nugcheus [Allansan and Wnltfleld, 1085, ref. 2) In the retlna and ln
apinal ganglla (Renshaw, 1846 relf, 10V,
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Regenc ry

|E iong term storage eceurs In deeper layers. It 13 suggested chal this FOEOVOTY P
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Fegenerative storage aystems used In dlgltal computers, #xhiblt no Slow
rhEoVAry proteases! nowever Informatlon stored by such methods can bo
deacroyod suddenly and conpletely If the regenerative loop 18 broken. IT
regeneritlve storige methods wWerd employed 1N 4 hervous syston, for eXampls
in the form of reverberating chiains of neurons, then [nferences would be
made slowly and then elther remrin fully active, as In Imprinting, or be
suddenly destraved.

ab, ab, aby aby

a b

Flg.12. 2esdiclonal prosabllicy cobguted 1A terma of the pusher of
agtive 1ndlzating umlts,

Conditional Probability Systems

It has besn =2tated At the hlEl‘ﬂ.ﬂlﬂE of this papar thag & eondliclonal
probablility system 1s mome dLfflcule to deslin than a conditlondl certalnty
E¥stam; RO such computor Mas Yot been bullt. Yet a sallvary reflex, for
exargle, does not suddenly appear; the quantity of sallva sscreted Increases
contiruously as the conditlonal probabllity of food Imcreasss. This
Sug@escs ChAC the nearvous syetem Jdoes susceed 1n EMJT.!II‘ the probablilicy
of ilnforences In & comntinuous rather than a binary way: two possible
machaniams will be suggested, z

First suppose that the ¢ritlcal mmber of Impulses to flre & neurcn 1s
mare than two, say [lve; then any neura, the sum of whose connexions to
an a and a b newrom I €iwe, will be an ab neuron; this s shem in
Fipure 12 In which the different mmbers of comnexions are indicated.
Fule &, suitably modifled, Implles chat, 1f there have been no conjunctlons
of @ and b, nore of the ab neurons will five iF the o neuron fires along;
for example, the ab, neurcn will not rire becauss It recelves only four
impulass. 2ut arfcer a sufficlent number of conjunotions, mlabl exceeds
fife) by lezs than che thresnold walue so, DY Aule B, the g neuron fires the
a'b. neuron to which it has cne connexlion; even more easily It flres the
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other thrae ab npourons ioce 10 poSseages MOre ERan 0o¢ coNneExlon Lo each
of them This suggests that ac intermediate steges of relailve marlty the
g nouron mIght fi™c neurdns to whieh lo has two, three or four conmexions.
If thls can occur, the mmber of impuises (the excleacion) arriving ag
By subcontrol will vary according to the nusber of ab neurons {irea by a,
and hence according ©o the walus of Rfeb) — Niel: thia 1a shown 10 Ehe
Fellimwing cable.

Rleb) - Bla) ab neurons panber of [RPULSES !

I
an BN arblirary scals rfired &y a Neuraen | arriving at bnouron |
e Ty IS E— e e i), ————
& [ nane i noae
"l afy oaly | 1 |
3 | aby . aby ! 3 i
2 | abys abge by | L !
1 i abyy 3bg aby by 10 !

RO SR F———— e T e—

With the sbeve mechanlss the system succeeds, by digital methods, IR
cransferrlng o the & neuron, & mEdiure of condiclonsl |!TI’.§JQD11!“' and 1t
golves & problem found daifflcult by the compurer deslgner. Rules A and B,
modlfled nf telow, are the criteria for thls princlple 1O OCCUT in the
RATYoUa EYELEm.

{8} Hhatever the state of a newron, ot Fires if ¢} recénes a eritical
cxcitation from firing neurons whatever thair statbe.

{B1) ihe excitation comtributed by o firing neuron increases o the
rarities of the firing and excited meurpns opproach one another.

4 second poesibllicy has been auggesced by Fassell (19661. IR &n elecrri=
eal condiciomal probabllity computer the practical diffleulny Ia that of
cranaferring the diffesence betwaon Mo voltages €O many parts of the aystem.

© !z much ¢asler to Lransfer A deldy. A condltional probvabllivy computer
nas besn construcesd In Wnleh probabllitles are computed Aas delays; Lhe
rule for superoonerol (Fale 4 of this sactlon) 1s As Follows:=

4. A umit which is indicsting occurremce couses amy smperumit of if
to indicate conditionally sath o delay proportional do the difference
ik roriby of the two units.

