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AB53RåCT

AUTttüET is a syst'€:a for the *qF€ci ficaiic:l and simr:1at:-crr

of naural nat,øorks, It ileals t+iÈh the netwcrk as a dír€jcted

qrepl¿ " the nod*s of uhich ere autoinaf-a wTrich accept a tre e

of inputs and produce a sinqle cutputu anrå the l-ines cf

shich ar€ gue uÇ*s of arbi-trary Lçngth via which the c,ellular

automata cc$fiiuni cate,

Tlì€ si.mulatåon systsm i-ncludes t1''.e WÂFP netvork

ccnstructíon languaqe,. The inFcrtant f*atrrres of tr,IABF arç

i-ts ability tt manåp.ulate r:ot only singl* ce,-l ls, but also

arbitrary grrups of cel 1su âs distirrct units, PrCIjectícr of

one ceål qrcup upcn anotl':er is facilíta*"æcl by ihis featureu

and also bv the abilit-v to pcrmuf-e th,è int-ærconnection*c

between ce1ls" ?h j"s perm'i ts ccnv*rqent and dive rger,o,*

praiec*.ions in many dimensicns to be handl+d ¡¡ith €a-sÊø

The experiments cord ucteil ui-th AUTONET ha v,e been larqely

with símple and moderately complex netwcrks, Some

apparenÈ1y trivial netç¡crks are *qhcurn to actuallv possËss a

wide vari etv of pcssåb1e rhyr-hmic out puts, Thcse çr:tput

patterns arË characterLzed as't,ç their s*"ahj-l-i,t-y, anrl tc tha

connecij.vity pa+-tçrns u;håch make th+ various patLerns mcT"ç

oi less 1ì kely tc be qenç:rat+d ån a ntrjtvrork subiect ta

racd.orn effgctsu
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Consid+rab1ç si-mtli.aticn cf thç gastric anð pyloric

subsysÈens cf the lobstel stcmatogastric ga"nqlicn was a''!so

done, Ît is slzcçn that al-l- of t-!zc rhythsrs gen+rat-*ð hy the

ganqlion mav be explaj-ncd hy decomposing the netqorks intc
qroups of i'*,o ör thrce cel-1s u uhi ch smal-ler networks har¡e

already bçEn øel-1*charactæri zed,

Evid-ence is alsc piesented for the hypathesis t.hat t.he

endogenous hursti-nq ce:l 1s cf the pyloric subsyst*m ar* not

the gen*rators of the pylcric rhythm" Ba-t.her, theír purpos€

seÊns to be as synchrcnizars cf the cycl*,
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Cbapter I
rNT'EOÐDCYÏÛN

Amorg the many le-cser-resçarched ar,Èas in ar'"i f Ícia1

intelligence is the sub iact of sj-nulati-nq nËuronel- net¡+crks"

Just. as man bas surpassed his bodyes ak¡il1ti*s in cther

t¡ays, the qeneral- faclíng ge€su so he miqht b€ abl-e to dc sc

in the processing of ånfcrmation" A crane does not operate

exactl-y as the arm dc+s, y€t lifts qrea-ter veigirts and wç¡ks

for days on end; penhaps by discoverínq zhc, fundamçntal

principles cf thinkinq {a*c he discovered the principles cf

the s ì x simple rnachi.nesì ma n might ye+* con struct- a devi-ce

that is trulr åntel-Liqent"

Viewed in this liqht" ñ€ural simulatj-cn sË*ms a

curíosj ty" It sçeks tc kncw how tbinqs 4rêo instead of hcs

t.h.*v Ar¡sh_! to b*u This research paradigm is certain:-y of

concern to biologists " and perhaps ÈvÊ n to psyclhiatristsu

but since the morl*rn conputçr is gt:i-te unlike the hraínu in

e¿t"hes structurç cr cperati-ng pr-incl-pl*s {such as th*

braints are knaun) n there sç€,ms r-ç ha littie. direct rçlatj-r:n

bet-ween t be m,

The rejoinder tr: thls arqumÈnt is thaf- '1at-ermining the

opËraf-icn of a neti*'crk cf elemerit-s indi vidua 11y as cûmpl-e x

as neurcns is a.n *xtrao:di n¡ril-y dåff icui-t ptoc+dure. 'lt i-s



a problem in tï¡e analys:-s of inf crmat:! on fl-or¡, ahich the

ccmput+r scientåst is unågu+1y quai.ifieri ic str:dy, T'u ís sc

compl j-cated that. pur€ analysis j.s largel-y inrpossj" ble because

of the paucj.tv af ecc€ptad" fírst princj-pl-es" anC cnl-y

s-imulat.i ons with conput*rs {especiali-y large cÕmput+rs} harr*

Iegularl-Y Yie l ded ccnsístent o interesting resultsu Lnd

ileural- netçcrks ar,ê bi-qh1y parallel-" r¿ith many feedhacks;

since mcsÈ formal th*ory of computatåon deals uåth

seguential- machines, any principl-es of operat-ion for

networks l.,oul-d ccnsti-+- uàe ccn tribut- ion to a l-itt 1ç-

of research inexplcred but increasínqly actåve field
th,poretical- ccm puter sci,-*nc+.

-Al-so u the main *¡crk tc date has besn done by biolcqj-sts

interested pninarily in explaining the d+tail-ed cperaticn cf

scl-ected. networks {al-thcugh +-hey of cours€ bg-AC fcr a

grand*r understanding, th€v recoqnizç that i-,"- is not

ímmedj-ately fcrthcominq and Trenc,,+ concentrate on whatçve¡

th*y can gather th.e mcst da'La about,ì, There is not ÊvËn a.

cata'! ogue of the pcssåbLe a ctiviti-es of simple nÊf-'scrlrs of

commonly-i$ væ'stigated ce1ls" The main imp*dimen'" here i-.u

onre aqain, the encrmcus ccmplexity of ev+n the smal-1æ,r

nÊÈs,

Th* AUTCNET si¡nul-aticn sysÈen is an attampt tÐ makc such

basic resêarch mcrç a pprcachabl-E" By way of inJ:.roducti,onu

it is nÈcessery to examine the strr;ctur€ and functj.cn of

nÊurons; anly t-hen dcçs cnæ un¡larstand rEhy so mãnT iesc urces
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have aireaCy be*n €xFrrC:d cn n€ural simulation ihe çorl-d

gv*Ëê At cllã ti m.e cr anctharu al 1 cf this introrluctoly

materia i- has b*en ånccrporateri into ËomÊone e s si mulator,

?his zest- fcr a3-l--explanatory pcwar can pr<lduce such a

plethona of condåt.ions, and sucl: a ç¡ea1t, h cf rlat-a, that many

simple patterns H€T€ f,cr scnÊ tim* eff+ctivqly r:bscured"

Thìs neu:-ological data i-s not prescnf-Ed solely t-o fu¡ther an

understandin I cf tha AUTOÌqET sVstem {althouq'h the

termincl-cgy is usefulì ; it is presented moî* sç that th+

rea,l.er can bet-ter qrasp qhJ the hiqh 1r¡v+l- of, analysís

representad by the AUTCìüET approach has t¡ç-en adopte.i o í,8"
so that onÐ can sÐ& just hor,¡ uructi dat"a thera is to ol¡fuscate

thc r*search.

After the neurologï wj 1

ítself, Thc primary problam

primary ëxpÊrditure cf €nErqy

that there ís no ccnvenient çiidel-y-accËpt,âd language in

whích àuo exFr€ss the netucrk, Tlø IIARP aetvork construction

lanquage thus constitr¡tçs an examination cf some o thç

n*eds of, :iiqh*leve3 simulaÈi cn l-anquarIÊsc and srrqgæsts some

Ha ys of achi.evinq thçse needs, There are pçrpætua l" t.ensì ons

amongsi th€ conp*ti¡q j"deals of ccmpl-et*+nÊss u concisËîqsse

clari ry, convenìenceu âîd compu+-atíonal sfficiencyø HoH

t.hese ai€ r'ssol ved i-nvolves tcchniques drar¿n from the

tlisciplines af. fcrmal l-angìlagÊse com pí1er rl+sign u

i nformatícn thc,orya ârd mac*machi.ne *ngineering; fherç is no

1 ccnë a chap{:*r cn A UTC}IET

in a.nalysing ne-åøorks {an d thus

in designínq AUfONET) has been
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conmo& lanqüa q€ shared by ai,1 cf +.h*s* 
o

ås also presented"

so scinË tr-rrmincS-cqy

Tha syste m descri beð " cr1* the¡ mtves tö a chapter v¡hich

discr¡sses netgorks -E_€r -ç8, This is a bråef study of hcw

nçtçiorks and Èheir comp{nent cel-1s miqht b* ¿¿si gnæd" a¡d cf

thc iateractions ÞË€s€rr¿.- in {:ve-n apperently tråvia1

:retworl<s, Fcllowinq this is a tho:ough simril-ation of thæ

net¡rork fcurd ín tbe stcnatogastrj"c ganglion of t-h+ 1cL'ster"

Thi-s netwo¡k has bæc.n much str:diæd æ1sewh*re, but ev+Ì1 it
yi*1ds a fqv unexpçcted resr:1ts,

chapt+r rv alsc tlisplays àhe val-r¡e af *xperj-mental

evidence" qathered via extensíve compuier simul-ati-on, in the

analysis of, biologåcal systems" In parti-cularo it is
possibl'¿ in a sirnulaticn to rapidl-y norlify the network

paraneteis, leading the ì nvestigator to a Ì:e tter

somprehensicn of thç netç,¡crk{ s opeEaf-ion"

trq such símuLatåors, ít- j"s t-rariitional r.o inplcment -qosr-Ë

sori of adaptivit,y in the netqork el-ements, This issue j-s

caref u1 ly ccnsi dered u õ it d the conc lusi on rl ra rEn is thaÈ qiven

ths eDormous complaxity of apparently simple systam.s ø a

betier understandinq cf ths, operaèiona1 prir,ciple-' at ç¡ork

is a prereguisj-te tc Frcper adapt,å.r¡æ a3-gorithms, Tb*

amphasis Ès thus morË on the opera'Lion of the rcbust

p*ripheral nervous systãm than åhe intricateu sC.aptive

cenlral system.



The t hesis conclud*:s

designu and l¡het miqht

closlnq reuarks 0n natucrk

from f u-{-'uræ si mulaticns"

w:-t}: som#

he sxpectçd
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Chapter fT

r}¡T8SÐüCTO RY SIE{J8OS.OGY

The nÈ{lrcn is a eukarynti.c cçl-1" f cund j.n mâny orqanisnsu

that is characterized ch i e f ly by t.hs, f act t-ha t- its
transmembrane pcÈantiaL can change by tens cf mj-l-l-i volts in

mil1Íseccnds due to the prÊsçnce of pores in the, cel-lul-ar

nembranee vhich perm j-t Èhe passå v* f,1cw of th* ions

responsj-ble fsr the transmêmbranç potential in the first.
place, The pctential- cÏ¡ange can be facilitat*d by another

neuron rel-easing chemicels into a synapse; by a clcse

abutnent of ÐËuiûns çlcctrotcnically j-n<Lucing a potential

chanqe; or by th+ nËurors brçachi.ng t"heir ce11 wa1ls to form

virtual-ly ccntinucns mËnbrane" r*eeptor cel1u which

transduces {and usuall-y anrpli fiçs} enêrqy such a-q liqht cr

sound, can also liave s*1e c+-ive ef fects" llo cthar na:ura,l-

selective eff,ects ar€ kncr*n, althcugh thers i-s considerable

cesearch into non*selective- effects such as hormcnes and

dtugsu

To sp*ak cf the Ð€urcn is scne+rhat mísleariinqo for therc

ar€ at least sÊvËraL dczen types found in prj-matçs alcne"

The numher cf typ€s ån mcre specif:-cu I*ss plastic nervcus

systems" È,e, the invçrtçhratssu is truly staggsrínq, Thusu

ç¡h*n discussing nÈurcns a unl,ess ctherç¡isË: ,îpeci f íed it- may
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be aËsumed +-hat

nervous syst€m {C$

consài tu*nt cf tha

Ðns is r1.ealing wj-th

S1 ptramiða1- cell- 
"

c€r+hra1 corÈ€x"

the primatt c*,ntral-

which is the prj-mary

of tlelr somata from 2 to 1Ct0

tc 40 microns. They are notable

i¡lg frcm the sÊmau whàch ar€ at

somatic d iamæt*r {the c€11-

biq tce has a process ov€r orÐ

2,i g0RPËt¿eGY,

lle uronsl var y in the sizs

micronsø pyrâmidals frcm 15

for having prcc€ssesd extend

1ea-st several- tì me. s the

innervatino ehe adult hu¡nan

metre lcng),

The nucleus cf a n€urcnu like that sf rnost s*cretcry

c€1lsn e is much larq*r than is +-ypical in mul*ic*l-'? ular

organismsn cft*n consuninq half the somatic vol-uno { 797. cf

a li-near dì m€nsi on), ås is usual i-n eukaryot*su th* nucl-eus

is ,ånv*lop€d ie endcplasnic reticulumu and mosi- of t.hÊ

gÐnome is ccntain*d in the nucleclus" HoI.J€v*r, n.*urons ar*

urriqu* in that it i-s exceed inql-y rai*" l.n hiqher specieso

f or an adr:l-t cell.. ta reprarJuce; concomitant r¡i-th this

absenc+ of mj-tcsis is a thín and ç¡ispy chramatín" as opposetl

to th+ robr:stl-y:staining va¡i-*+,'y ncimally tneountere'J*

This and cther q€nerel nçurctrcgy rna y h* f a und ín the
exce.l lent ioå,rodrrcti-oc by I Shepherd, 1974 l" i{ore det ailcd
ånformaj'-icn is availab.l-* in THE NEUEOSCIENCES Study
Frog¡am seråçs by Fcckefeller flniversíty Pr€ss,

trcst neurcns oxcrete transmitÈe¡ substancÐsu in additicn
Èc havinq trans*membrane icn f1cv" These t+¡o activj"ties
rçguir* an esp*cial1v active cel1u1ar support system,



À1sc present in th+ soaa ere the s!"and^ard c?ukar vc!3-c

organellæ*c: th+ rongh endoplasmic reticul-umo sp*ckl^ed r¡ith

ribcsomes that. employ m*ltùA j.n protein synthes-¡ s; rhe Gcl-qi

apparaiu.s ø vtr hich app€a rs to k;e actåvc in the fqpac3ra.gi_!qrt cf
substalces j-nto saccul-es, Ê" Ç, t¡ansmii-'ter substanc€s ín*-o

vesicl-es ard ËnzymêF j-ntc 3-ysosomes uhich l-yse csl1u1ar

+lasteså the micrctubules and microfibrils whichn asid.* f;rom

constítu+,inq thæ structural- grcund substanceu alsc act iv*1y

transport mater j-al øåthin the ce11; e centriola u knc,a-n to

play some part j-n crqanisinq th+ ¡nj-crot.nbul_e netuctk

{æspecially duríng míÈosi.s) ; and nitochondria , r:birïuj-tc us in
eukaryotes âs the seat cf ce1lu1ar respiration" and

particularly plentiful in :iÊuronsp qrhich co:Ìsun,â a Lct of

ea€tqy in siqnallinq,

Th* cÊl-l,ul-ar membraneu 7u5 tc B"S nancmetres thick" is ån

most pa¡ts a phcstrrholå påd bilaye¡ ì-argel-y iæperviorrs è-o both

polar and ncn-polar ne'leculËs" Tn addition to thfi ncr¡na1

transmeml:rane transpcrf" assaci a'ted 'øio"h stayi_ ng ali.veu eø gø

glucose in" carbcn dicxj.de outu there arÐ qþ4nqe1s of n 4 to

,8 nm InD. that a1low smali- ionic speciçs such as hydrat*d

Na+ and K+ ro pass t.hrcuqh the membrane wiren t-he nÐrmal-l-y-

clcsed channels op+n uF. The channel dsnsit.y isu pËr square

micron of membraee *<ilr f,ace, 1çÐ-200 0n th* sona and its
prcximal- ptrccçsses e and ìrp tû 8ût cn parts of the exrf,na The

maxj-mal f l-ou ¡ata of the ïla+/K+ channel-s sâ€ifiìs ro be 2DD-22t

¡¡a+,/sÊc" , i2ç^13t K+y's€c, ÐÐT channel"
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f h* c'e11 at.temFts to s#qreqats varior¡s ionì c speci*s l¡ith

re spect t-o åhe cE j-j- u lar mçm branæ" Because cf th* incåc

charges a¡cl lelati ¡¡e dcnsrties" ',-hj-s produc€s a potenti-a1

diff,erence between the ìnt:a-cel1u1ar fl-ui.r1 {ïCF} and thæ

i-nter- stit-ì al f luid {I SF} su"rcundinq the ee11" BY

*xamíníng thc potenti a1s a¡.d respcctivs: concentrations

Ëxperimentallyu anrl comparing this sj-th the Nernsr eguaticns

for gene: ic transmembrane patcntial:

cr- R?/zT * l_n ljlt)

: potential- díffercnce betseen outside anrl
: Rankínæ gas constant
: absclute temperature cf s}¡-çÈeur
: valence of ionic specjes in questi-on
: Faraday const-ant
: outside conc*ntration of j-noi-c species in
: inside concentraf ion cf ian-1c species ì n

whç
E
F
fî
1

2
I

I

in,sid':

question
qu,Êsticn

then onÐ f,inds tha+- f or f-tre mamtllalian skeletal muscle cell::

v¡hj-ch has an ICF rcstj"¡q pc+-ential of -9C FV, +,hat tha

potentiai- íf cnly K+ ic¡. where present and so Segr6rgatëd ís

-97 mv iboth val-ues takep at 3"7o C, ). Ii j.s th.us consi d*red

suffici-anf. tc examinç cnly K+ flux for most casË:s, a

i{hi-ch is quite simí1ar #,o

h,enc* €asåÊr to study,
neu rcns u ir ut m uch larger anrl

tne can rea dily ca-l,culate f rom the abcve u aE-<uming perf ect-
nçm brane ca pacåt a rc* u tb.at hyperpnlarizai ì on to + 4 û mI/
caus*s a lcss of 1 in 107 ícns if, as j-n largs axonsu each
cm? of nembrane çnclc€es 1C5 moles of fi+a The loss qo*s
up to 1 in 30ç0 for smaLl n€urcasê

9-
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Na+
c1-

ass*rt€d anions
assor+-ed. cations

155
1aIL

4
155

1

4
1lr5
12ç
34

5

t------- ----------J

As previcusly ment.ionedn naurcns have process€s exiçnrlj-ng

f ron the scmaa I'lhÊn stained " the d,endrit*s Ê xhj-bi- +, so

strikinq a rÊs€nblance to a ïreavil-y-branched +-ree that ít i-s

common in the litera+-u.e tc refer t* trunks, branches, end

arbarj-zatien patterns, Thç axonu by ccnparison, app€ars tc
proceed axially from tï¿e scma for quite som€ distance befcre

arT:orizinq {herrce the name) 
"

The morpholcgy of thc prccçss membrane is virtual-Iy

identi-ca1 øåth that cf the somað The except.ion is t.bat thæ

axon, if it procÇreds acrÊ than a mi]-limet-re or t$c) fron th+

sona" is qyg1ånatcd {den<lrites rarely" if qve¡" â,!î€;) o This

my*lin sheath is ccnpcsed of i he processÊs of sat-elli-te

cel-l-s lschsann cell-s år the P$S e oligode-n,trrccytes in e,,he

CNS). ?h*¡e arÉ f €Iii ? if a¡:yp ioni-c cha.nnels under +-he

myeli-n; they are aÈ thc maximum obsçrvr,=d rlensity 18SÛ7s9,

f his mycl-inatj-on makes possibl-e anicron) at t he norié su
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f,asl e srar* corr,S.uctancê r¡hich øi11 b.e CescrihÊ,ã. functional3_y

bel.oø" Tt is unf crtunaàeu ÊspeciaJ-1y f or ph ysicl-cqisf-s,

that cnLv Large asor,s aTê mvel-inatedo fcr distinguishirq
fine unmvelina+-cd axcîs from fine dendritçs in a virtualry
transparenf, thrpe*dimensional agqlcneraticn has provæn n*är

impossible" and accounts irr part- for the paucit_y of data

v¡hích may be €mplcyed in sj-muLati crs,

The only cther morphc'laqåca1 peculåarity of note j_s that

as Lhe axc¡t procç*ds from the perikaryon {or from a large

åendrit.el thcre is cf ten f cund a conÊ-shape d regi-on cal_l_ed

lhe axon &jlfgçk; thr+ cone s€âms to be a f unnell-inq af
mic¡otubules and nêutrofi.l-aments ínto the enerqy-eonsumíng

axÐno and rnay i nd,¡ed pl-ay a largely matabolic support ro1€,

BÊtäeen th'* hili-ock anrl flìyelin star** is the ågili-Al, EEgmç-¡1to

characterLzed by a d'"anse undercoating of the p'l asma

me mbran.e,

There is som€ ccltrovarsy s{!rrÇundinq thís j"nitial

segment, Nct only is j-r definitply ggt_ ph-vsicaIlv presen.t.