For the neural model rule B 12 modifled similacly. Such a delay cin be
LEAnsferred aaslly from one part of the system to another; 1t wlll be
approximately proportional to the negative logérithm of conditlonal proba=
billty so that A delay ¢ will refer to a probabllity expl=¢), it s
supgestive of thia idea that In an allmantary condictoned maflex the delay
In respense decreases ap he probabllity of food increases. The doslgn of
somputers using this prilaciple has begd described by Russell (refi11).
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Epuivalence

Ay Instrumsntal conditiened reflex ls excinguished if the corpect
résponas 15 not rewarded, It has been ahown (1058, ref. j9) that this
property arlses only I Inferance 1s redefined symmetrleally az follows: -

A implies o iF prAA and SO0 A exceed o threshold walue

It has been shown (1958, ref, 15) that for a syster. to infor In this
Wiy the fifth requirement, of subgontrol, mUAE Bo Pe=gtated as follows:—

At which has deen supercontrolled fo sndicatbe conds bianal 1y
causes any subumit of it to indicate comditionally omly if the rar by
stored in the former does nol exceed that stored in the latter by more
than some critical ammmt.

In consequence rule B takes the following fors.

§ A meiron fires when it receives one inpul ¢ from g firing neuron
if the rarities of the tuo mewrons differ by less tham o threshold
amgund, -

CRITICT&NS OF THE THEORY

A merter of Important critlclisms have been made of che theory.

BarleW (private communlcation) bas referred to the property demanded
by the thesry that the threshold pontencial of a neurcn should dosrence
after firing (p.19 [.22) and s0 have an increased semsitivity. He has
polnted cut that this is the opposite of adéptatlon. Bums {private
comunication) nas shomn that 1t 1s, In fact, aMapTatlon which ceeurs In
COTEleal neurons In the fsolated brain of cat

If this reversal in the property of the unit 1s made the aystem com=
putes, not probabilitles, tut rerltles; 1t produces Increased outpuEs as
provablllitles decrease and should be called a Conditiomal Rarity Sysfem.
(&FRE). In trial=snd=error leaming the system must therefors bave an
Inhibltory functlon. The all=important Mule B' now becones

The excitetion contributed by firing neuron decreases as the raritics
fstates) of the firing and exei led neurons approach ane arother,

This rule 15 met In phyalologleal terms by two Reursl properties,

L. After a nouron has fired its sensitivity to lncoming excitation Ia
reduced. ‘This 1s adaptation.

Z After & neurcn has flred 1ts potential excltatlon of connectad
neurens 1= Increased. This 18 1o &greement with the Tindings of
Eccles and others. This iz poestactivacion potentlatien [ Fecles,

ref, 7.
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Such 2 change of deslgn is in line with Farlow's demend that thera
should be a decreased output from units which distinguish patterns of high
probability and, conversely, increased cugputs for WNeXpacted PATLAME.

In Itz changed fom the system reduces the redqundancy In e gutput
channel compared with that of the lnput channel,

The combinatlon of a C.RS. with over-connectivity between units
AppeErs o resolve the dilesma of the number ¢f unlts required,

Consider the extreme right-hand unit of figure & which poasesses more
input connexicns than che two which are necessary for classlrlcatlon.

Suppose thet, in the past a, b and ¢ occurred as followsi-

a 111
b 1111
& 1

Then the a, b and ¢ unics (which are not shown) will contaln 3 4 and 1
wille the ambiguous unlt will contaln 4. Now, belng a C.R. 5., the ougput
from the anblguous unlt will be zero when b cccurs alone, This 1s reasonable
sinee b provides no Informatlon as to whether ab or b¢ are occurring. The
iink from b to the unic 1s therefore broken and embiguity disappears. If
now ab oceurs the unlt slgnals =log(®f4); 1f the rarer eventibc occurs 1t
signals the larger quantity =log(if4).

gne 15 led to the concept of an over-connected system with a reasonsble
mumber of units and in which confusion ¢ceurs Initlally. Leaming conslsts
in removing the connexions wolch carry low information; this resolves
amblpulties so that the unlts eventually dlscingalsh unlquely those events
wiich are rare and carry hlgh informatlon.

Watson (private commmication) has eriticized the demand for symmetrical
infersnce Iln trlal-ang=error learning. He conslders that there ls experl=
mefital evidence to show that for & goal & an animal chooses a reactlen X
for wileh the Inverse protevility plG'R) I1s & maximmm regardless of the
value of pfRIG). This An fact, effects a simplification In design.

The neural propertles demanded by the system in 1ts changed fom Wlll
now be sumarized. Referring to figure fa and b, conditlons I, 2 and 5
{that rarities shall be stored In the units) remaln unchanged. Because
of the change In Rale B the excitatlon of the ab unlt by the actlve o
unit Is To be proportional to the difference In thelr states. The cutput
from the ab unlt and, In general, from all affeeted superunits thus lorm
@ channel of reduced redundancy. ALSs, the excltatlon of the [ unit oy

the ab unlt depends only on the difference in their rarlty. In consequencs,

the & wnlt and, In general, all affaectad subunits form a chennel which
signals the Inverse raritlez demanded by Watson.
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