{in an cbsc¡vable fcrnr) ín the Purkinje c*l-ls of thæ

cerebell-ar cûrtexu but it ís far fron clear that it is
present in the sna11, unm yelinatad pyranridal cells v¡hich

abound in thc cerebral ccrt+x {althouqh it ís founr,c j-¡ many

l-arqe pyramídals), Jt sæ€ms to ba, i:çcominq flìore fashiccable

to spçak of tha Spj-ke i¡j-tleling *zeäÊ {SïZ) eË f.hç asorô

This is i n many erays tc be pref*rredn rspecial-]-y when

'Lealinq ç¡ith thæ ¡notcrnçuror.s of sone in ver+-cbrates" rahi.ch

nêurons may have several. STZis,s
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The mcst ccmmÕn junction bÊor-wç4ïi neulons, ô! bstwEen e

neirrÕn ãnrl a t.ransdtìc€Ë c+l-l_o is the qb=mipaX. s.ygepsç,

?hese ars ånherenti-y rÊf rac+-cry" j-o Ê, if cell_ A synaps€s

upcn c'*il B " *h€n electrical ac*-ivity in c*l-1 Ã. can a.ff.ect

activitv ån cel1 Ba but nev€r ttrrc c*nvetrsc, {vj-a that sane

synapseï, The síx cLassical- types, rûughly ín crder of

their popularity ín the literature" are; axo-dendritåco

axo-sonat.ica axc*axonal, d*ndrc-dendritic" scnato-sonaticu

and dendrc-axcnal; the Lat¿çer are Çuite rare" Takj.nq the

axo-dÊndritic synapseas an examplê for which the morphclcoy

is paEticularly *re11 cstablished" one f i nds çnormous

ôçviatioa 'u¡j-thin the cl,ass" Sti11, onê ean look aÈ perhaps

the most cÐmnon pvram ida 1 casÈ"

The alrcn of t.hç af fector nsÐron comÈs ånto close physical

proxi-ni-ty tc the d.endråtc cf the +ffector" supposinç that
the proxíma1 sections arç thr.*e-space skew, Ðne most cften

fínds a nushrccm-shaped termålaå prcjectinq f,rom th* axcn at

nv:arly a riqht ang1e" uåth its f latts,ned ltcaptt abuf-t'! ng th*
r¡caprr of a simil-arly*sha.ped s_Ëång of +-he effectcr ?s

d*ndrj-te, In 'the t+rminalu of,ten lined up aqainst the

optically*d*nse pre-synaptic membraneu âr e '-he synaF+-ic

vesiçles: smal-1 saccul.cs" 20-4t nrn d.i.am*tero çhich hcld the

t¡a8sui*-fgg sulstance, iLhe abutn€[t arüa rnay vary several

orders of magnì tude" but thc f-ypical pyranirla.l*pai¡ synaþsÊ

ís bet-wçen û" 1 and 1Ð nicr:ons in dianster, The,sgpa.ntiç

s ?t4ultiple inítial
nomenclaÈ- ure,

seqmentsB

t¿
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clefÈ øhich *xhibits sca€whae lsss varj-at.ion f,rom instance

to i astanc€ is abcut 2* nanrmêtars çíd,* far py¡amì Cal-s" The

post-syn.aptic membrane has rËreÍt-ôr sj.t*s v¡hich rça-ct

chemical l-y l¿ith thc; t.ransmi-tter ø prcduc'i ng el-ectric
pot.ent:-a1 chang*s acEÐ*qs t-he surrour:,1ing membiane, F€cause

of the shape" si-ze" a¡d lcuEr*1eve1 ncrpholaqy of the sÞíneu

it is usually found that no current flolqs frcn the ,lenrJrr+-e

to the spine u but curr€nt can floç¡ frcn the "spine t.c tho

denidrite: þrhÊ spine i s refractory,

FGr son€ tim* i,t ï¡as ccrnmcnly bel.ieved tha+; a cæl1 uses

only one transniitter suh,stance, and that ccn,sequec*-ly all of

i-ts synapsËs *rer* of +*he sanË polarity {exci tatory or

inhibitory) , Al-thouqh ons caB stil-l- f ind the occasional-

reference tc this ctroctrineu the cun¡ert helief sçûrns tc be

that the polarity of a synaps€ is qoverned by the

ccmbinatj.cn cf transmittcr substance and râcËptcn hj-ndinq

agçnt lof Hhich t,here may be s€,v€ral possibl+ on lhe cell-

membrane) . Fcr ç-.camF1e " the motorneurons innervati n a ihe

trì cæps muscle anrl thcse f¡om the vaqus ncrv& Èhat a f f cct

the heart aræ both chcl--inergic in nature¡ yet the fornçr ar€

ð.çflnitely excitaiory l¿hile r-hç lat-,Ër erÊ C.efinltply

j-nhibitory" FurthermÐr€o in t.he mol-1usc ÅpIySåÊu there is

an int*rneurcn vhich is *xcitatcry to crri affec*cru and

inhibitory tc ano'Lhç_Tu6 rt has lcno sincE t¡een conclurl.+.d.

that, ar¡y lcqical- comb'i raticn of polariti';,s j-s possihle. i¡:

Gerschenfeld" 1 961 I,
. tJ
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n#ilral n€tHcrks,

the other såqnifi.cant juncture is th+ älggÍEqi-ggåce cr

gapF juncticn" These, tcc ø îanqe frcm C,'l*1f microns d:a",

but have a gap of ciy 2*4 llrn, There ma_v L¡e consi derahle

niembrane thic kenj-ng n åncrease in chann,el d*ns Lt-y " a-nr1 çvËn a

sharinq of nicro+-uT:ul-cs present, It" i-s iypical for th+s+

areas ta have a 'ìcç¡ reså.stanee" tó he ncr'.-refractory, and

for a potcntial change ån cr€ neuron to induce a

proportional potential change i¡ the other.T Sp€aking v€åI

g*nera11v, these ç1çctrotonic junctions are faster but less

*fficacious per unii ar€a than the typical chemical synaps+e

On€ can s€€, ïhen n that the morpholcgy of a neurcn ås

not al-l that different frcn o+.her phyloqenetical-1y-advanced

eukaryotes, tike cthar secretcry calJ-s, it possess€s an

*nlargerl nucleus and Gclqí apparatuso and ttpackaq*sr¡ th€

em åtted chæmì cals in saccules {much as the l-iver cel-l- d ees) ,

Ðue to Á,he large ancunt of en+rqy thus and otheruise

consunçd, it has praportionate!-y mrre mitochondria {thouqli

nct as meny as musc l-e) ; f t also mainf-a i¡:s a res.+.ing

poten'*ial cf abcut *9C mv by mËans of the sç11-known

K+/Na+/ATPase FümF" !üherr it díffers siqnifÍcantli¡ is j-n

its abj-litv 'to intagrate pctential chanqes i n it.s memhrena,

as opposed to other cellst dampepi¡g of such varj ationsn and

to as a consequence variai¡l-y preduce potcnt,ial ehanges i I

7 Countec*instancss tc all three cf these cases can rçadil-y
be f ound in the l-cbster stom aàoqa.stric gangl.íonu SÇe
f Sel-verstcn et a1, tr 9?6 l"
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Ðthêr cÐ1ls {nç:urcns" BUScIÊs, +tcâ ) o Il: is t.his fr:nct-åcna.1

asp*cb- of 'tl:e cell lrhich must ncw i:* Êxaninedu

2" 2 ggþ¡ç.8_808,

Fo¡ the purpose of simpl-icity it is trarli tional tr:

consider thç n€urcn q.uâ informatícn procçssor to exhihit a

1a¡ge degree cf f /C seqreqati-can t.he den dr i t es ,/s ona

pecformi"nq a non* line ar" e J-ectrctonic sunmatj-on of past-

synaptic potential-s {PSPes), shì ch may be *xcitatcry

{EPSP e s I or inhåbi tcr y lÏp SP e s) i-n na turâ,

exceeôs a threshold menbrane po&"ential u

If Èhis snm

ttrien a cticn

note:rti.alsu or spåkeg aîe produced by thæ SIz, whene* they

travel- with lit+-le cr no attenua?-ion along the âxono The

spike _fqeguencl is a ncn-d.ecreasins functio¡ of th+-, tota"l

PSP {Lf cvêr threshold} "

ït is instructive t,c consider an idealized exarnpl-c efu

sâva on€ n€urcnu whcse entåre rnembranð, is at rcstì nq

potential-u which undergce.ç a f eu PSP! s al-ang pa;ts of íts
ilendri t.ic arbcrizaticn; f u¡the r suFpose +,hat this f irst cel1

synapsâs axo-dendriticalLy upcn a seccnd" sinilar cell-, The

ñ+ndrite, be ing rcuqbly cyiindrical an rS havi-nq a

capacitative exterio:u r¿il1 act as a cai:Le cr waveguide u and

indeed appears t-o obey the larqs of such, e In particulalo i"t

":xhåbits expcnenti al- d,*cay: at any point x o t-h"Ë, pot*ntial

differ+nc+ is siven by

6 f Noble et alu'197 41



V = Vn c.x.F.l-x./L\

lrhære Vü j-s the toy-Êntial rli-f fer*nc+ a'" x=Ð, and L is tircc

g¡,êEaS|egåStjc lelìg*.h, Sjnce VÐ at a disranc* L, wiLL bæ

vt le, thæ characteristic lcnqth giv,as a m*asur* of, J:he

electrotonic æfficj-ancy amongsf different n*urcaal prôcÈssÊs

{ j ust as decay half-1if e c}raracier izes radioi.sctop+

samples) " This analysis is compS-icated by several physical

ccnstraints: the rlendríte is of f; j-nite lenqth o as oppos**rl

to the inf in j.te length in simple cabl e thsory; it has a.

diameter that varics sisnifican*1y; and it hranchas"

?ïre l-e¡qth e ntails that cnË must solv+ The dif fereatial

cable eguations enplovinq bcunðary conditicnso said

conditions tc be determi ned physioloqical-l-y" Fo]-l-cI',inç

f Ral1 "19591" one can obscrve that- the t-*¡o nost signif icant

conditions arË an open-ci¡cuit terminus {as i-n thç

confLuênce cf several- d,endri tic bra:rches) in which thE

terminal pst*ntia] nust b 0 -* rapid decay; and a closed-

circuj-t terninus {as i¡ the d*ndro*somatic boundary}

which cas€ r-hc termi¡al pctential l.¡i-L1 be hiqher tha¡ fcr a

segmænè cf unbounded cable slov dâeay" For an

ånf-ermedi-aÈe segnent- of a prcc€ss ç¡hich is nuch .l onger than

it is'r¡ide" th* 1¡finite*cal¡le analysis appêars to he

guanti tatir¡*1y a dequate,

The srccnd cnmpl j cat icn :s nêurel prcc.*ss dj aneter" Th<)

,slæcirical resisiance of the prccfiss interj-or ¡*ill_ rlc,crñase

with the squaie of t,hn j-ncrcas+d diameter {ín acçarãanc*

16*



wLLh Kirchcff qs lau¡ " r¡ïr:-1* *-br¿ constant*r-hlckness

n*mbrane { s resj stancs drcreasss cnly linearl_y" El*ctrctcnic
spread, wirich m€nti cned above is ¡oediated by icn j c <tradienf-

end f,l-ux" is thus morË efficienà ín the laroe¡ procçsses,

vhere cu-rtren-,- f 1cu i. n ccneæntrated in t?:e inta¡i-or" ïn

facÈ" bqcausÊ-. thc charactarístic length is ci_r*ct-1v

proport j-ona1 to resistance " tl:e cba¡acteri stic l-anqth valiçs
*ríth t.he squara roct cf the dia meåer" To es*ahl_i_sh the

character'í stíc lenqth qr:ant-itati velyu it is nscê.çsar y to

aeasure the memhrane resistance" and internal rçsist.ance

i4.dqpçnd.=n!_1J; +rhi1e ncn-trivial_u it ha.s provËn tc at l.east

.bç possí b3-c"

Branchinq ís the '!ast ccnplicaticn tc Ìrç d.eaIt v¡ith hçre*,"

Thç gÉnera1 procerlure is tc f orm an n-ary trrachi aticnu
determine the equivalcnt varyåÈq-diameter cylind.ero and thus

find the charact"eristic*Length curveu rf this curv€ is nÕt

Çontinuous, thcn the Fcte nt.ìa1 gradíent. 1di lL he at.tenuated

as it crossês the branch, and. t.here r+ii-l bæ gradient.

reflections back a lcng t ha. procËiss*s lant-idromic
sågna ll-inql " f t can l:e sl.lor,¡n E th.at, f,or nai n branch

dianrstec S u auxi3,åary bra-nch rliameters T (i) " th.at if

s*43/2 = Sûfl {{='l tc n) T {!3 *x312

then th* characteristíc lenqtÏ: functi_cn is ccntinucusð

Ti:is turns cut to bæ a. T+asanabl-e fj-:sf_ apprr:ximat{ cn to
many dendritic trees in sìamrnalian brains.

e f na11" 1959l
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As tbe pci-ent.ial- dåfferanc& trav+ls frcm thç-, d*ndråte tc

the sÕma, it continuçs to atÈenuate i-n th'* a}:ovs nernçtsa

The somat.ic organÊl.l-æs dc nct s!gnificantlv alter ::h+

sågna 1" so the some maY he deal-t ç¡ittr es a short, f at

dendr:-te, Thus tbç ns].t interest,ing ev¿nt is at the axc:l

iaiS-lock, where *-hæ soma narrc\Áts conically n'-c becom* an 3x¡]r¿

BÊcau5Ð of its small- sj-za and. h*nc* grsater resisf-ance¿ Èhç

elcct.rOtonr¡s does nct eaSily pass dovn LT;* axgn and r'¡Culd

scct decay to the leEel af, thæ backqround ncísç'

Tf th€ SlZ is not Cepleted c¡f cartai n j.o¡s, has ncrmal

pathol-oqy" ald has been sufficj-entXy dapolarízed (''-o *6Û mV

in pyramidals) " then the regi.cn begins act.i nq in a mannÊr

guit.e unLi-ke any oth€r in the cell: j-t ¡a.pidl-g depolari"zes

f rom threshcLd., commcn ly qoinq f ram *60 m V +.o +40 mV ín ,25

ms, The causa of this is a positi-vç f¿sdback bet'*e çn thæ

menbrane d*pclarizaticn and the membrane. ccnductancç of Na+

LOnS@ Ehis posi tive feædback is ul-timat*iv limited hy the

electrochemical- equå1i-h¡ium pctçnt'i al cf, Nâ4 o usual1'/ +I+0 mV

{dependlcq cn t.he concentration of ct.her icns),

Deactivation of the channels" plus â. dramatic increase in K+

flux, returns +*ìre nembrane pctential to *7t nV i,¡i".hin 1 nS'

This sharp pæak is Ùermed the actåon petan+-iaL; +:he 2-3 ffisa

âfterrdardsu ttrre aftergcÈeqtåal, This l-attçr Peri od is

absolutely refractoryE il the sens€ that the ioni c balance

has so chansçd that nctbinq cf ncte can happen el*ctricallv

until K+ anrl Na+ at€ actively pumped acrcss th* ftÊmbtane'
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Uh+n the bal-ance has beea ;estored.u herCI mey be ancthel

pgepqten-tåef, and if th* STZ pcÈe:ntíal- s'"í11 sufficiently
d.epolari zcd another actj.on potential can cccure Th*

pot*ntial- {vcI-taqe) is thus convert-çd inta zcþian potential

f,¡ggugncyt th+ i.nf,ormati.c¡ ccd,i ng donraån l:a.s bæen chan qeð*

These actiçn potËntials trave'l dcwn unmyr,X-inatad axons hy

inducj-nq the nembrane iust ahead of, thcm into a simí1ar

explcsive depslarizatåen, Sincc. unm yelina t,ed a xon s arÊ

j:ypica11y snall-, this entails both slor¿ Èransmíssion {as lcw

as 1 m,¿s in Ð"2 micrcn dia" aNcns) " and a rel-at-ively lcw

spj-ke frequency, €,Çt. aftsr anly 5 spikes in 15* ms it. mây

take ' 5*1 s€co f or the axon to r€cover, This l-atttr aspact

is due to tl:e hi.qh s urf ace-to- vcl-ume rati" c f cr a small

cyl-j-nd.er there is lcss spacË to holrl the ATP moleculss

t.hat drive the pumpu uhich ræstores thç io¡.ic grad-i ent.s, lo

Hyelinated axcns cûrdr:ct spikes in quite a different
aanner, Bsea] iinq that "there arç no channe l-s be neath the

myel-ino the spike must somehcv r!jumptu froni node to norle ín

this Eêl-teÈgr: coÊdqctjo¡" The machanism fcr such a fLcw i-s

that at a ncd.€o +,ha nern.al ltra+ tccurs aS usual u depolarizing
+L: ì r.f ar.i nr This icnÍc currænt then floløs exclusj-valy

alcng the i rrteri.oru driven by boÈh its qrarlient and the

intericre s potc,nti-a1 dif ference du* to t-hs ionss ptrÇs€nce"

Tf the cürrent remains abov* thræshold. rshel it ::eaches the

10 Such l-imitations c¿n hv nc $Êans hE disrnissed as
esotericu fcr sbort unrnyelinated axonÊ a-re taken tc
comprisç a larqe pcrtio¡ of the cer,åbra,'r cörtêx"

å
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anot!:Ër spåkÊ is g{}nerated" providinc a f:*sh

suppl.y ef Na+ to ccnt ínu+ the proc*ssÐ This i_nternal_

curren't f 1oç¡ r¡arj-*s s¡ith the size cf th+ axon a f_he 1_arger

and less r,es j.stive cnôs liaving *lh€ great*r ccnducti sn rat*s
{up to i0ß r,/s in the qiart squid axon), The n€.; *ff€c¿u of

myÊ1inat'i.r:n" t.hen " is tc provide a fast. " hiqh freguçncyu

unatteauating spikÊ ccnductoro

The spíke traån ev+ntuall-y reaches a sly'nepsÐa rf it ís a

chcmical aneu then a ra'thær complex sÐgu*rjc¿? of qv€,nrs is
initiated" Th* acticn potential catrs+s Ca++ ciiatnels to
Ðp€n on cr n*a.r th+ prssynaptic mËmbran€, I t This

intracel_l_rr1ar ca++ n uhich ås usually pumped out, ,*vent ually
caüsÊs the vasicLes tc burste spewino thair cont*nts ínto

ihe tra¡snitter chæmical- thus coursÊs throuqh

t'he membrane, across the 3c0 A, cl-cft alnost i mmedia.,-rJ-y"

and bj-nds tc receptcr sj"tes cn the postsynaptic membrane"

The *.xoth*rmic bindi¡q ¡el*as#s Ënqrqy, whj.ch caus#s cne Ðf

severar tvpæs of possiblæ channel to opÐno and will thus

hyperporarize tt¡e nemh¡ane for an rpsp or depolarize it for
an EPSP,12 Ðue to tlze slosness of th* Ca++ efflux Frunp, srJrne

ca++ nay remain ín tha terninal when the next spik* h!.tso

caus j-nq mor€ vesicles to burst than previ ousJ.y {f regu€ncy

facilitaÈå.on) . ûntå1 th* system limits ar* reactred, thç 1oq

There must he a hiqh ccncêntratåon of sxtrac*ltular cã+*a
or the fcllawinq chaìn cf ev+nts çri1l not be ånii-iated.

å qì ven t:ansnitt€r-binder pair induces cn€ or the cti:.er"
Th,-=re is no evirle nce u du, the ti.mq of writingo that a
svnaps€ can ÊvËr change from inhibitory ta *xcitatoryu

L2
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of thæ spinÊ P SP i:;cre ases lingarlr¡ witþ- tÌrç, spika t rai::

frequencyn

Ân *lectrical synapse canducts the spike trailu al-heit

attenuateil ír¡ amplitude a*d/cr fr+gu*ncy, to the

postsvnaptic nënbran#" Unlilte the " 5 aS +_ì melapse

assocj.ated si+"h chemical synaps€s ø .f-ha elsctr:-cal- couplinq

yi el-ds j-mnrçd åat+ transarission, the spikæ train nay be

carried. hy thç de¡drj-te {which riiffer*s littl,* from an

unmysli ¡ated asonì , cË it may bc ånteqrat.*d intc a PSp'

which cons€quentl-y si11 have vêry rliffereni li seTfal-1

characte:ristj.cs {as we77 as lj-ttl-e rdee spikes cr: iop} 
"

2*3 EgE Iwê_Ð89Ë4aY $E _Tgg å-EgvE !_Egc8ãPErgE"

The above is a grcss aversinpl-j-f,icat.ioc af neurcnal

function, and woul-d nçver suffíce for a serious model cf

thi-s 1r.ìv=1 of opæratåcn" A ners smattering of d viatj-ons

from tÏ¡.is ideal mj-qht årclude:

1o Lack af T/O s€gr€qation, Ir: many invertebrates s *øeo

the spiny lobstero the sona prcjec-+-s a sinqle trçe i-n

which the presyna ptåc and pcstsyna ptic f unct-ì on s hotÏ:

occur, This can have qu1àç an effect on elecfrat.cnic

and spike ccductionn as well- as affecting the Ca++

bi ndinq bv changinq the local- pot.antia.ls and pumFing

act i våty.

t'tultipl* spike initiat.inq zcr.reso Â1sc four¡-d 1n th*

J-obst*:" e a:arl+d PsP t-re-v+l-l-inq alanq the procåss

2,
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may sudd,Ðnly iuðr-rc* spikes. Of ccgrse, bo+.h thæ

PSPss and spikes travel antidromically as s€;11 as

ort.hcdrcmi-ca11y" The coÍ1sÐeu€rit. spi kes can either

replace the qrade d rË:*rlponse that inif-iated them u ai

be superåmposad Lånearly cr non-1in*ar1y, depcnding

upon the icns causinq th* poteatials,

3" ûthcr chemical synepsess An axo-somatie synapsç has

a more powerf u3. u rflor€ inmcdiate çff ect on t hç PSP

thaa dots its axo-dendri-tic cûusia" ê.n axo- axonal

synaps€ changçs membran€ activity *ncrnouslyo and can

cause failure of splkes io travel past the synapti-c

ar€a" oE €v€n alloç¡ them to pass, but t¡ecause of the

modified base pot.ent'ia1 the spikes nay fa.i 3. to
sÈimulate vesicle rÊl-€â.se" The cÐnv€rsê o Ín which

vesicle ¡elease is *rhanc€du is al-so pcssihle"

4" Beciprccal synapsing" Tt i-s not uncommûn far tvo

dendrites to *-cynaÞsÊ reciprccally e Ëc ttiat activi-ty
ån one induces actåvity in the other" j-n a tjqht

fee.dtack l-oop {usua 11y negati- ve o b';t possitr'? y

posi-tivr;) " these can al-sc be seråa1 s Bøeo A*)Bo

B*>c, B*)4, C*>å" The dendrite*s aay he =espcnrlilq tcr

qrad€d potentía1s" sË1k€s, cr hothu

Synapti-c adaptaticn, After a period of firinqø one

freque nt3"y f inris facj-l-itatien, ëø Çe the same number

of axcnal spikes aay prÕduc'â a larqar PSP at th+ end

of the period than a: the b*qinning {afi-cr aÇcounting

5"
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6"

for fatiouæ) " Th'* converse u ,S.øf.aciLitatåcn" ceTì aLso

Ðccur€ The tåneccurse fcr this arla pta-+_ion cen h,e

anyv¡hçre from måi.1is,*ccnds t,o hourss as may h+ Þ_he

reteneion periorl, IiIhat causÊs adapt"at io:r -is no+- r¡e1l-

knoun, and ther* is y€t debaÈe as tc i+.s lccaticn
{presyna ptic u postsynapt.ic s aT both} " This ef f ect ís
èhouqht hy many tc be rÊsFÐnsib'T c f or mernôEy, but

l-åttl-e d'efini*-ive ís tc be found.

EndocÊrlous burstiBgn rn soms cel-ls s *øÇø Èhç pylcråc

dil.aåcr of È,h€ Lcbster stomatoqasÈríc ganglion or

cerÈaì n motcr n€üicns in the leech heartu the resting
potential- is nct eonstant .b'¡t is cyclic' rs end âåç

times çxceeds the thr*shclL {uith all that that
entails), It thus generat*s bu¡st cf spikes ujth

suj.et periods in Thís natural cyclinq is thouqht by

many r*s€archers a E"e, I Haynard 6 SÊlverston o1g7 6 I cr

f Thompson f, StenÈ- u1976|u tc he responsåb1æ for some

of the rilythms scnerated by neural_ networkso
rtspi.kelessrt chemical- synaptic ac+-ivj-ty, Axcnal- spik*

t.rains a¡e not stlictly necessary fcr the ¡*1ease of
v*sicl-es; õ. qradad patential- wj-11 alsc suf f ice,1a
This has a ccnsiCerable çffect on t,he neuîon as an

info¡mation proc€sscre f or t. he gr ad,rsd poà en iåal_

?,

3.3

L4

Ifhlle the underl-yi¡:q meci"ranj"sms a:æ stil_1u
unc3-ear, scm€ çxc€Llent wc¡k has been doaa
F.app "19791,
f Grauhard E Calvin" 1 979 l

1n
t-n

many câs.ê-q e

f Berri. ð.qe t"

23*



dccays es it prcceeds

T!1* sYI]aP*c*S çi11 thus

siqnal from the *Êomêo

?, @ gODET,S,

Aside frcm i:he hiqh-1eve3-u

appropriately me$g¡lsrq)

alcnq the exon or d,*nd.ri te.

no Lonqer r€,cê¿ve a unì form

rathe¡ vaque mcdel-s {cr mcr'e

proposed by stme

neuropsvcholcgi-sÈsu as there erê tuc common levsls at i*hich

the neuron !€E s* is mcdeS-1.edu end one ar uhÍch mcdiun-såzed,

nets o f them a r* rncdæ 1 led " The lçss prÊvalent neu¡cnal

leve1 may be termæd the çliarge leve3-u for the ch.aracterj.sr-ic

of such urcdels is tlat thcy examåne the actual ions fl-aw

t.hcouqh the mËmhran€, A pcpular method for doinq such

studies is ccmpartnent morlel-Iingu n6 in which th+ neurcnal

membrane is ccnsidercd to consist. cf a set of topologícal1y

connectetl ccmpartmçntsn Ths act.ív:i ty of a qiven ccmpartment

in th,s ne,xt time intcrval is detenmå¡r*d by thæ current

activitv cf it and its adjacent ccmpartmânts, A given

pot.åntia1 dif f*rence in cnÊ compartmenÈ- 'øi11 thus d*cay u and

also induce ionic f lcws i ¡ scmis cr a'!1 of its n-tl iqhhourso

Thus u us5-ng hætarcqenÈous ccnpartments a ãTi'{ me mbrars

aclì vity uhatsoevær, incl-udi-n<¡ saltatary coilductícn in

mycl-inated fib:esø Hây h* $cd.el-lçd, It is also possiblen of

cours€ " tc paremetErize fatique and f acilif,at j.on,

Eu Ç" Karl PriÏ:¡am and his holcgraphic ms'taphor of n€mcry
in I Pribram"'19?1 J.

f aall- ,19f41

t:

1,6
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?h* mcst preval ent sred.*l-lång l_cvel_ n t_horgh u Rây be te rned

t.h* gignaS Lçv*l-, The otr ject cf snch mod*11inq å s ta

reprgsenf- the n€uron as a graph, and exanine the potential

change at varíous ncdes af the graph, Thí s mo*qt

approxi mates closel.y tT:e above level- of f unct icnal
dçscrj-ption" !ti thout questicn t-h.q qr€atest ad.vant.as,es tc l:e

d.erived from modell-ing aÈ this l*vel are that on* has reardy

access to physåo3.agi ca1 m€asuren*nts {easí1y intcrpreterl i_n

th.e modeles t'ernsl s àr.d the fact t-hat snall nef-works {Hhich

are, after aIL, thc only kind about whicir any detail-s are

kncl+u) can be readily and accurately sinulate,d

I llariline u19791"

The other Level me ntione'1 is not so nuch on& of neu::onsu

but of netwcrks *f ,littla automata of one sort or ancther;
this fiaï be termed th* l-cgiçal level-, Tb.ø firs-, efforts ara

likelv the we.l 1-kacwn r€sults of lliccul-lach and pitts" xz

These have been foll-cv¡ed in moÐ€ recÐnt years hy uttley?s

iEfo.rmqn, x E the !ÊrcÊn+Lrqn pcpuS_ariz*d by Hinsky and

Papeç¿,ro and mor€ rec*ntl-y by Aleksand*rqs FAM n*tsezo

rqhj-ch arë actual_lv mcrÐ cf an artifíce than a rrodel"

17 I ffcCul-loch t

x8 f Ut.tLeVu19j5

xe f I{inskv E Pa

2o f åLeksandç¡,

Pi tts" 19¿¡3 I

l
per+,"1ç691

19?51

?s



The advantaqe cf thj.s levæ1 is that nredåum-si-z*d nets 113

Èo ICût c*l-lsJ couid be r*adíl-y símulatad " and reconf i-gur*d"

?h* disad¡¡antage of +-his lçve1 j s that cn€ is f arther

renoved from the neuron, a n,l thus the physioloq'i.sts e data

become harder to interpret in Èiie mod*l-3 s t-ermsu 'øïrich ån

turn leads tc e lack ef. ccnf idence j,n the m.ode3_n &øeø shiLe

a given simulat-ion may preduce output simil-e-r t.o

physj-oloqical- ræadingsu thece is no longer sunety ;hat the

simíIari.Èy is ¡ìot due tc the programmei iur{g1ilrq pararìetersu

as opposed to an ac*.-ual correspondence between t.hç model and

the event,

A s hortccminq that is sharçd by mcst loqj-cal.-1+ve]

systems is homogenej-ty cf 1ogíc elemetts. In al-I but the

verv sårnplcst hiol-oqical instances u the elenents are ggt all-
pf the same typeu but vary såqrrificanll-yn fhis nsans that

nice" theosetical ræsu1t*. are much hard.er La coae bv; cne

nust either si mulatç tr *xhauså"ì*cn or hope La notice a

provable rÊgularity, The problem thus becomes t+¡o-fold *-

f,irst " the tocls {a f ast" f lexibLeo convÊni-ent si mul ator}

must be built,

usæ th.e tco1,

AUÎONEY i-s a

the tool, and a

with it.s us€ arç

and thcn comÊs the rask of learninq hcvl t,c

fj-rst app¡oach t.c the prcbl-€m of buildj-nq

desc¡j.pticn cf it and the brisf experience

d:scribed below"



Chapter fll

TTIE ÃÛ5CNET STggT"ågTON SYSTEffi

Al- thouqh Lt has l-onq been known that e Turinq Ha chir.e

',aith a rne-way infinite tap,* can perforn thc calculations cf
on* with a finite but unbounded number of tvÐ-ua.y infiníte
taÞes, z I such a machåne is nat necessarily p.qqvÊì1iÊ-49 for
the purprses at hand" t{hên d.ealinq vith a 3_oqical-leve1

n€ural simulationo i.t is much nore convânient to har¡e a

three-tape machine: or€ head for !_npul onlye on€ hçad for
output only, and t.he thi-rd f cr mencry and assortær1 i nternal

cal-culations" å s-lmpLe neuraL sinr.l3-atoru Èïr,Ðn" might havç N

tape symhcls fÐr lì synaptic inputso and the bi.nary

informat,icn of eacï, input is coded as the presence cr

absence of the respectivc tape symbol,

A rnorê eLaborata modal wculd he to consider a tree cf
Ènputs'uo thc aut,cnatcn {hereaftero thi: qg}l)

can deÈermine the l-ccaticn in the tree of

ø

a

Tf the cel-l-

gi. ven ínputu

thcn the tr€* can $ore casiXy rÊpresent the d*n¡1råtic

arborization cf a n€urona Hhil-e the axonal a¡bo::izaticn

couLd also be a +-TÇë" this is
strictl-Y n€€d.ed,*2 lhus a set

a bi"- mor€ *labcrat+ than is
of nutputse *:ach being a

21 See I Hopcroft

It is assumerl
blocking ar€

S û11man u'? 969 I

that- l"cv¡*la vel-
not rç{Tuired i.n

effects such
tho mode1,

2,2

27*
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un'id.irêctåonaJ- eueu*oe: ccnnecteð. t* a dåsti-nct iaeî. ûf th*

input træe at a cel-1" is loqicall-y conp'l *t¿" suf f iciænt" and

reaso::ab1y ccnvsni-ænt. Tn AilroNETø a signif i cant as.sunpticn

has been mad*u solely f cr the purpcsâs of sinpl_if icat.ion: a

cçl-l- p:oduces a sinqle outpr:t va1ue" which is passed dcs¡¡

each or¡tput Lia*, This essumptj,cn makes it rliff.icu3_t {but"

not impossibleì to implemçnt pre-synãpti-c arlaptation; but on

the other hand tc =equ'i re an crdered 1j-st of cr:tpuf.' values

adds tremcndcrrslv to si mulaticn ccst {vh'i ch is e. siqnif i.cant

factor at scme ånstituticns). S ince t j-n*, d ist.ance u and,

charge ar€ contínr¡ous varåab1es at àhc neurophysioS-ogical

leveL" åt will- be nçcassary tc quantíze them for thc

au+.tm â*,olt r¡i Líçu, Ont can ccnsid.e r di stanca to bs;

ir¡:elevantu anô examine cnly the Èiæe åt takes for the

signal to be p¡cpagated from cnÊ pcj nt *,-o anct-her" This has

been done u for it alsc provides a nörne f-izet j,cr for va rving
prccess diameters and ct.ber facÈors +¡hich af_fect- t-he

conduction ve lcci-t.y cf a sìgna1, Thæ simulatíon may al so be

ccnduct,ed i-n arbitra¡y time rrnits, so a line nay be measured

ultimetelV hy the +.-in:e it takcs fcr a valua to pass from on€

end to the ethçr,

As $ras nctcd abcvç" nÊurons map from bhe vol-tage

{spaÈial-) domain tc thc freauency donain via the spíke

ínåtía'"inq zcnç E ãfrd hack to thc spat4 al domaån vj^a f-he

chemi-cal {ånd to sonË eNtent, ælectrical) synapsêÐ th*se

?3 Antidrcmic signall-ànq
at t,his sinulaticn 1*

be accomplj-shed ån tj-dier ways

28*
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s€åm to occur in thc 1åfe systæm

l-oqical- r€ascns, so frcm a lcqlca

ilomaias is e1j-mínah1c- " 
e+ Ra'c?re,r

completeu but som*shat ¡çstrictive
used , th* informaticn 'J,cmain ås

{ín AUTONET, from -128 tc 1271"

for pragmatåc raÈh+n than

l- point cf v'iÊ.u cn? cf zh*

than vor k-inq wit h tha

, binary encorling sc of,ten

enccdæd i-n s ma 11 i nt e sers

sínce ànte::cell ul_ar comnunicati-on pat"hs vary ín

ef fect j-v€ness, sôm€ acccsrodatj_cn must be madç in the

simulator" Considerinq there tc ba'*¡eightses aSsociated

with the ì nFuts to provi<le diff,erentiaticn at ef fecti.v€nes*s,

it will- be nÊcessary fcr the cel-l- to havç eccess to thj_s cr

some clher seighting mechanísm, in order to nor'e easily
mod*l- synaptíc adaptaticn" This " in AIJToNET o is a f unct.icn

entirely of ihe cel1 {hence the third tape headl " How the

ccl1 ç¡eiqhts and süßs the inputs is ì-diosyrrcratíc" and no

ccncern of anv hiqher*1eve1 prcgramming,

ThÐ l"ast introductçry detail t.o be dealt r¿ith is an

observation that el-ectrical synaFSçs all-os posit-ive g¡d

neqatj-ve val-ues {depolarization and hyperpcla¡i_zati anì tc b*

communicated" wherças chemical svnapsÊs r.*act only tc
pcsitive values, As a ccn-q*guÈnceu there is a provisi en in
Èh'a network specì f i.caticn languag* for påpgÞ, vrhich pass

al-sag any valu*, ês cpncsed tc tr.ågesu 'ahich pass alonq cnly

?4 I,rh ich do main i s us.e
imaqinati-cn, s{r-nc€ t
bunch cf numhers tc

Not u¡1ike ihose
i' D,ertouzcs "'î 965 J"

a í-c çntirel-y up
he simulator just
play ç¡ith,

for threshold

29
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positive values, Thus if a c*11- prcd{¡crs a n*qaå"ive cutputu

-"hås val-u* passËs only via pipes; lirres pe*cs a z*To valu€*

one soul-,å mcst l-ikel-y r€present a non-refractcry æLeetrj-cal

synepseu then" bT a Fair cf reciprcca3_ pioes"

The principle cf AUTCIIET is thus that a cel-1 has e *,::ee

of i-npuÈsu and a set cf f i ni-te* lbut possi bly dif ferinq*)
length output gu€u€s, whi.ch are in turn connected to th*
j-nput trees cf oÈher ce1ls, lhe rEspect,j-vp aelqtxting anrl

sumninq nt the inputs ar€ the prcperties of the ca1ls alcn*"

There is a strcng separaticn between f-he topology anri

qeonotrv of th* networkp ârrd the func+-ions of the netwcrk

el-ement s,

3, 3 EE_E EE$,UÃåEEEN a--r,G_!3TE&9,

Onte the appropríat,e data elements are det,ermi n+-du the

si mul-ation is quiô.Ë straiqhtf crsa rd" The requi remen t s fcr
tlræ above-nçntioned Ítesìs ar€:

cEtt :

automaton alqcrj.thm

input tree

o ¡rtput line l j-st

distinct m€moiy ar*a fcr each cs11

ÏNPI'T TREE NOÐE :

brother point€T

son roínter

OUTPUT TTNE 7

-3C



índåcator oi: l ine,zpipe status

poi ntær to rrb'icct leaf
id of cel-1 that cv¡ns cb ject l-eaf

l*nqÈh af. su€u€

queu€ val ues

Gi-ve::. theseu the fcll-osånq a1r¡o:ichm silI perf,crm the

reguired simulaticn;

åt st ep i-,
For each gu€uç,

PCP the gueue
Add t he value E leaf p.cíntar to

the input lis*-" for the obj+ct ce11
For each ceIl,

Ð€,t€rmjne th* output V f,rom its inpu*, list
usinÇ its alqc¡ithm

Push V ontc each output pipe of the ce-ll
FÐSH flAXlCrV) cltc each output lins of the cel1"

This can be, spcil up siqnificantly if crie examines onl_y

those lines vhich have ai l-east one non-zÊco value queued,

an d by Rassi*g t.o each ce1l calculation onl_ y th* nr n-zçro

inpul valuçs, The auxå1iary n€mory for tLre ca1l

calcul-aticns can al-sc he managed in an efficient mannere

fhe simplåcity cf the abo¡¡e algorithm is somewhat

deceptive, a simulai-cr is of 1i'it-1e usâì unl_ess åt has

ín put u âIl d it i s d*sirable t-c have thc' input lan guaqe

31



€xprãss t-he coiùnÕn constructs ct è,hÊ user as clearl yu t¡e-L

br ì ef ly a âs possibl€, Hhat is r1çsíræd lisr* i-s e- 'l a.n gÐeq+

for nani pulatinq groups cf nÈuronsp expressing the relaticns
anri connectivi+-ies be+waen them* the facili.ty for this
+xpressive¡¡ess is the Í¿åEP netwonk constructio:r tr-anguaee,

3,2 gng øåtsP I,ANGI'éËE,

trn con-qtruct j-ng a netuork of medium Ðr larc¡æ size u ibe
greatest desire on the part of the invest,igator is Likely tc
be Lo avoid dupl j.caticn cf specif ications f or si mll_ar, or

ådent5-ca1" ÈI€mÐnts" This requires a facj-Lity for decl"arìng

Èhat a qroup cf itr¡:s is i:o be handled es e sinql_e unì tu

i" €" the sane opÊraticn is tc be p*rf crrued. upon a'l I thæ

i tens lin parallel) 
"

3*2,1 cs€ê3¿Cn ef 9.C13 G,EouEç6

Thera ar€ several- f acill*"ies ån I{Ä.RP f or crealing the

qïoups of cel-l-s which ai€ to be cpcraàed upcn l-ate;r, å. ne!

may be specåfi*d as an erxay of cells,26 å ggBUAI qives the

number of dinensicns" their rang€s, and th* cç,1^1 type of an

ârray, but unlike a ne t does nct cause tha psrÈinen+, daf-a

ar€as fo: thc cells tc be createdn Thus, cne might declare

t hs FOgi{ AT na m43 Fï,IPFIOF ic be a v€cr-or pei.r of TùAND ce1_1s,

and latsr rleclar* FF1 a¡d FF2 to be FLIPFT,CP{ s by cod.i nq:

FLf?F'LCÐ = 12> CET.I:ì'lANÐ;

e.6 There i-s a aestråcticn
í mp1 emen ta tion.

tc5
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Fvl

!r¿

F TÏPFLOP ;

FÏ,IFFÏ,OP;

Both I'F1 and FF2 ¡¿culC r'cl* be nets tf one dì m*nsj-ono size 2,

composed entíne }y of NA ¡;D cel-1s; but th*re *¡cul-d be lr sucl:

celLsu twc fcr cach net'

A poarerf u1 f ear-urc o f l+¡.F'P ís the eåSLE&fg comrnand" Tn

thisu two nets are concatenated alcng a qiven dinqnsìot,

This is sini-I-ar to cetegatíQn u n ? in APT,' except that t-here

is no DûI{ÀIN EFROR3 if the qxtents of, a di-mensìon dc not.

matchn then tha smal1e x cf the arraYs is f i]-l-ed out ir" that

11ånension by add.inq hype:planes c! nul1 cæ11-s until a match

Ogcurs, The concatenaticn is then perf,ormed o anrì. a n€ç n-çt

is cråated" ?hi s nÊ?I ::et is an array of the approPriat¡a

dimensions and sízee and co¡si,sts of the id'anti-f iers of its

cells las usual), Fånall-yo if the dimensional-j.ty of the iwo

operands Coes nct match" th+ small-er is oaôd:do at thc hiqh

endo with dimensi-o:: €xtÊnts af i {r"ìqt S} until they do

ma tch " {This dimensåcn coærcicn obvìously has no *ff.*ct on

the number of cells ín the âIrayu un-1 ike 'the axíent coercian

d.escribed prevj-ous1Y)'

E,G, SuppÐsl3 f-hat CÊË haS ðeCl-ared tldc n*.f-s A and E as

å := <2"3> cflt:NAltrÐ;

B : = <2> CELI: EXOF;

then A ',¡il-l b* ea erray Lj-ke

33*



123
¿+5ö

-7

8

an d B wi l-l- be

so lamínatinq +,hÊm along the

c

sêccnd Ci-me nsiÕn

the ccncatenation he along di me¡sion

of the ¡esult is the sum of th,e

the opcÐrâ.nds" Alsen B +Jas considc::ed

42u1) ra+-hâr than mçrêly <2>" E+neau

+¡i1'l be {2*4}" âs it shoul.d be,

had coded

'.^

i2_37
lt568

sinc'å it sp€cåfies that

2; thus dimensicn 2

llåmerrsåon 1 axtents cf
t<l be aD array of, si-zc

the så ze ef the result

Supposinq å'hai €nâ

Ð := A E1 B;

*he resuit D wouLd

I ¿.J
456
1*t
8û*

3t+



HçrÈ u B was coÊrc*d íntc a 12,1j and t.hen ånto e <2 s3>"

ûnl-y tl¡e¡r cculd 1amír'atícn taiçæ p1ace"

One could aJ-sc cad* an express:'cnz7 such as

Ð := Ä E2 B E1 A;

shich r*cr:1ã cxæate E as

far t"he reascns statcd abcve"

In qeneral-, the dirnensiori of, a sångle lamination r+j-11- be

the Sü¡{ af. that af thæ cp*rands in the laminatíon dåulensicno

and the BåX of that of the opærands in any of-her disrensi-cn

{after ccçrcion}.

f h,+ las*'- group of cperations whì ch deal witli cel-lr:lar

atreys is BEJIE9TNITICII, Thås consists in qivíng a new namÈ

to a subseÈ of an cxisiing netu If the net OLD al^ready

existso then

NEW = CI-D;

qål-1 merply crcate a synrnym for ClD, Alternat.ivel-yo cn€

cculü code

NEW = (2,3) CIIÐ;

27 Eyal-uated f,rom lef t tc råght-,

1237
4568
1230
456C
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øhi.ch Þrculd

th*n copy as

lgouLd fit,

E* G. LT CT,D i.s a 3 hy 2 array such as

then 1{E[,j = <2,3> ûLl; rqould set ¡iII"l to

As is usual ín AUTC¡]IT, non-existe:rt di¡nensions

tr*ated, as having exta¡t 1. This opÊraticn may thus
våewed- as trunça!åon in t.hcse dì nensions ¡¿lrere th*
e;x+,.enL is J.ess than the OLD extent" and as gg!j- -pedgi-lq
those extents foi vhich the NEFI çxtçn*- exceeds the cLD"

crÊat.e tqyI,J as a, 2 by 3 arra.y c;f nu11 ce13.s, and

manv cells from the uppër left cornet of OIÐ es

i2
34
56

12t
3¿t0

are

he

¡ï 8l¡¡

ån

A close rcl-ative cf, this simpl* redefílitíon is !!sftêpE"
Thì s i-s like the RESHAFE operat-åon i-n Apr,, and causes t_hc

row najor order vector cf NEri to hs assignarl thc ro*¡ maior

order vectcr of, otrÐ" Tf thc total number cf elryments in ¡¡lt¡

is less than that cf cLD, tF¡*re wil-l bË: truncation ; it
grâater u +-he¡: t hçre uål_ 1 be null- paddinq,

E" Gu ¡EiÈh Cf D as dæf ined ebor/eu

llE{'l = 42u3} BESÌlÂpI CtÐ; sets }tEI,J to
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123
tl 56

as oppcs€ d. +.o f- bË prev j- cus r€ sul t"

ThË final aîtay sr¡bsct op€reticn 1S onë in whi-ch

p€rmutation cf the ç'lefli€n¿'s +*akes pl acË" As bef ore u th*

numl¡ers in the aüg1ed brackets def-ermine the size of t-h'e ¡lEI-l

ä.rray. rmmÊdåately af Ècrn how€treE " ís a list" of PERflr't333lpg

function Ðam€so enctrcseð Ln bars and separated by ccm$a*s;

l-ast conÊs the net llâ.In€ ø

A permutaticn definition j-s a fairly ordinarv Left*rc-

riqhta pâ.rËnthesiz.ed asithmetic êxpression enr.ployi¡:g the

infix op*rators +s *s

peimitieð, hoøeveru

*y and /, The orrlf operanðs

ar€ integer constants and tuo

uvariablÊsil which may be called n5uE and TsTzE'

The elements of HI'l,l in a pærmutatj-on r*defiaition arç

filled in, cne by on€:e and f,or each el-ement th6 p,ärmutatian

functions ar€ evaluated, The resul"is qive the ind*x af the

Oï,D element which is to h* assigned t.o tha NEi¡J eIæmentu 3-È-

*ach stepu the ISUE vçctcr contaì ns È-hc i-ndices of the

current elenent of NEt{; the ISTZ vçctor ccntains th+ vector

extents of IiEI-t {anä th.us is constarf- durinq the

redefi-nition)" Tf any calcuJated index is less than 1' cr

exceeds the cor¡espûndinq rlimansicn exient cf OT,Ð e then th*

nulj- c*11- is assigr:eC, tc the NEl,r eleme,nt. If no permu'i:atìcn

f unction is s nc.,cåfieð " th'Ën th* ídentity pçirm uiation is usc,d

fcr that índçx, i"€, the Nth ìndex of NEI{ is usëd a.s t}rc ïth

index of OLD,

3T



E'G, the þ,ermuf-atiÐr f uncticns TFÀNSl e TBÂì;S2e SEIFTIT, erd

FLïF1 may be .ðrfin*rX byc

TRÂNS 1 :: .SUB:2; uses only thÊ TSUB variab j_e 2
TR.âI{S2 :: SUB: 1i uses only t_he TSÍJB variablc 1
StlIFTT,l :g SÛB:1*1; subÈ-racts 1 from the TS{IB

vatiable 1

FIIP 1 a: SIZEz 1 SUB:1 + 1;

and it tLD Has a 3 by 2 of

then NIrd = 12,2) tTRåNS1,tRåNS2l ûLÐ;

would qive NEIJ the tEansposed upper sgüaEf: Ðf OLÐ

becailse the indícas +¡ould bç calculated as

3r'luut,u1"1
4aâqI a Lø ø ø ø q L g I

Zgl.øørtulol
2r2^r*t*2u2

and h+¡:r* the transpcsiticc,

NEel = <2,2> åSllf FTttrs { OtÐ;

*rould yieLd a NEId of

¡l 'l

34
56

T3
2tr
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bscause ig shj-fted cr,D alcng the f!rs+- index, rqhil-p,

NEl,l = 13u2> lFITPl"l OLÐ;

f1íps OID alcnq its first riimensj-cn" gåving

and NE!{ = 13nZ} lu I C[Ð;

j-s equivalent to IlEIit = (3u2) OT,Ð;

sc lf EI,l just be,cones

fb
34
12

12
3¿t
56

F'i nally u

N8H

creates

= <3> ITEeNS2,TFÂNS2| OLÐ;

NnI{ as

4C

sånce ít- extÍact"s the maior díagcnal- of tl,Ð.

It ís appa¡cnt t hat this notation ís q ui'Le fl-exiblen

al"lcwinq many såiupåe permutations t-o be exprÐssÊd ¡si+-h €as6r'

In fact u ',- h€ nataticn ås compl€!€ u in tha+' a.nv pÐlmutatì cn

shetsoåvÊr may be axpress*d" Tf a f unction F {x) Êxprç!ij:g.*s a

permutaticn mËens that *valuating F at x yi*lds ?-h* n*l¡

39



positi-on cf ïh.. xã th chicctu than for a ]-1 nt_"tÊ clÐlÌ!a1 n onî

can alÞreys f .nd a pclytamial ån x wliich evaluat*so a*_ thE

i-ntegers , *-D all of tbe regu íreð val- ues" Thås f ol-3-css

t.riviall y f rom the cesr:l-ts of ccnsiructing a l"agranqi an

polynomial through all of the rçguir*d poí¡ts¡ ârd is
adçguate becausç evaluation takes p]-ac* on]-y at nhÊ ån*,6q¿¡s

in the specåfåed domaån "2a completeness" of course , is nct-

to be conflated r¡ith utilåty, sånce ån the qeneral cas€ *-hç

pol.ynomíal- nassinq thrcugh N pcinf-s is NEth ordero and r,¡il-L

no doubt be lcn<r and sc$e¡qhaÈ Ðpa,qüe to ready unde::sfandinq.

None the lesso it s€€ms that Èhis not.atic¡ ís hætt*r than

somË possible alternatir¡ese especially thc tabular aotatjcn

{'øhich requj-;es a chanqe Èvery tåme }r chanqes, whêrÈas an

Ë,xpressìon may renaín the sam€p @,Q, sHTF?L1)" The propcsed

notation certainly suffíces fcr the simp1_eu conmon

permutatj.cns userl abcven and rlces not have tl:* inherçrt
nonêxtænsíbí1ity of a handful nf predefån*o permutatians

{suc}r as ar€ suFpl j"ed Ín ApL} 
"

3*2,2 çonn-€çÈång w€tF ToggÈl.¡ec,

onc.; a structure has bs*n defined usíng the abo¡¡e

technieues" it is rl€cêssary tc ha'¡e e mochani sm f ar

interconn€ctinq cell"s æithin theår respective structuress
ïn AUÎONET" this prccËss is called ple_jeçlior: of onç nçt

ogte anolhçr, Å prcjectåon is strai-ghtforç¡ard if the sizes

2E lhere is
conco ni"tant

no pcss-ibålity
dif f i-cuLtíæs"

of

40 *

interpolation, and



of, th¿ &-atc nets are the seme" foi

cÐrrespondence bætween tìre respectåve

ís motre complåcated it converg€nce

tT-,ere is a c¡le-tc*ong

ce3- 1s" Th6 a1-gclithm

{man'¡ cnt-o few} Ðî

di-verq+nc* {f ev onto na rY) is n'ndicaf-ed,

Any such al-qoråt.hm must meet seteral crj-teri a:

1, The number of dimensiclls;qtrculd bæ irr*levanÈ"

2^ rt should be invari-ant wåth rê,sp.?c+- ta di mensicnsu

i"eu pro'iâ,cti"on ín thç i-'th dimension must not Yc ån

any rday dÊpandç¡lt upon the ext+nts of other

dårnensions" This is so that cenve:iient Itslicesft cr

subsets of ths tãro ncts wi-1l have È.he samÈ

praiection, regardless of, which dimension the slicE

is taken in,
It should be invertibleu i"€" for tçc +xtent values å

and in the alqcråthm pÐrfcrnarl upon i E j A {í" j)

should n if graphed, b* the mj-rror image of A ( juiì 
"

Thís ensures that cÐnvÊrg€nca and diverg+nce arê

duals of *ach cther"

AL1 cells cf hoth næts must partici-pate ì n the

mappin q,

5 o 3he mapping mtf,s'" be non-t.råvial" i' çn me rçiy

prajcctinq çvery cæl1 cf cnË net ontc every cel1 cf

the othçr is i nadequate.

Thç mapping shculd be rt€v€Tlre" By thls is meant that

if one cell- prc j€cts upûn ¡l others u rt¡¡ oth*r cel-L

shaul-'J n¡o ject uFcn maay ncre u o! f€¡ver u t.han lln

3n

ttr,

6"

4n



'7" T+- shculd be rtûrde r* pr*s€rving rt 
u

cål-l- in th.+ ranq.e af c€l_:- i cf.

than the least *lement of th-=

i_<i,

so that- Þ'-hæ

the mappi ¡s

racgê of çe!-1

great"*st

be less

- attø

llot+ u suppose that *,,hÈ Frojection invol-ves tqo

unidim*nsicnal- vectors cf lenqth m and n r+spectj-vely, with

m )= ns On€ mey f,hen pa¡t,rtion t.he first vector into a

d.istinct -<etsn t,h* ieth on+ being p{i)" Cc¡sider now the

numbers t=FtCIoB {n/nl and u=cEILINt {m/n), If fi = m {mctl nl o

then n = l* {n-n) + û*R¡ that is" uith cnly tr"¡o si zes ct
partitioas I and II it i-s pcssible to break the fìrst v*ctcr
up into n pj.eces, One car rhus daclane that p (i) is of size

t if i<R, an d U otharwise, By associatinq parf-ition p {Í.}

uith the i 8th ele¡nent V {i} of the second vect.or, al-l of the

crit*çria but ttrre first havc clearLy been sa.tisfied.,

Ho sever" it t{as nouhere stated t hat t}-re pâr+,íti-on

el-ements had tc be cell_s; thaï cculd as ¡,¡ell_ be sats ef

ce1ls, On€ can the¡ ccnduct thc. partit- j-oninq al onq ûnÊ

dimansi-onu and ther: when proiecting each elenent p {Í) cnto

V (i) " one ís pro j€cting nÐts cf one loser rlimension tha-n

before; t.his uay be continu*d unt.il- one of the sats has cnly

on€ el*ment " in çh.ích casê that cç11- j_s pro ì€ctêil cnto a1l-

the cells cf the cthcr sêto Since this plocedu:e is
indep#ndsnt cf the diurension" i, Ê, f or tr,¡o ilimensions i and

-i the resul-ts cf par*åtioníng i then j anil of partition ing i
ihen i are thç safinu thc fårst criterion j-s also sa-:isf .içdu
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el-em+nts A* F cnto elements 1*16"

F].O0E {X6¡61 =
cE.ïr_Tr{ c {16 /6\
16 {morl 6)

.A: 1u2
Tì. ? t¡

JAY

C: 5o6
Ð: Bu9n1{J
!?r 11 f I q2
.L. 1lO tLø iJ

F: 14u15u16

Er G' EB 0nÈo X*5"

41ra L
3a14u5

E, G" å- H cntc 'l- 5"

-å: 1

P. ')
f ¡ ?
ç- J

Ð: 3

E3 4
F:4
l:ø q

H: 5

2
=3
=4

n,
Þ¿

43 *



E,Ç, th.e 2 bV I array A*P Õpto the 5 by 5 ârray 1^25"
The first dim+nsicn ås a 2 cntc 5"
the sæccnd an I cnto 5"

First arravz

ABC]]EFGII
ïJKt¡3ilOP

Second array:

12345
6 ? B 91ç

11 12 13 14 15
16 1? 18 19 2{}
21 22 23 2L+ 25

ftesul-t:

A: 1u6
B: 2o7
C: 3,8
D3 3u B

F: 4,9
!t! ,l û1r q9.J

G: 5 
" 

1C
ti: 5, 1C
T: 11 ,16 ,21
J: 12,11 "22K: 1 3, 18 ,23
t: 13" 18"2.3
IÍ: 14 " 19 ,2t1
lÍ : 14, 19 "24ûs 'i'5,2{} 

"25P: 15,24 "25

In crdÊr to prcvide e concise" powerf u1 notatj_on for sorìe

common opsrat'! ons u ít is pcss'i h1e t-Ð spçcif y a pegmut-Atiçn

to be p*rf cr med al-*rr q with thc plolac t,i cn" Pa'"hâr than

14t4 *



project.ing 
"he 

origi¡a1 ante,ccdent nêt" rhe antecerlænt ce11s

{jus-. as ir- tì€-tarÇ ccnsiCe red af ter Tl6rmutat.i on

red+f j-niti on) and lhe pro jectien ís frcm the resì.tltar.rt

p*rmuted net onto th* cb ject net" Thj.s ,sl_ì minates

redef initicn of a net E¡hÊre ali- that !s reall-y desired ås a

litÈl-a tt¿çi str¡ to thç ccnnçction pat-tern,

E, G" o.he prcgram s-oqment

CHTE¡I'I) cltE¡o I t 4 oJU¿¡ ¿ir .. JUU. I r | ?

V EC tr : = <6 > CEÍ,I-.' 0-E ;

VEC2 := <6> CET-T-:AND;

VEC l

r¿ i11 r1 th* a-qsiqfrment
t
a

1C
'!1
12

ìiote that the lasi. ce1l, cf VECI {6} and tha-, fåist cçl]- cf

VEC? t7't do not participate ín the projecticn" fn generalo

¡¿h*n a nul-1 cell. is çither an anteced*nt- Ðr obiect nc

cÐnnsctic¡ whatso*ver i"s esi-abl-i-shed wíth. its counterparf-,

Tf; i-t ås desj-red tc have a ccnneetj"on of lenqÈh cthc¡

than tr establisi:et1o all that need be done is r¡ prçcede tÎ.¡.a

8*> ? symbcl- p¿ j.th the inte qer J-enqth of the lir¡e" A pj.pç o a.s

opposed. t.c a i.inç" is spaci.fied by the 4*->u symbol"

yiel
f'

L,

?c

4:
q.

45*



3,2,3 Tnpgt Treeg"

All that nclr remains cf t.he nætucrk spæcifj.cati.cn problem

is f-o ådæntify ',he inpu*" trfiÊ ncdes of ths ob jec-" c*l-Is,

This is accomplishe,l by .labelf i ng tþ.* +'-ree in e 1ef t.-tc-

rì qht" brcthçr-son nannê:n i,€, each +-rÈ¿e rrod€ poi nt"s to i.ts

r'ì qhtmast L¡¡ot!:er {same l.evc;l-} and its irnmerliale son {next

leveLì u eithçr of Eshich pcinters may of tourse be nul1, The

notation sNET"i. j, k 4 thus r*f,els to the ent.it-y i{ET' and fcr

each of its cel-'ls, begi¡ninq aÈ the firsr Level, one ccunts

to the isth nod.e; prcc€€dinq from å3S Sgn' cnÊ ecunts tc the

jtth aod.e {the j-'trath brother}; prccÊëding frein its scn' ûna

coun+-s cvar to thç k?th node; thj.s is ihe norle specified"

If a node spæcíf ì ed dces nct e xist then tlie WARP cornpi-lar

vi-1} create 'i-he smal-lest tree structure nesded for that nodç

to exist,

NET was

For €xanpleu if the tree for t-he sinqle cel1 j-¡

I

I
b ---*---
I

I
c--d

I

I
I

f s-- h

thça pioiçctinq o¡t-o node NXl*3 o5,1 uould l-eav* th'e t:ee as

r+6 *



I

1

a b -*-**-: e
ttrr
c^* d f -í

I

N

t-fr

eri-Lh 3kt beånq the spcc"ifiad Êodâ" A ncds is eit.her a tEåFo

a FOÊK u ûr II4PTY; al-l ncd€s created while cr+ating a path to
a l+a f arê i- nitia lly Etr{pTy, They heeome LEAFs by h;cinq

proiecied üpÕ¡, and FORKs by havirrq a non-null_ son pointçr.

As a natter of conv€nience" j-t is nossibtr+ for the levçI
count of a ncde tc be 0, This snecif i-es that cîÐ does nct

car€ øhich ncde ai the specified leve'! is to ba chosen,

Th.us if ths 1*vel cc{¡nt is fcr cthen than t-he 1çaf (last}

1eve1" the first FORK q¿j-1l be taken; If there i s nc FOFK, åt

wíll make on€ oui of the f i rs-' S¡{FTY nodç; otherwise, it
i+il-l add a FÛRK ta +-hË end. of t.hc level chai n" Simil-ar1yu

if the leveL couni i** for th.* l*af levelo t.hen it si_11

attempt tc render an EI{FTY node into a IEAF; if ther* ara nc

EI{PTY nodes, i+- will- add a LtsAF to t}re end of +,he chain,

ûsìnq the immed.iately Freceding trçe for NET, then,

pro jecting cnto ¡íEl, C ucultl create a LEAF t o t he riq ht of
!çe; N¡Tu0,0 sould crçat.c a l-eaf, below 4ed; and NgT"2*0

would 4åB intc a f'EAf {assuminq tha*" afû,o qq, u and ,he }ãÊrê

ail f,EÂFs by previc:rs cpe¡aÈj-cns) 
"



3,2ut4 gep_uÉ, Outpr¡t, .A-A.d EqasggÊ ûf Sgf-q"

ålthouqh the abcve desc:ib*s t.h+ basics oft ratucriç

constructicn in wAEp" it i s dcsirable for a natv¡ork tc hava

inputs and cutputs"

An input tc a net ås a positive int.ageru 'shich rEiLl_ be

gueued a,¡ld eventual-l-y be prssented at a ncde of t.hç ínput

trêÊ, Tl:us one Eay input the value 2u vÌa a lin* of lenqth

3 u to a nct NET by ccding

2 3*> ¡ùITl

or on'ê could defåse a symbol tc be an inteÇËre and then

projçct the -.ymbolic value upon the netu as ín

ïNITï.1I_VA,L0E_2 = 2;

TNTTIAT-_VÃILIE_2 5-> lqET;

1'lï¡en the sånrrlet'åon beqinso these wil-1 b,e pLaced in Lines

1n the ordÍnary fashicn, ODe may al-so specify a rlat,a filc
shich is to bc r*adu the values af r+hàch are passed. in ros,

ma jor os,ler ta the cel_ls cf the net {on* val-ue pÈr csl_1}.

Permutati-on of initial values is nat supported.

0utput nay be acco m p 3.ishe d

net onto e character siring"
hy projectinq

trlhen a ceI

an unp€rmuàe'J

l- çith such a

ÕutÞutu t he

a utput d€ vì c€ ,

of the n*tuork

{al-though Èh*

prciecticn producËs ã positívc nrn-zëTo

charact,Ðr strirr<¡' j-s s¡itten ta the sta:rdard

Tn this wevs the us€r may viç*¡ the operation

¡øithcui. having to trace its çntire cperaticn

latter course of a.ct ícn is also a vailablæ) 
"

l{8 -



Fj-na11v, thera j s ths matter cf, erasurs cf oh j,=c+-s 'uithån

a nËti¡ork, Szandar,j prcqraaming 3-e-nguagÈs

fo: the remcval af objects from the symbol

thos* defineil 'ûy sccpi-r:g ãnd visåbil-ity

1çss, it must be allcç¡eC. that a netqcrk is

and an interactive sess'i on in neti+crk

almosè certainl-v ¡esu1t ín construct-s

nake nÐ ai-1c!âanc€

tableu except fcr

rule s. lilen e th*

unli ke a prcgram,

ccn structicn idill-

v¡h i c}: a re to be

rÊmoved u

T he, pro Ll cm

language " and

would liurit the

the rret 'øÐrk "

å
FI

A1
B1
C
C

T

("no> CEtL:TYPEl;
("""> CEIL:TYPE2;
(."N> FESHÃPE 1;
(nn") l"rnu"l B;
Â1 Eu"" B1;
U.

hcre is that tiÂRP is e vâry free*form

therç is nc analoqy to strong typinq that.

exte nsi- ven*ss of the re noval of a net. f rom

Ccnside¡n in particularu a nat which j-s the

Iaminate of two cth*rs" both of uhich are r*¡definiticns of

scae sort cf y€t cther nÈts" There is nç semantic

rel-at.ionshi-p borne bett¡çen the criginal- and the rêdefin€d

nets" êfld sti11 lass bet$recn t.hen and their LarninarÊs, So

for tha sËquence

ø

a

g

€=

ó=

q

Þ

¿19 *



vh*rs C and Ð aie Êls€r*h€i€ def,inedu íf

C *-her: er€ sevelal cpti cns cp€n:

1" R€movã only the nam€ tCe,

on€, rlesirçd ¿ /\ .ç. 1.â an

un acc*ptabl-e;

C arê sti-ll

be prÊsert in

because the epe¡aticns performed såih

extant, an1 the rc effects sil-1 stil-l
thc network,

Remove the &a$* n anð, the cell-s Cp¡talgg{
entails that an y ûpçrat.ions dor-e witli the

in C, I hi-s

A1u and 81 beccne lnvalid; yet these ra

Baa s A, B,

m*s preceråe

S€inse havethe defíniticn cf Cø

prio¡ity or¡er c.

and in at laast somÐ

3n le$ove the namê Ce and al-1 af th,s prqjeçtiq$s te and

f rcm C" This is at least less ob iect'i anablr than the

previous L,oto a1tçrnatives u but is j-mpcssibLe in an

environm+nt wherc a neèvorl< may be stored ext,erna11y,

retrieved n and then operated upenÐ This ¡¡ould

rÐguirê that all n*tworks bc recornpiì-ed anèu each

tine, wh.ich j-s not- ontry very costly hut j-s in

ccnflíc+- wi"tï.r the relaxed interacti-ve ,*nvironment

d*sired ån netøork ccnstruction" Blsoo there is no

logical reascn tc stop with Css cox.necticns, since

Èhe cclls it connect*c to are connectad to others; the

ramifications cf a sånql-e alem*nt are usua1ly

throrghcut t-he e ntir¿ nêå"n

For lhese r€asorìs' then" thera is no facility for srasure cf
cbjects provided ìn tJAEE,

a

50



3,2^5 q0øã3.et.€ SÅRP Sg.g"êqx"

Th* abovc subsecticns he¡¡e described thE s€maatics cf '"hÊ

language, It- has also incLude d an intrc6¡çt'i cn tc the

l-anquage sYntax, Pre sented here j-s a morÈ ccnci sÊ

descrj-pticn cf botho the syntax beinq expressed -ì ¡ Bj.$F,2e

PROGEAi{ : SYIüTAX - <PBOGBA¡{> ::= <PENHDEF> II.I' <PROGFAI{>
| <sy¡4DEF> n-rN <PSOGrAH>
| <NE$tNET> 't - rt <PROGFAû1>
| <PBOJECTIC¡{> n. r' <pFOGBAm>
I 11 F}¡Dlr {0 ¿ r?

SEHANf'ICS - 3, sequ€nc€ of, stat.ements ç¡hìch are executed

in tha c:-d.er cf çntry" *ach having been de låmi-ter1 by

a semicolon"

PNRMDET : SYNTAX - <PTRgDÐF> 3:= <NAi{E> II*.Nl <EXP>
wharç

<IXF> ::= <TEËl1l>
l<ExP> r¡+n <TE8l{>
I<EXP> ¡{_rr <TSRfl>

<TEÊfl> ::= <3ÃCT0R>
| <TERt3> 11*ro <FÀCTûF>
3 <TERI'1> 

'1 /t' <IlACTOE >

<FÃCTtE> ::= <ïNTEGEP>
¡¡ SIIE: ff <rll?EGEP>
n sIu E , rf < I1,r,TE GEE >
tr {ü <EXP> {r) r¡

2q Backus ltrcnna] FÐr$. Sçe l- Backr:s"i959 I
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Sf $AI'ITTCS * Th* rame j s ,+ntÊred

pernutaiicn funcÈien defi
f un.ction at x s wit. hin

oÞeraii.onu wål_1 yj.e1d the

xs Ti:e ISTIB anrl ISIZA

the completç ccntext ef

evalr: aÈ ion"

SYI'1ÐEF : 5Yl¡TAf * <SYr'lÐgf'> :: =

SEPIAIIÎICS * Th€ naü€

j-nt.eger, f ile ,

valr:e for thc
'laer ì+ icø ¿þ

n*t srrec-i f j.E d

spec'i-fierl net

in thæ symbol tabLe as a

r:i *i on, Ilvai ta t-:! on o f t he

t"þ,e contçxt of an arra y

ne# { ne rmuted} posi_+,i cn cf
values a1low references to

the x { t-h slenent durinc¡

<NåHE> rr= rr <f NTEGEA>
<¡lA¡18> tû2tt <FILE>
<NÂ¡ilÐ> n=rf <0IJûTE>
<Nå¡{E> $=tt <¡.rET>

is Ëntër€d. i,n the symbo"!- table s.s an

cr cftiÐtË string r¿¡ith the anproprie.te

first three alternativ€s" For the

a nct cf tl:e stai-us and valu*s of zh*

" iu€u it r,¡ill- he REAI iff the

is r€al,

¡{E¡,¡{NET: SYNTAÍ

SEI{Â¡ITICS - Yhe

tabl e aE a

<}IEi{NET> : : =
I

ü ð=,r <NET>
: =I' <TAHTNATE>

<N AfiE>
<t{AffIt> il

naqe is ent;}râd ín

REÂT neT"

the symbcL
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PP,ûJECT'TO}I ; SYNiÂX :
<EFÛJECTTON> ::=

ub.*xæ
<cN?r>; : =

<T1'¡T EGEn> < t?,tTC > <0 BJEC?>
<FlLE> <Oï{Tû> <OBJTCT>
<hrAI{Ë> <oNTo > <FII E>
<Nåt{ E> <ONTO> <O B.IEC?>

?{*- >,f
<ï ¡¡T> n *-> ¡¡

rr*-),rt
<IliiT>,t**>te

<ïtirT>

<TNT>

<OBJECT> 3:

<ff PtrT'>

r?.- >rt
rt* >rf
,r->fi <PEEI{UTE>
!r->rr <PERI{utE>

= (Q UOTE> | <1,14

= (ïNTEGEB) I <

IqE> l<t'TAmE>

II{TEGEH> " Ð''

<PE F I{UTT>
<?E R ISlTJTE>

rrâ r! <? R Er>

<TFEX>

SE?{ANîICS - This creatËs a cÐnnection betrqeen tl:e

prímåtive €l€m€nts of t.he antÊcÊder:+-

{ j-der.t j. f iei Frecedi;ng <oNTn>l and t.hcse cf
tï¿e ccns€qu€nt ithat uhi-ch f o1lows <ONTO>)*

All r€t s rÊf €rrçr1 to must be A¡AI 
"

î.f

T$TrGeAs, FILESp or guOTEs are project€d,

explici-tly or vj-a a defined symbol, they flay

FlÐf alsc hc pe¡nuted (<PEF-$t?E> must bæ

ahsent) , The I¡llEcEB in <ONTO> is the

le'ngth cf the gueuê that constitntes each

int*rcell-r:1ar project.ion" Ernployinq r,*->!r

in <CNTC> cr*ates a PIPE' 'øh ich al-1oss

negati v+ as ø*11 a-< pcsåti-ve values tc be

Çu*ue d; enpl-cving r¡->r¡ crea.tes a LI¡11, in

which all negative valuæs ar€ cçnvertqd ta

$u The TREE cf an OBJECT specifåes t-he 3-eaf

node of +,irê cal"lular j-nput trees Ðnto vhich
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the gueu€ projects {,øhere Èhe POPpeo quÈuÊ

value j.s nlacedj u the nod*s bej ng nüm b*re,d

in a 1* f +-¡i ght, brother-son nlan n4::ã

p€rmutaticn isee below ia <NET>)

l-L d.

AS

spæci-f ie d by emplcying a <PEA¡{itTE> u the

antecedent c.+ 1 ls ate con sidçr.ed as if th*y

havæ been perl¡u¿"€d by the standarrl ru1âs,

¡,I ET : SYNTÂ. X

<þtET> :

ç¡ h ere
< AEB ¡, Y>

<NåI{T>
<CETt>
rr<rr <ÀERAY>
r,<rr <AagAY>
,r<È <AR8AY>
II<It <ABRÃY>

= (INTEGEE)

ri>ü <cET,1,>
rt>tt < NÂ¡,58>
r¡>r, îTEESHÂpEf,
râ>rt <PEEI{urE>

| <TNT,'EGEF.> tu 
u

<NÅ¡{ E>
<NÀI{B>

'{ <¡.FFAY>

T

I

I
I

I

SHI'i ANTTCS - The f irst cas€ specif ies a prevíer:sl-y

create <1 nanÊ " which must Tre eíther a FCFI{åT

or a FfÅI' nëtu j"n its entirety" ThÊ seconð

is *quåvaleît ¿r{¡ e $<1>rt <CEI,L> I, The

thi¡d is a f crnat for an arraya r*hicli ås of

size an d sha pæ <AFEå,Y> e com poserl o f c*:Ll-s

al-l cf iype <Cn¡l,>" the fourth specifics

that a slice cf the REAL n*t. <,NAHE>' of s'ize

and share <ÀRRAY>' is to be tak+¡ {in index

Lex!caqra.phicaL orderT, The fi-fÈh specifies
+-hat a nËl{ net is to be creat+r1 of siz* a*d
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shapâ <AAFAY) " ând that its row ne jcr crrlær

is tc cer:æspond to the îoË major order of

t.he REÃT. net <liÂl{e>, Th+, sixth casÊ

sp*cifi-es that the FEÅT, net <N*,t{E) is to bE

shaped intc a neç; net of size and she.pæ

<.ARFAY) u a¡d that the indices of e actr nerø

elençnt- âr€ to ba cal-cula'i:ed usì n g the

<PEB$üTE> per¡iu*.ati"on functionso these

cal-cul ated i-ndi-ces *aH derçrmining which

<¡iAt4E) element is tc be sel-ected"

<LilÌ"1ïliÃTE> : SYh'T.AX <LAfr IÌ{-åTE> :: = <}IAl{ E>

TE> 3:= <NAl'lE>
<l At{ïNåTE> r6,!' <NAM Ð>
<IÀI{TNATE>''Ê'! <TNTEGER> <I,TAÍ,]E>
<liAI{3> ü8rr ,! {rr <T,ÅÌ-]TN.åTE> fil ,i
<NAI{E> 13Ðrt <TNlEGER> !r (r! <tAHINATE> r¡} rr

<f,A¡4 TNA

SEt{AìüTICS - The given nei-s are concai-enated along

dírnensicn <T¡üTEGER>, cr alcng 1it <I¡ITEGEF>

is onitte<l, Evaluation is from left to

¡i ght., with parenf-hases al-+*+ring thc crder

in thË ,=tandarrl nanner,
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<PEIIllUrf> : Syl{TÀr * <pERI{UTE> ::= r¡1,¡ <PEË}fT.TSf> eaX,a

lihcie
<PERt"ltÏST> : --= <F,Sffn> I <PnET,IA> <pEEl{>
<FI'Ël{> :3= <Ngl.1S>

| <NÂr{E> <PDELTH>
! <IJAryE> <PÐEIZfl> <P¡rt{>

<PDELII{> :î= trrr! | r¡4rt PÐEtï¡{

SFI{ÂNTTCS The <NAFIE> refers to a priâvicusly

def åncd pernr:-t.ati cn f,r¡nct j-on ç¡hrch is tc be

used j-n calcnl-ati.ng a new índex in a n*t.

The ccmmas sÊparating the permut.aticn

functicns detarmåne shich ind*x is operatcd

uponr a function pêimuting the i0th ìndex if
it is preceded by a iotal af j--1 conmas" ån

i-ndex fcr which no function is specified

{either by double commau or list end} uill
be pçrmuterl by ti:e ids.ntity f unction F {r) =:("

ål-1 p€rmutati-on cal-culaf-icns are åone i_n

íntege¡ arithmetic,

?irèt€ aEed ån additicn to the abcveu the follcwinq

prinitíve elements of th* lanquaqe:

<NA¡{E> : a strinq of 1 to 16 al-phame ric
charactersu beqå¡ninq with an alptrabetic

characte r o

<Tl¡ÎEGE3> : a stripq cf nunrpråc charactersn

<cErl> ::= ttclll.r? <NAgE> I ouc:,? <l{A.gE>

<FTII> ::= selTlE; tt <NA$n> I rrF: r, {UATTE)
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<ÇUûtE> : e cher.ectçr strirrg { pcssibly incl" r:ding

blanks) v¡ht.ch is enclosed in sinqle $üc*_Ë,s"

The guoz*s dc ncÈ- b*ccine part cf t hç string"

The j- mpl-e me n tat j-on af, this sra mnar ås qu j_te

straiql:tf orr¡arr1" f cr sj-nce it is lT, {1 } a

ccnventicna3-u top-down parsÊu â,eø rêeursive

desceot " is ade quatæ, Tï¿e ÅüTß1¡FT irpl€mentation
plac€s a f*r¿ restríctåons upcn the tr_anquaÇe:

'!" The value of an integer nay nct exceed 2si.*iÒ

2^ A <CEIL) or <FILE> nanË may not exeEed I
char acte rs,

A net may have only 5 dirnensions" T., m.ay nct

have mor€ tþlan 16384 elements, åncludinq nul_l-

cellsu Nr di¡Tensícn extent ma y exceed 1AZU,

No identif j,er may span the 72 character input

a¿¿¡=o

fhe ¡emaind+r of ar input l-ino follcui-ng a

doublc hyphen rt--rt is treated as cosiment {as

in åÐA) u Âside frour thisu blanks may tre

Ênploy*d cr nctu es th* usçr wishes"

I

4'

(
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3, 3 T"gE Ë-ãë-Eåågggs E-Þ93-qË$g-Egs"

thæ l'lÂBp ccmpiler i-s nc+- stand*a1one , i, Ê* it pto,luces

object file v¡hich mây th*¡ be executedu Fatheru it runs

e subroutine cf the Ï'IEFT mcnitor,

ThÊ basic 'e1emæni mani-pulated in t'¡Err is the røq_¡&spac€, a

s,acti-on of main meaory ín r,'hích all work is done" Thære is
only one açtive u¡orkspac€ at any cnÊ 4.ime; all oth*rs er€

externally storqd* The wcrkspace contaåns t?re synbol- +-able"

al-l d.ata arËas fcr thc netço¡ku and is vher* any cel lul-ar

contÊxt3o is saved and maåntained" Upon start, of exæcuti-cnu

&EFT a-l-locates a sma11 workspace and in.{ tializ*s the top

pointers ta th* data arÊas" It also rnsur*s that the files
reguii+d for system {as oppo*sed ta neirå'otk} operation have

been ^supplicd,

ÀU?ONET was ínÈended Rrinarily for interactåve use, and

hence 'loes nci* ncrnally e chc the uscn r s in pur" Cne can

ccmpil-e e prcgram ej.ther hy ente¡ång f-hæ statæments directS_y

{f cll-cr¿j-ng the firEFT cÕmnaTid Ðo} u ÐT bv dår+ctiaq IdA.Rp tc an

exÈe¡nal fål,e {WEFT ccmnand COHPTLE fåXggein+} " If the

results of c perat 
"{ cn ar€ at any tj_me unsat-i sfac+;ory, t.he

CLEAB command will rc-ånitiallzs the vorkspacâ, rllhenever

IdEfT is prccessinq commands" it is pos,sible t-Ð have the

ac+,,íve wcrkspac€ wråtten out to an ext*rnal- f il-æ rsi th the

Så. VE !åle¡Ane commantl " or to replace the eurre nt activs

ãJ

3o Infornation needed bV
be nai-ntained betwæe
applicd ta diffærcnt

the calcul-atinq
n in vocat-ien s 

"input nod€s"
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lrcrkspac€ bv rætrievjlg

cçmmand,

a saveð onË v'!a th* FETCI{ filename

An ezcæE dínqly 'ì npcrtant pcint ì s tha I tþg sv-q!e*l "r"eb_1e

_iç sl"gþaJly agtached ta Zhe: øcgk.spaceu anð is not inåernal_

v¡ithin the ccmpiler, the AUTOîtEî sys+-em. pro víðes but a

singl-e wcrkspace a¿" oncËu acd thers is nr rq l-ir¡kage +rj j-torr

facil-íty to resolve the problem *lf åir.dils toqether a numher

af seoarately conpiLed ¡çtr,rorks* Â nçt+,rork is a rathçr
free-fornat, object, $.Õ which thc traditicnal proqramming

l-anguag.e noticns cf arqüme ntsu parameters, scopi-nq, ûr ËvÐn

variables arê virtual_1y inapplicabl+, t{he¡ thera is nof-hinq

to bind, bindinq obvåcr¡sly rânnot_ i¡e done,

Thê utcst pcpular fieT of cxtrícatinq cneself f.rom thj_s

d'i lemma s€êms to bç' a si nqle, messive compilation; by

associatinq a symbcl tablc {in the r¿¡orkspace} 'aith thç datao

?iUTONET norË efficienily affects tl:is procëss.31 By al1crying

breaks ì n t hÐ compilatåcn prcc€ssu hcwÊv€r, tÌ:e us€r can

inspect various parts rf the netwcrk {and ÉivËn corduct
partiaì- -címul-atj-GÐl B and thæn simply ccntinue conpili.nq

wh,ere he left off.
Foll-ovj.nq a coarpilationu then e onr= miqht l+an.,* to knc¡+

iust what one has manag€d to coast¡uct" the SHCFtr command of

rùEÎT allcl*s the user **o inspect- the symbol, table u àhe

frÊ¿uwcrk ccnfiguration {incl-udi_nq inputs and outputs) u cr

31 S+-aqinq cf proqramq can be dorç u bui i-t i-s sti11
icrpossibl-e to take tøc pr*vj-ously*compiied netvolks a¡C
combine them" Iotrhat nust be dcne is to FETCH onä " and
cornpile th* cther onÊ inlo ij:e actåve vorkspacËìe
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l¡otl:, fhe scr*-ed symbcl tahrl-e dunip *ntry givcs the symhcl

i dant -; f íeru its assccia.tçd typÊ and status" ân d for B.EÂl,

n'*ts thç array bcunds a¡d num,eråca1 iclentifiers cf th+ c*11s

containa d therein {{:t fcr the nr¡L1 cell, ês usual_) u Thr

array cÕnt€nt-s ere dumpe rl in rclr majcr crrl*,r" On the cther

hando th€ ne tvorì< rlump is in tço pa::ts u the first being a

list of the cel1s in nunerical orderu and for each c*1L ís
listed its symbolic ca.l-culaticn func*.,ion {ce11 name) anrl t-he

Li-st of nodes cr quoted strinqs onto r{h j.ch the ce 1l_

pro jecT:s, €a ga a Lf NE cnto cel-1 2, node 1" 1 is lístæd as

{2)"'T,1u whi.le a PIFI cnto cel1 3u node 4,2,5 is listeri es

s (3) " 4'2,5 , The seecnd part of a. rlump is a list of íni.tial
values {So! the symbols def ined as inítia1 value,,s} o ãfld. *"hÊ

nodes onto r¡hich these initial values pro j*cf-"

flavinq qcn€ to r-hË trouhl-e of c¡eati-ng a netu onË cught.

to be able to simulate it, This entails scmÐ mechanj"sm fcs

beinq a ble to determj-ne r+herr. to c*ase t he simu I ation, There

are tç¡o ways in ÂUT'CIJET fc¡ a nernal c+ssaticn cf a

si-mu1at i on u which may be terned ng+,rqçFk gUåg.sc:egqe and

Èi,¡'t&eq Eg-! respectíve ly" Tn the f irst cas€ u sj mul_aticn

stcps when there er€ no lcnger any guÈu€s r¿hich contain nen-

zËta valuesu th* assumption beirq *çliat infcrmation flcw

bs"LwÊÊn ca.l-ls is larqæly coðed. by the non-z€rû val-ues "32 lh,q

second ¡nechanisn¡ invc3v€s a simulatien IlgESgEpn Each

workspace ccntains a -TJ-{.-E value, which is th.+ nurnher of.'tj"mç

3u It cçrtainly
n,etwork r¿ith

r*i11 b* o

AUTONET.
Íf th,s

6C

usËr wan'us ro sinulaie +-he



uniÈs that havc been s'i r¡ulat*d e'itb,å¡ that ç.rorkspace, 33 If

åh* fåXgSgEE value is zn;TÕu **hs simula.+-ion ceasÊs

ne?vork guì escenc*; cth*Tlri sae it- proceeds un+-å

qui-escence ís achíeve d u Ðr lfflFSTEp ti ure uni t-s

onl y '*i1'h

L *ither

have beem

i,lEFT sEithsiurulated" Thc TIttlESIEP value can be chanqed in
th* TIt{E n*stjmqsiep cou''mand"

Sí mul-atian of a neteicrk is ini-tåated by t h.e RÍJN cÕmmandu

A net:+ork is bgsE if it is not qui *scent, í, È* it tþe

pr€cÐdinq simuS-aÈicn $a.s s+,opp€d because of a nrn- zeta

TJggS{Ð!" A1L ¡+ork.spac€s aEe initåa11y not*busy, lgh*n such

a not-busy netwark is si mulat etl n Èhe f irsf, ste p ís

establishmænt of the initiar value conditions, T hís

consists in creatínq qu€ues of the apprcpriaÈe lenqtho

p3-acinq tbe j.niiial input values in th';m o and f indirrg and

openj-nq the írpr¡t fil-ess+ r guirçd by the n*tr¡rork, Cnce

f-hese st*eps arê tak*nu I{EFT ensur€s that tlie calculaticn

functions arÈ availa le" These musf be su pplínd by th+

usÊr e conf orm to the IBF1 pL/1 linkag* eonventions, and h,e

placsd ia a library accËssihle vj-a fil-ename CEILS" Should a

reguired f unct j-on be unavaiJ-ab1ço nc simu lation vil-L h,e

perferne d 
"

33 1rrespectivo of the ¡:umbrr or
done"

otd*r of compi laticns also

Tn Ê, UTCNET , t-hære mey be only tr 6
onc€" This is du* tc an inabilit.v
Compi-ler to ha¡lC1e ân ånråæå,-ermi-naÈe

input fil+s rp€n at
of thc PL/1 Optimizinq
numbçr of, fi-les"

34
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sj-mul-ation may he monitr:red hV the ustr in s+_:v+¡a1

?raysÞ ?bæ netuor]< Eay simply be såmu3,ated" i-n whi-ch casê

'the onlv outr¡ut wi.ll- be any guoted strångs print.:d aË a

resul-t of cçlls firånq ncn-zero values" The lise may be

t'racedo in vlhåch cas€ the si rnui.ation Trt{H var ue is printçc
before each sinrulaticn step, The liqgg may be tracædu j_n

øhi-cb case the PoPpçd val-ue of each line is pri.nt+d befcre

ang ce1l functions ar€ evaLuated" Ând 3"asttr_y the CellS eay

be Èraced u in which cas€ the autput- value cf each cel-l" if
non- z.æîau ís pri-nt€.d as j-t ås evaluatËd" 35 Any or all_ cf
ihes+ t.races may h€ applied Índependent_ly.

The remaininq f eature avaí1ab1e through I.1EFT r s that th.e

usçr aar rÊset- the wcrksT:ace status. Ã såEp1_Ê Eeg*! closç,s

all inpr¡t files" removes aLl- act,íve f-inesu remcv€ a3-L

ce11ular calculation functions" ard- set the n€twnrk tc nc+'-

busyu íu€u qniescç the n*twcrk; a fgl1 qeqet. i,¡illu in
addition tc Rerforming a simpl-e resetu also remôvç erìy

contextual ånformatien f rcm the t*orkspaca u 
3 6 and sct_s the

TT.ryE value to û"

In t¡rief" then" f-he ccmnands

monitor I{EfT ar+:

CLEåE : clears the workspace,

avail-ab1e u:rder the ÂûTCNET

since t}:e cellul-ar f,unctions ar€ presuma bl-y runninq i-nparall.çlu these and t h* qucted strinq oritp uts øí11 app,eer
in no specíal ordar ç¡i.thin a sireul-ation st'Êp,

Thus *stahlishi.nq a statr çgtlivalent- tc having-iust. donea1l prevåcus conpilaticn*s" and nott:inq elscu into a clc,ar
HÐrksÞace,

35

?É
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SSVE €ålcname : -sa.v€s a copy cf. tl¡e acti ve l¡crkspace in f-he

seqr:sntiaL fil-* Jål_etgm'e"

FETCIi fil-*nan¡e: replacEs f-be curîent act.ive work.spacÊ øit-tr

the workspace in ths file fål.ename,

gCHû CN I Causes I,IEFT and WARP to eclzc aLL inpuf-s from the

user ontc thç standard output rtrevice"

ECHO OFF : the rlefault" i-n which nc echoing of input occurse

COt{PItE fil.e¡Enq ". causçs FTABP t-o compil.e the proqren

statæments in file f,ilgnqme i-r'to the actÍve

ucg ks paeÐ o

DO I caus€s WAEP ta baqån co$pi1ång th* statem*nts th* us€lr

entrrs via the stanrlard input device"

SHng : dumps bot.l'¡ the synrbol table-, and. nstrEork configuratåcn

vi a the standard cutput deviee,

SI{O'rJ SYll : dumps cnl y the symbol tai:le,

SHO}l NET : rlumps only the natøork ccnf ígurati on"

TII{E åpÈeger 3 sets the TIHESTEP value to j-¡+,+g,*ru and

dísplays thc previcus TII,IESTEP vaLuÊ"

RUN : sì mulates the netwc¡k in tlie actj ve ¡¿crkspac€Ð

R ES Eg : DËr f orms a sj.m F le res+t of the ac,,i r/È wcrks pace 
"

RESET .âlf, : performs a ful-l- reset of t-he activo wcrkspac€,

TRACE TIIIE: enabl-es thc simulation time -trace featurs"

TRÂCE ¿INES 3 €nabl-es t t,t si,muLatå"cn line tracc featurç,

TRACE CEttS: a,nabl-es the simulaticn c*11 traca fearure"

TRf{CE .n.f,L : *nal¡l-*s a1i si.mul-aticn t:ac* fe;atür€sa

TF.ACE OFF : dåsahles a-l-1 simulati cn tracç featurêsø
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This concl udes the dlscussi-on of. t hc s.-,ructura and

f uncti on of th* ÂüTÐHET simul-ation -qys¿em,
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Chapter fV

SCIffE åTTO¡{EY SESUTES

Ex per icn ce wit, h Â U Tû ¡¡ n?

cateqori.es cf desiqn crit-eria
resul-ts of simuLatínq various

of t,hås expeli-ence arÊ a

possible fuÈu¡e af l-cqåc*1eve

f,ail-s rouqhly inÈo Èhe tço

for cell-s anð f,he experì mental

n+ts, Follosinq a description

few conclusi-ons reqardi-n g +-hc

I si mul-a ti on s,

4" 1 c_Eå;ã,gÃÅE -ÐE5E_GN

If on€ is Çoínq t.c examine prcperti*s of network.s" thrn

one i s qci¡q tc havç tc consitler the desiqn of +.he ce l_ls

that comprise the netvork, ÀuTO¡lf? vas int*ndsd Êsp€,ciall-y

to handl-e lcqíc-lese1 n€urÐne1 modelss so a tew ecmments cn

the årsiqn cf such *1eme nts wculd nû?r he in order, The na.ín

features to bç esaminad are thcse appl-icablæ à* cell-s in
general-i sp€cåfi-catior cf input Folari ty and r+eiqh+-s; how

the input sum and output values cculd ire calculated; and hcr.v

adapt. iv i ty in c*11-s mi.qht bc approacheri.

4, i"i ÐåsËågsgåshins J¡püt eçåsbÊs,

Tt Ís n€cessary, n most sinul-atíons, to assign a

di-ffer,*nt interp¡ef-aticr: tc different inputs, Ê, Ço a dåqital
lcgic latch may hav* a,ldaiaf, i-lput and. a !,cont.lolt! 3-nput.,
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codj.nq a Ð" Tlij"s is bæcause of the wÂ,Ep alqorithm fcn trce
cråar-ion: i-n the cas€ on a conv€rgent projectien, such as z

onto 1" !í.åRP wí11- attampt t.c proiect ¿;uo erJêuÊs ontc $re

sema leaf lan error) if *ha leaf node aðdress is f uj.ly

spçcåfiede t¡theraas it vill- happily ccnstruct the extra node

if qir¡en tbe 1æesay ¿'c do sco 3 7 Â topoloqical_ åistånctåcn

will thus requir* less ¡çcrl< cn +,he part of th* netvcrk
prtgramrû€r, and for -technical rsasons is l_iksl_v ta be

prefe rred,

Tt can also be arqued that there is no firm r*asÐn for
b,sLisv-ing that, in generale e nÈuron is capable of

disti-nquishinq one dendråte from anc+-her: the p¡inciple of

spatj-a1 isotropísur applies" By far the nost i mportant

f actor in ccmmunåçatåve ef ficacy between tvo n€uron,s i s the

numbar of, intercal-l-ular synapses and theår proximíty tc each

other and rc the spåke ínåtiatinq zonÊ; the fact- t-l:a+ !.wc

synapsgs ar€ nÊar each cthc,r on f-hê samê dendritic branch

may be ralevant, but exactlÏ çh.icl: qlendråtic i-r:asich is not-.

In gene.ral, it is not a

'ì nputs ,ugeÐnetricall-ylu 
"

ncd* address; Dnë : s

utiopoloqi-ca11y¡¡o iu€n

Èhan thê nc<1e addrçsg,

37 Theræ arç cas*s
to advantagsu
controL inputu
nri-xÈure cf the
th'* crcss*ch*ck

gocC idea tc dis+,.ingui sh bet*¡e+* ttlo

in#u by qiving a frrl-ly sÐÊcífieð

niuch better off. disti nguishinq them

hy relyj-¡lg mora ulicn +uh'ã nr:de levgl

and spccif,yi nq f.lie leaf 1*væ1 bv

çhere this caræfu] checking ma.y be used
Ftr exampleu onê may wìsh +-c b.ave onl-y oî*
but uiLl a1lcw many ðata inputs, Thusu a
tl*c specifåcatio:: styl*s will perrnit boåh
inq and flaxibi-1itye respÊctiv+1y,
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llËnce" tbe best model cf th* situatåon røcul-4 be to lsavc

lqast the leaf l.er¡ç1 cf the ncrle aôrlress flexi-bl-c
specifyinq i-t as û,

Thi¡qs bscome sliqhtly mocc compleN shen more t.han ôae

factor i"s invclv*d" Fcr the n*uron" it l*ill_ b* nçces*<arV fo

have inputs di ffer ín bcth their relat- j ve ?r*ights and

pol-arity {siqn of t.he ueiqhts} " It is r¡ossible t-hat in e

complex neL'ron the prcximit y Ðf synapsËs also becones a

factocr sc many sinplistic approaehes âr€* out of the

qu çst åoo"

assuming that on€ i--< using somÈ sort of monotonical"l-t¡

decreas:nq functicn cf di".tance for ueighÈing, €rÇo

exponent.j.al decay {characteristic l_enqth) n the prchlem

l:econes one cf syst,ematically recoqnízing th.e polarity of

synaps€s which are at àhe seme wd-Ístarcêer frcn the soma and

arê on t.he san€ de¡rdråtic branch, oncÊ a.gain o this may bæ

dcne êith€r qecmçtrÈca11y rr topologj-caI1y"

The f orner cou rse is tc ha ve , àt a gi v+n 1e v,*J_o

.ëi.sÈigguisbg-d T¡rEnchEg of the tree on qhicþ nay hæ-, .ISÅES

onl-y" For *xampleo ãt,each l*velp 3oy node belov the fírst
FoaK is excitatory; any belcu t.he s*cond FÐRK is ånhibitcry;
an d t.he nêxt le ve1 helcw the thi¡d anrl fol1e*rinq nod*s musi-

be FORKS cn-l-T, The trçe rEcul_d then l-ook, à,, each. riilåstance

intervalrr, likç

at

hy
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{1}*--*- {2}***** {-3}---.""n
I

t

TXCTTATOEY T}ìHTBTTCEY NEXT-TEVEL
TEÀFS T,EÂFs F'OEKS

The second coursç miqht be tc consid*r a p_a!! of 1€vçfÊ

to be at t.hs .Sailìê .djSte¡ce from thc somau with sey .,_te

l*sser l-evel excit.atcry and the gr€ater i-nhì båtcry, Thi_s

woul_d. appLy cnl_y to sane-lev*l_ leafs" and the remainder cf
the trara uculd be merged loqical1y t.o be at tlie samË

effectíve distance,se Thus, a tree of the physi_cal form

I

I

Í,EVEL T,3Ã3'S FÛFìKS
2n*1

I

I
Ï,8 VET, LSåFS FI]EKS

2n

would be loqi-cally interpreted bv the cell as

3I Th* order in which th* merging occurs !-c ¡end+rEd
irræl-evant by an isctrcpicu topclogical inzerpr*tation cf
åho *raa
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I

DÏST ÃNCE
ilODNS

n **--* EXCTT TNIffB,
T.TAFS IEAFS

FOEKS
f ::cm
i:roth

levals

As Has mentioned abcve,

f ech¡tica1 sup*riori t\ ø

proiec:ions arË emplcved,

this topological approach has

€spec ial-l-y v¡þ,* n con vergÊnt

4,1,2 Såepè€ Ce!!g3ar AlggråËhms,

OncÈ tþ.e input. prctccol to a ce.!_l- has been establì shed"

th* next ccnsidËraticn is the funcåi on al_gcriÈhm, a ¿ JL^
â t_ Lltt

síqnal- leve1 o the traditicna I technigues menticned in
Chapt*r TI are usçd ta determine the waveforn at a qiven

pl-ace and tåme, with thís sav+form decayinq appropri-ate1y as

it spreads, Ãt the lcqåc level-, on€ can either dc a

paånslakinq' mcdolli-¡q cr us* a gEosse r, con T:ínational_-

circuit. model- t-o rapidl-y form Èhe sum; which model is userl

sÍ11 depend upon such fectors as the time avaii-abl-e f or the

simulationu and the drtail, cr ÊrecÍ sençss r*quirertr, one

sould. take the latter ccurse if u as is the casrâ hereu thr
pråmary ccncern ì s fcs the genËral aperation of tha netwcrk

{as opposed. to an exact and iletailed simul.ation which is"
after allu rahere så gnaL-Le vel simul.ati ons exccl an d +"hils arç

at the pr€f€rrâd l*vc1) ,
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Such a f irst apprcxåpaticn to n*uronal f unct--'! ot miqht be

:o linearl V su.m î-T ç ilput s " aft-2y w*i_qht ing thefir for
di.st,ence anrl polatåiy. B€causÊ evrSry nÊuron has an upper

limi-È on spike fr*guency" cn,ê wculd have to se', scme maNinun

for Lhe cel-lular ouÈprt value" Thls apprcach consti"tutes a

t'heory of inf ormation codínq' in ner¡ra1 tra¡smi ssíona xìâmel-y

lhat ÐËrrrons respond linaarly ovâr a sirle fanqÐ of states"

Âs l-onq as the uppær {and lcr<erJ i_i-mits asÊ avoided u ths

assumption cf l-i-nearity is actual-1y nat, a hari m.odel cf a

n'euron wi th undepletcd icnåc storesu The sreat-est

difficult'/ is in det+rmining rqhat- output a lin*ar sum of

inputs should producen lTie spr'.ke f requ+rcy is l-imited by

the nini mun time duraticn of the refractorr¡ afterpotential"u
an d will- be 0 f or snbthreshold activi_-+,y, Ccn tr ar i 1y,

suhthreshol-d acÈ'ivity is cråtica1 for the ccrrËct operaticn
of elec6,-rical synapsÊs" To accomno<1ate Lrcth systomsu the

cel1 output shoul-d vaEy mcnot.onicall y from the l-ower linit
{maximun hypcrpolarS-za*icn} to thæ upper Limít {nia xirnum

spik* f requencyì, ¡,¡ith some si-gnificanÈ disco:rtinuity to

rÊpr*sent initiation af superth.rçsho1d activity"3o Some sôrf_

of branch f,uncti c¡ wculd satisfy thase criteri a" Fcr

exanpre, 1f the output- T¡pp€r 1ímit j-s u, thE loqer limåt L,

the t.hreshcld Tu thc cesting potential R, and the weJqh+-ad

3e Exp*rience with åUTCI:ET has -shown t.'hat Ëver wit,h v€ry
fl-exihl-e parameters this f uncti cn may vai y sign i.f icantl-y
and not affect net$c¡k cperation; bui: this sho¡.¡s not so
mucb the irrelevance cf the calcuration f unctì on as t-hc
resisÈancc o f the netv¡crk tc tlf aul+srr and t.ha veqariçs cf
íts conståiuent. eç,11-s,



siåm Õf th* inpnts ís I, then the calcul-a ti cr: f unction

r {x)

øoulä suffi-c€u4o

Given the assumptåcns cf reasonable l-ínearityu threshokl
effccts and decayåcg i.nputs" thås cal-cul_atåon gives rçsu1ts
uhich seêm to match uætr1 with avaål-a.l¡1e datau providir:q that
on€ is l-ccking not at isolated cel1s (in which ease one

shouldn 0 r- be model_li¡q aà th* logåc levei- a.nyuay) but rath*r
at neè¡¿orks c f such ceL l.s"

14,3"3 Ad.a-Beåvitg as-d -t"åe Çel3 .{unc!iog,

The ahove dåscus*sånn aFFlies cnly to the no!,îAdap-t-{gg

caseT asd dcæs nct- acccunt f,cr th* pre v'i cus staå.e o f thÊ

cell" rn fact n t"he nembranç pot,e,ntia3- frcm tine t-1 may nct

have decayeð r-o 0u sc i.t wiLL indeed have scm€ effect Ðn the

ca1ls -e operation at timc t.u This potential- e ãs is aS.uays

+o å norê exacÈicq functicn wcr¡l_d he

¡:1¡r {rJex+R}
11Äx {tex+R}

c

if X>T
Lf r<û
ct h.e rwise

r {x}
TJ*x/ {X +F ) if X>?
L*X./ {X+F} if X<0

o'"her wís e

øhere F ui1l control the non-lineariiy cf F, This hasthe advantage af asyil,ptot-ica1l_y apprcacLir:g TJ and Ls but
in the domain of smal-l- ínl*gers it is not really wcrth
t.he trautle Lrçcausc cf the sparsgn*ss of thç codinq
spac'êe
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+-lre casË for æ*nbran€,s" undergoe s expon*nti-ar- decayn ¿-lJ ã

decav factcn D may hc. asscc'iated a'ith the,, pr+vicus summÐd

inputs x € ' Ttris r¿cr:ld 'entai-l- the cer-r r s output+,i ng nct

f'lX) " but F {X+Xu /D\, Tt ås pcssible to decay as nany cf the

earli er s"ta te s as onÊ sishæs " hut not only rtrr: th*y b¿cone

very smalL very sconu åt is difficul-t ta Ëven eonc*tve cf a

neuronal n*chani sn t hat ås asscci-ateri wi-th oe-he¡ than the

previous state of t.he c*11" a x one should nct* that ,1.ecayi-nq

of prëvious states is cl.csely related to the varying cf the

cell- t s threshcld pcte nt j_al_,

Thi-s tvpe of adap+'a¿i"n isu hc*revero only on€ of its tso

co mmon meani-ngsn The oth*r type may hs r+presentærJ as a

modif icati o¡ of the welqht cf cn€. oE mora of the cel_l_ €s

inputs" I¡1hi1e the al¡ove adapt-ation has firm experimental
an,l theoretåca1 bases, the hasis for synaptic adaptaticn is
,far from cl-Ëar" rt is l<¡evn that when a pathway betr¿een two

cel-ls is inactive f cr sorn€ time " åt can aûtual_lv i1j-s off ;
this i-s very comaon i-n the n*uhorn primate, as is the

converse qrcw-th af, dendrit.ic arborizaticn and especiall-y

spinas {t¿hich presunahLy entails synaptíc prolif*ration},
rt is also knosn that a synapse can chancre j*-s ef f i cacy ç¡ith

usÊ intlependent of fat j.cu€r 4? but the main f acàors and €ven

si uple morphcl-cq'y havæ y€t tc gain wådespre,âd acceptance.

lJnt,il- thcre is firn physicLcqical- a-,vidence fcr a
mechanismu it sË€ ms '"hat accounting f cr prævicus sta_tes
i q :-aàhær âc^+*r.i ¡vúvJvL4uê

Ðistinqui-shed hy its rel-ati vety short ti mecourse andprÈdictable Þat boJcqy,

AT

q2
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1+- can a1s0 hæ argueri tha't inpl*mentaticn af adantivq,

inprj+-s is sÐmËq¡bat pr€rnaturâ" The state cf th'E neural

nætwork synth*sis axt cen perhep-q hes+- b* described as

na scent, ThÊrê ar€ fæw models of neuronal informatíon
processinq which are capablc of adeqrrat.etr_y emploTing thc

S1-¿qh! dif fcrential synap*,i c eff åcacy lhat seÊns tc b,*st

descråbe actual n+ura1 adaptatj-on" The role of cha::gir.q

svnaptic weiqh*"s ín a ccmplex netvork of ccll-s is sti1l
pccrl-y understccd" cÐ€ is iíkely much better of.t æxplori¡cl

the n'Ðtalcrk and bchavioral ccnsegüÐnc€;rr of ,*xternall,y

chanqinq thæ íaput we,íghts rath.er than attemptinq to dacj-de

t¿bich of ftany conrFeting dvnamic øeiqhting atrgori-thms is in
any sênse the ,tbesÈrrø

4,3,{$ consåsgqEcg cf ce31gå*ar functi.gq"

The last facror r"¡hich is applicablç to ce1ls in general

is the variability of thæ cel-tular calculation funet.ion. Tt

is vecy rar€ for a cel-1. under study" *itþ.er åg yågg or:.n
qåtEq, tc r]i-splay exactly the sam€ behaviour ov€:r a on*-hour
perj-od, even ',shen t.emFgrature, nut-ríent availabil-ity" anri

si mil-ar f actors are v€ry caref r¡l-l-y ccntrol-l_ed, 3 T]TCINE'f'

prcvid*s a random vari-abl-e shcul-d the usÈr rlesì re f-o

incorpora*"e this intc a crell; it is a ncrmal variatc ç¡ith

excellent chare cterist ics, a nd it -ç qlcTlal- us€ pre vents tl:e
åntsrlockitrq that sonætì rnes occurs uhen s*v*ra1 simil ar
ps€udc-randcm gençra*-cts eÍe used"
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Thæ mcs'L ccmmrn usÊ cf randomness is to modifV elzher the

re stinq pot"*ntåal Õr the *hr+shold of the cel-l, yhe f ermer

has heen intensivaly i:'rvestígat¿d {descr.i bed beloø} , by

havinq th* variatæ acccunt fcr f¡c!ì 0 to zt pe¡-cent cf èhe

cel-L E s rest,ing potential {this bçi ng physiologically the

most justS.f iableu sj"sìca if- ís readi l-y in+-erpreted as randon

chann¿1 cpenings anC othEr :el-ated phenomena) 
"

The opticr¡ of rardcrly affectinq input_ weights or the

inpilts themselves has in Ëss€nc€ the sen* drawhacks es

procerlurall-v nodj-fyinq thæm" but i-s even worse due to the

unpred.ictahility of th'e resul-t,

14"2 5EëTÅÀqJOF EESI]f:S

tlLe results af simuLatåcns usi-ng AUTONAT fal_1 intc the
åuwo cateqories of Ëxamininq simpLe-, artificial_ netlEorks and

of sirnulatinq a life-system neti{ork ihat bas hecn

particularlv well mapped" In all_ cf. theseo the predomånant

cel-1 is namçd t'lûToç" tike many ínvert.ebrate motorneurcnsa

it firas tcnically at a lov rate until- inhibit.çð {resting
potential *xceeds t-hieshcld), Following the arguments

prasent.e d. abave, thr al-qo¡ithm is to topoloqically weigh.t.

t.h€ 1i¡earlv-summed i-nputs l:y aa exponentiaS- strateqye ând-

output a truncat*d thrçshol-d sum6 TÈ- also decays +-he

prçvåous state by 
" 5 {Ð=2) n ¿nd a ncrmal variate j-s

optionallv *npl-cyed ån d*ð-€rmíni.nq th* rest.ing val ue cf t_!r*

¡¡ 1 1vq¿¿Ð
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t&* 2u i såEp1æ weÊworks,

Ii. niqht be thouqht that onl-y tr¡o or th.ree

interconnect+dn r"yould be so tråvial" a case es

ce1lsu simply

2a be unwerthy

to he quite

or three ccl1s

cÕnsidered

no randcm

y synaps*

cond it ian

cel l :_s

Gi ven the

of simulaticn, Thi.s view wi"11 be shcwn

incorrÊc'"* In fact " simpl* netsorks of two

can produce an impressåvs panoply of activity" Tlr*re a.Te

also manv dlfferent ccnditicns under which the nct¡¿orks mey

be operatinq; thæ net*^crk activity is invariant to soflìê, and

hiqhly sç;nsåtive to cthers" T t r¿i1l 1:o sÊÈn , in t he

subsect j-on fol-loiding, that an undersiandinq of å,hçsê simple

networks is af use j"n u¡d*¡s?.andinq the acti'¡ity of nor€

compl+x orÊsð

the fårst cf t.hcse simpLe netwo:]<s to h*

consists of, 2 eo:llsu bcth fltT0B" ?hese have

variaias in their calculaticn functions. The

inhibi-t,oriLy upon rne another; the onì-y n€cãssary

is that any superthreshold respons€ by onÊ

sufficíent tc conpl-etrlV j.nb,ibit the other ee11*

appropriate ce1l def,ini-ti-oüs, the 
'ÌARP 

pfogtam

E o= ñ.M¡.ìrîñÞ.
¡vi¡ €

B := C:HO?OF;

a '!-> B"'1"0;
B 1*> 4"1u0:

EN Ð;

'øiLl- con-qtruct -such e nçtl';o:kn
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[{hên scn€ st'çÐ is tak.en +"c â voi-d or ign ore quiesc+nee"

ther* ar* a number af patt*¡ns that, can bs, g*n+r,3È#d by this
unassumir.g littl-e nÊtv¡crk, A simulation af it as spÊeifícd

r¡åLl- yiel-d the infinåte pattern

A_Â*
BB

ø6ê

sbere 4 A 3 indi ç¿gss that- cel"l å fired. duri¡g a given

si-nulation timesî*e pu 0 E e indicates that cel-1 B f ired" and

¿ _ ù índicatcs that neithær f ired dr:rinq +-hat timestqp,

The cther pa+-terns can rre elicíted by synchrg¡i¿igg the

aatwork , L,eo guarantecing that an init i al. o sta bl_e pa-ttc?rÐ

is ent*r€d" tettinq thc nane syl¡c have a suf ficient3-y larqç

inteqer valueu the additicn cf, exactly one of the st-atements

SYNC -> A" 1. C;
5Y}¡C

rEil-l cause -the nam€d c*1"1 to not f,.iræ tha first. time, This

vi11 produce the segu€nce

ø9Ð

¡â¡1 i nn É?'a sÈatemEn t s

svNc
5 YNC 2-> î.u 1 " {) 

-u
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to T-h.e oriqi-nal- prcgraürì l,li1 1 prcduc* t.h* s€qu#ncË

Ðø

fhis results b*cause t.h* <iecayed si-atæ val_ue is
suffåciant. tc keep a cel1 inactíve for thre* -,-j-mesl€ns,

A1l- of the above patrerns are maintaj ned forever, onca

thcy are achieved, bv 'rå€e,-erq¡ånì -<1içn or ¡tre1iable,t cetr1s,

Ad.diÈíon of a normal vari-atæ to t-he calculatinn ôf tÌ:r*

resting value çill caus€ an urrsynchroniz.ed :rætsork to enter

one of t,hese stqhle statesu Tlie pe¡haps surp:åsißg rÊsu'!t

ís that it ca,n, af*,€î a {usual_l-y brief) ir-t-qrva1 0f

f luctuaticnu ,eniËr a di f te¡en+, stable state, rn fact, this
f lj.ttinq' frcm one pattçrn tc the next E=usÊ occur ¡*henÊvÊr a

random Êffect:is mathematåca1tr-y capabLc of alteriag the

ce.l-lss output. functåcno Ð! matte¡ -bo-q Uåno¡ ÈhlS Ia-Bd.gJ,UeçË

mal alpa4rð If the ra¡dcm effect i-s snaS-lo ttren the mêan

j-enq'th of a s+.abtre patterrr arj-11 be larg**a âîd converssly a

rarge effect !rì [1 protiucâ ev€r sl-lorter mean pattenns of
stability {¡:¡f-ì 1 tha n€uIcn is +ss*n+,iaI-1y a s+,ochastic

process'l ' But if it is at all- possi-bla for a chanqe to

occur u th*n a non*z*rc probability may be assign*d tc tho

êvent 
"

Ì{rt,a that this is in appa:ent con f l-i-ct ø ith, soms we 1l--

All-*n Sel verston in
c1aån that such raciprccaS_

kn csn res€archers u Ç"9,

fSclverston" 1980 I, He se*fts to

tt



in hibition must Erc rl uce alternatíng out prr+,s, perhaps

cÐmparable Èc *"he seccnd and *'hird +xarr,ples of this
subsection" Â3"thouqh Èhi.s is c*rtainl y onâ af, the possibl e

ontput sêsu€nces and ì ntuåtivel-y j"s +"hã simplesto it_ is
hardi- y t he only on* ð Tntçr.*stinql-y enough s ãrìy of t he above

auiput patterns may be madc mÕre Þrobal,.1e by sl iqbt 3y

chanqi-nq sonle of, +-he parameters" FÕr example u the ihi,rd.

pattern is immenseLy s¿"ab1€î than the prçvious o,-wa íf either
onç cell-{s thre.shol-d is sliqhtl"y l_cç¡er than f-he othorðs" or

íf one cei-1 inhj-båts the other notic*abl-y ffio!*a 43 The

ultimatc effect of either cas€ i-s to have on€ ce1l mcra

likel-v ta fire shen it ought tcu r+hí1e the othcr is l-*ss

likal- v to f åre ç¡hen åt shouldn ð t ; thus u êû a1t*rnat j-cn ís

stronqly favcureC"

As SelvÐrston Aui-tç properly not*su a a this alternaticn
cannot occur åf cnly.ÐnÐ of the cel_ls is firinqu and ttie

ceLl i-s not sub'Í+ct to fati-que: it v¡ou ld sinpì,y f ire
foreverp ând the other celL wculd. nevêr fire" some sort cf
decar¡ing of cell-ul-ar ef f icacy is Èhns nECÊssary, €. eo

gradually decreasinq th* maxinum ou+"put value unt il_ rhç cell_

no lcnggr resFcnds, B*cause the ce11ts pravicus statç is
avai 1ab1e, such a fatiqu:-nq is easy +,-ç 4 mplement" The

cesult, af courseu i s an j-nciease in the stabj-litv of

43 Eith+r of thesa
since it is rat
ha vç e Na ct i-y the

f Selverstcn 
" 

'! 980

wculd explaj-n thâ æxperimental resultso
hcr un1i"ke1y tirat two cell-s'øould ali*ays
samç cperatinq charactçristics"

l64
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å.1-t.ernatâ f årånq srd gu€nc€s6

As also ::otcd by S€l-vÊrston, th* sf-abi":-it,'{ af. thcse

T)aLÞ-*rns is çnhanc,Ed by th* íntroduction j"::to thË cel-l-r:l-ar

f unct i on cf pastråaè i båtsrg q.ËbogÎd, Thi s can be

impl-ern*nted, åa a lcgic-l+ve1 simulatíon u simply by loweri_ng

t.h* threshold of a ceLl if íts previous -ctate r¿as negaÈive

{successf,ul inhibì tícn} " Such rehoundånq wí11 qreatly

increas,s the likelihccd cf a rec€nt1y intråbited ceLl f i-ring,
rchich is just p¡hat is desj.red in the cas* of alternate ly-
f Ì rj-ng netr^¡crk, whi-Le t-hì s ef fect j_s most dranatic in a

complex netçork, it can be s€Ên in +ven thís simple onê:

where j-t' aay be t-ypical for the pattærn Èa chang* every 15

to 2a tin*steps u thc patterns can b* stabiliz'ed +*o lc¡qths
of 50 or aore,45

Such is the levcl- cr ccmpr xity of the output pattern of,

t¡rc c+l-ls tj.qhtly coupled. The complexj.ty incr+ases fçr
cells morË distantly ccnnectæd" *,e, if +.ha lines ara cf
Lenqth 2 instead of lenqth 1 o the sevÐr. most comnon and

stable patterns arÊ:

45 Exact statisEics
re su Its"

Pendinq furthsr

-?c-

ârâ analysis cf + L.r
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In t€rms af informaticn thecry, r*hat has oecurred is th*

addi-tíon cf n€nory tc the system; assuminq t.hat aach cel-1

had no mÇmory, æach line value coulrl either inhi-bj-t, or not

ínhibit t.he ccl-Io sc there '¡as l bit of ånformation stcred

in each line" By dcublinq the 1åne langth, the j"¡fornraticn

stcre in the system uas also doubled, For a f íxarl

cal-cul-ati on functÍ-ono the maxinum concçivable number af

system sir-atels is 2**no fol Ð bít.s of information, Thus"

doublj-nq the 1j-ne 1çnqth increa-qed this maxj-mun from ¡4 to

16*

Such an analysi.s is scme:shat. ,qimplistic" Thç actual
maxínum nuqihçr of achjçgabl-e sta tes si 3-l- be consirle¡ab1y

l-e^cs than 2**nu bacausç for a giv*n n*t+¡c:k ccnf i-gurati on

ssme states ar€ unstabl-e, tdith the cel1 definrticns
simulated, one s¡rch stati:+ 5 i s onË of the c*1ls f irinq

8fr



constanÈ1y; r.h:i s is hiqhly unstabl e u ard the slj qhtest

p*rturbati-on r+il-1 result in e,-h* sal-cctio¡ of anoth.e: s+uae,r¿u

Tntrc,lucticn of cell-r¡Xar meur.rry" hy mÊans cr prevj-cus-state

decayu adds rficre hits oË ånfcrmaticn tc the systeno and thus

mö.r+ conceivable si-at-es"

Refractory ch.çmical- ccnnections ai€ nct the only on*s

f cund in the life systems; elcctrotonic crupl i-qg al-so

abounds. The addi"ticn cf such a cÐuplång tCI å.n inhibitory
pair a €E eo with thc !tÃFF statements

a **> B, û;
B **> A,û;

resuLts i-n A beins excite d r"rhcn B fires, A bei.nq ågAi-þå_tçd

when B is j-nhihíted {because cf the nature nf ttre Þipe} o and

by symmet¡y E ¡+iLl be li-ker¿ise affected by A"

Simulaticn of this shcws t,hat iË the pipe, is of a similar
lengtÏr an<1 ef fi cacy tc tha lineu the:r whe¿¡ $ôyr À fires the

resuS-t upcn B j-s to be çXCí Ëd by A, rather thar: beinq

inhi-bj-tedu47 This te¡tlency becomes €ven $ìore prcnouncad çhen

àh* pipes are of le*cse: length than the lines bui of similar
e f fic acy,

46 There is
synmet ry 

"

duality prssent because of the network

47 This is also hacause th* cel1s
than b*j-¡q aormal-lv quiet,

8',l

f irE t-on i cal l-y, r af- her



Th'-? Èf fect cf the píp*s i s to ind uce ths cell_s tc atr_

logeå'h+r by rapidl-y propagating +-¡* sunmerl. siqnaS-s f:cm eile

cÊll ta t.he cther, fnstead cf +,vo dísti.nct cell s, ther* is
one mâre ,tdif f,üs*tt cel-l pcssessing trso SrZ å s, .As i:iie

coupling constant apprcaches 1, t-he c*l-ls may bc considered

to be ê sinqle unit, If thsy are nutuall_y inhibj-tûry" then

thås sinql-e ceLl, is in effect :i_nhibj-t.inq itself ,

This entail-s that thc two cel-l-s sàrongl y t+n d tc f ir*
toqetheru and then b simulta¡eously inhi bired, The

electroton j-c inhihråti-on " with its faster timêcourse u becomes

synchronízeð síth the ar¡iva1 cf the slower chemical çffçct"
ås a resul-t, the activity pat+-ern

Â¡
BB

gEê

bçcom'es the cnly on€ roith any signj-ficant

occurre$cee Ëven Lt thç c,.*11_s? frrncticn

effects vary sligtrtly" Tt ís possibtrao by

probabilit y ef

s or inh j-b åtory

th* in+-roduction

of electrotonì c couplinqu +-ç ca usç t,he pattern af
simultan€ûus firinq to ba preferredu iust as other chang*s

{mentìoned abcve) caus€ altçrnat* firinq t"c be tha one that
is stronqly preferr*.d,

Âno+-her e xanpl-e frcrr the l_itera.tu¡e is th* na-+.work of

thr**- t'loroR cellso ccnn€ct*d in a crcric inhi itorv mê_nfl€ra

This nay ha corled in HÀFp as

82-



Â := C:ffOTOF;
E i= C:I{OTOE;
J- ñ ¡ Mllññ D eL r- Uqttu:ui.Þ

å-> B" û* 0;
E -> C,C'f;
c -> a"û"c;

1lLTfi.

ås micf ht by nûH he Êxp€ct€d, this prodücÊs a rdÊal-t b of

output patt€rns" Thç såx ncst ccmmrn are:

ÀA
B B* ø 6 o

åÅ
BEooø

rl t-9L

ÀAAA
BB-B*B-epø

t-t-f.rvçu\.

AÀ,
B* B- Ð a ø

AA
Ðøø

ÊFr- aøo

¡iote tha ttriffe¡ence bçtween these results and S*1v+rstcn:

Th+ r*curr€ni cVcL:c inhibit-ion rnod*l_ e Ð s ranproduc€ as nany different phascs as therc ar€
neutrons in th+ ricrr" +E
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the proliferation c ut.put segue nc€s ,i.ue to the

increaserl meaory capaci tv of the netøork rs :epi d; f o:: cell s

ç¡ith I båt ef mÊmoryu inrerconnecte,i by 1e::gtTr 1 3_inesu

åh*re arÊ 2** 6 sys.Len states " and all-ow{ ng dif f er*rt.

calcul-atícn functir:ns there are 2*442i**6 or ovÐr 104*19

conceívahLe patterns qenerahle, of couise" this nunbcr ås

r*duceð consåde¡ably by +-he connectivrty, sirnpl_e cc1l

operatíon" anrl depe :ldence cf tbe menory on the cel_1ss

pr' vious sar-at€; but thcre are likel-y hundred.s cf patterns

t-h ì s netøork conf,iquraticn cou3.d yi e3-d , røittr orlr/ ninor

changes to the cell-ular f uncf-ion-q@ 4e

x4u3 s,ïëråå.3ggg gg é _ffië-E:s35E_Eg -UEg.EABK

Sinul-af,icns of actual- nçura1 netsorks ere diffícu1t to

achieve because of tha problem of gat,herinq sr:ffíci e ntu

accurate data" l{Êurcns arê smal,l_ ø pack together elcselyo

and iaterconnect in +-hr€,ê dimensicns via tøisiíngu branchj-ng

processes that ar€ often sevçra1 crders of magnitude lcnger

than the somâtic diamet€r" Even if most of the synapses are

found u there is nc guarantee Èhat onê h_as accurately

established thei-r pclarì ty" afficacy, an d å" j.min'g

charactêris'"ics" ånd if the netvork j n quest ion vari-es f rcm

aninal to ani.malu the exp+rimett ìs plainly unreprcducib'!*"

t-i

&E f Selv€rstcn,1 980 I

And p*rmittj.ng diffe¡ent c*l-l-s to hay+ sl-iq'ht1_f diffærænt-
function s,

49
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The nain obicct cf th*ir studíes

ganglion, ft is a 1j.tt1e bundLe cf

lof¡ster es aLdomene ccÍrtaining about

many nerves on+.-o tuuscl-es, I{o s{

motornæur0n s, bu t- t h cre ã. r€ a J-so

ptr€sent' The ganglicn a -c f unctj-en is

r.hal resr:1r i¡ the stcmach ttcliÐwinqto

by the ma¡dihles"

ri, f crt uaat,e f or i nvestigafcrs that mary

in veri*'* b:af- äs 
"

'êspËcia11y lcser-order onËsd have

ldSA!ifåesåe neugons: cell-.s shich vaiy '! ittle in -.izeu

l-ocation" ccnn*ctivitv and functi on f rom indivirlual- ëta

indiviåual- +¡ít.hin a sp*cies {and scmeti-mes are constant €v€,n

aüross spe cies) " This râans thaf- the rësæe rchers can g,?the,r

an enormous anoun t of. cata ï:y *xamining many indívådualsu
glean inq a littIe iaf crmatí on f rcm eacb st"udy ur:t i l_ a

complate picture has hcçn buí1t"

Allen Selverston and his co3-l*agues have donc this ¡Eir_b

several hundred *xperiq¡ents on the commcn spj-ny lobst.el,
gê¡g!¿ggs Tnteslgpågç. they uspd the excel-l-ent appraach cf
establ-ishinq connçctj_vj-ty fU¡-çf=ionglly by stimuì_atinq cach

aeuron i-n turn e êtd examining the ef f ects on tiie ct h€rs,

Given these functianal relationshipsu they vere ån most

cases able t.c physiol-cqical1y cenfírn them by detectår,q

synaptic sites"

wes the stomat.oqastri c

ÊÈrvcus tissr:e in tha

3e ceLls anrl pro jecti ng

of, these cells ag-È

se vEra 1 intesne urons

ia gçne¡ate the rhythns

the food ripped apart

B5



The srcmatoqastric ganq'ìicn i.s a palticu'1ar.1y impcrtant

pråparaticn because åt has v€ry fes: afferanls" It ís a-l_so

ai most uniqr:+ in that Þ,-Tre q.en€rated rh ythms no j: on1_y

ccr.+*i-r¡ue r¿ hen it is deaf f erented; tha arrtputs rema,i n

virt,uallv unchanged" This m€ans that +.he in v¿v-a and ig
v-itgq resr¡l-ts may be ccmpared" and +.hat any conclusions

reacheC i-n the Laboratcry ar* guite li_kely to be Cirect-ly
applicablc ta *-he íntact lobst€tr,

The stomach is v.€ry muctrr an extansion sf thc lobst€r?s

ex?-erior" It is 'l ined with several- ossicl_*s or *r-êÊthr!,

vhj.ch ar€ sharpu hard pieces of, chitin t,o shich muscl€ ís
attaehed, Food frcm the o€sophagus sit.s in tÌ:e ca¡diac sacE

Constriction of Èhj_s sac passes the food. È"c thç gaêtrig
&i-11" which possesses f-hree teæth"so The outsirlc pair ar€

the lgtgrgJ teeth, which move in and out, Th€ other tooth

is on the top cf the mi1}u end is t-he ggÊiaf +,*ooth; it ncvË:s

down and fcrç¡ard u ÐT back and üp, Thæ qastrì,c mill crunches

up the focd by repeatinq the s€gu€nce:

lateraL teeth in"
Iïedial tccthdoun {th* pcw€r si¡*rck*) 

"latçra1 t€€+,h out-"
l{eûia1 tccth üpu

5 o Concep.t ua11y +_

constítute an
h,erc are only two,
appcsíy:q pair"

86*
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These op€rations o¡¡€rl-ap ïËtry sliqh*l-y, which ney rac'!l

induce some turbuler:c+ Èhat also mixes the foo with th*
gastric juices,

The iood the:: proceeds to the pylorusu Th+ basic

op+ratíons hcrq ar€ alt*rnaie ccnstríction and dilati-cn of; a

roughly tubular s*cticn of tract " Tþ,is acf-ion punps f ocd

ånto the Çut " where flcal d åqcstion and absorpti on ar€,

cond.ucted,

îh.e identifiable neÐrons cf, the qanql_ion have bsen

assi-gned m¡emcnåcs which arç by nel¡ in almasà uníversal us*a

Becaus€ of thc larqe ancunt of muscls to be noveds scmÐ

which have virtual-ly ådentical cennecn-ivi ty and muscul_a.r

innervatícn may L'e conceivcd of as a si ng1+ loqical urti.t.

The one exc€ption te this rule is that pD and å8" øhich ar€

extreneLy clcsely coupled *1+ctrctcnica.llyu show vírtua11y

the sa me membranÊ characterist ics anõ thr:s tcnrl_ f.-ç be

treated as a sinqle cel"L, The namê-s, mn*monicsu and known

f unctions ån the tabLe arç dra+¡n f,ron I'seJ-l¡ârstcn et

a1"1974i^

As ment.icne d j-n Chapter TI" the stona+crgâs--iic cel1s do

not *xhibit any signj.f åcant d*gree cf î/Õ .-qegregation" fhe

qangli-on ? s physical- ccnstructåcn i-s with a1l- cf the caLl

scnat,a on tbr outsideu each cel-1 sendång its single process

into t.he qanqliar intsrior" f his j,nterícr is the çnti rç

n€urooiS-" *¡her'* all- svïìapti-c cr¡nnecti ons ar* madeu ThE cc1l

axcns thçn procced cut cf the qanglion " and ånnervate thâ

vari-ous muscles ¡ria sheat.herl, rrye3-ír:ated cenv'ës, B€causa
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{

i

T,ateral Gasi:ric {LG\ I clcses latEral teeth
Herlian Gastrre IXC¡ TrpËns 1at*ral taeth
Iat" Fostu Gas:ric {fpG) f cp.€ns latc_rral_ teeth
Gas',-¡-{ç flill {GH} I pul_l_s rned.ial toc¡th dor¡n
Dorsal Castric {Ðe¡ | pu3-ls nr.ed j-al_ tooth up
Anterr'or Median {AI"I} | ccnstri ct.s carCiac sac

I

N rl ilates pyloru s
I ??
I ccnstricis Þy1 orus
1 constriets Fylorus
1??
t "?¡ ..
I

I

I

he Examined first"

or 5 l-ogicalo crl1s

Pyloråc
Ànt+ rio r
t ateral-
Pylori c
Ventricu
Tnferio r

{PÐ}
IAB)
{re1
{FY}
{vD)
{rc)

{TNT1}
{T}'1T2}

tr,A I.i .r

Dilai.c r
Burster

P yloríc

1ar Dilator
Car tli ac

I Kb¡O?X$ F'{T¡tC?Iû¡r

Interneuron 1

rnterneurÕn 2

t.he exact sì tes a::d rclationships c,r the multipl.e spike

initiati-nq zones arä not sell knc¡+no it shall- he assun€d for
t-he purpcses of simulation that the res ulta nt of thE

multì p1e STZt s is that all- synapsÈs arç ahout the samÐ

has nearly the same11ístancc frcm the ilÐâr€st STz, Thís

effect as ncrnal f/a segregat,i_cn"

q,3, 1 ?h€ 3yåpråc Subs_y_SÈe_B.

?he pvloric suhsystem" i:einq a much simpS_er nêr-ria1 net

Thp" ne t ç¡ork

{see ¡i iaaram

reci pr ocal1y

a bov.e in the

a1ço fcrm an

than tlie gastric" shcul.ô

physical 
"

cons'i sts of 14

TV,11. The

inhibì torv" àn

physica 1) anô LP ar*

mË manner as was describeä

The IC and VD n¡-ìurons

PY {B

the sa

fÍrst simpl-e nettgork.

inhibitc¡y pair"
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Diagram IV.1 The
indicate ínhibitcry
elec+,rotonic coupl inq

pyloric subsystem. CLosed tri.anqles
synapses; 'rliqhtninqrr bars indicate

. Hodified frour I Selverston, 1 976 l"

Diaqram f V,2 Th€ qa-.tric subsystem.
with opên circles intl j.cating exci tatory
dicde indicating refractcry electrctonic
frcm I Sel ve rston, 1 9? 6 I,

S ymbol s as above,
synaÞses and the

coupLing" t{oCifierl
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Ãt. the hq;art cf this litt.l_e n*f-wcrk is th.e pÐ*AB grrup tz

ph ysical PÐ " 1 AB) ' L*. inhibåts a1l- four othar ner?rons, and

is el*ctrc+,cnical-3"y ccupl'æd aråth VÐ* It is also inhihit.ad

by LP" as is VD, Pt_å.8 differs from all- others i_n t_he

stomatogastric ganql-icn hy beinq an endcg€nc,.rs hurster" ït.s

burst.ißq phase is cl-csçly cccrdinaterl sith f-bË cyclic f iri-nq

of, the nÊtwerk" and is q€n€ral1y held to be the g,ÊaËra+-cr cf;

the pyLorìc rhythrn"

the WARP prcgran u i-gncri ng

sf-rength-. and 1ir¡e .lengths" is:

the rel ati va .syn eptic

PY 3=
I,P :=
Ta.:u
lrn

-* 
PÐ- åB

PY
1p

TC
1iD *>

PD-AB
pÐ_ ÀB
PD-"AB
PD-AB

?D-.A B
1/Ð

f,F
tP *>

EN D;

C: l{OT0r;
C: t1Ðf 0Ë ;
C: I'!OtûP ;
C: I{OTOR;

:= C: BUESTEF;

LP, 0. 0;
PY, û. O;

VD" T" iJ;
Tc" t,0;

*-> vÐ, c;*-> PÐ_ÂBu C;

pÐ_Ã8"ûuû;
v0,0. 0 ;

rcal neuralThis i"s gu j.te sånp k:, a s

Ef

n* t so¡k-s Ço*



Accordånq t o e sumnìary of expexLmçrÈa1 results

f Se3-verst.an,1976 j, the r¿ll-atåva sec{uencing and du:aticn
IlÐuronal firina' j-n tha subsystem ì s given by"-

an

of_

pD_AB : ****4**
TP T, TC:

VD:
Tr-

4****4
+*ú*2ú+*¿

cycl* Iphase C

t
1

Hh€n ths cyclc phase rçaches 1 u the pattern wil-1 repeaÈ

{startin g at phase 0u wh-t ctr in thi s cese entai j-s '1 grriæt

periodu f,c11owed by the i-i:itíatian cf PD_AB firi-nqu etco ) "
?hÊre has b**n +xtensíve AUÎONET simulaticn of this network,

l{any scores cf tni-a1s x-rerÊ conducted; variables ineluded t he

l-íne and påpe lengthsn the rel-ative strengt-h cf, synap-qes

{withån â. factor ef 2\ u and the deqre* of randcmã€ss vi-th uhich

ibe resting val- ue uas establi-slied, Ihe universal constraínts
for the tri.ars 'i6'erë that the Py-f,p pair and rc-r/D pair aL1 havr

thc sanê line l-anqth f cr reciprocal inhibi tion" and that t-h.Ê

æl*ctrotoni c coupling bçtueen PD_AB and VD nêver €xc€€rl their
chemj-ca1 couFlì.nq,

the general patt€rn of or-itput ses easy tc achieve; the exact

patt,ere Has mor€ difficult, Thi-*-e Ci-fficulty i-s attributed to a

conbinati.cn of thc aT:strac+, leve1 of sirnulation {there i.s nÐ
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suraf-v thai tbe motcrnæurcri is ccrrectly parem* ter)-zadJ and the

såuplif yi:rq a.ssum;:ticns made sÕmc of +,hÊn ccul-d bø å¡val_id"

A typica'! gcod match, af. a severely guantiz,sd levelu aculrl be

àhs firång s€su€nc€:

tp tÐ
PY PY

PÐPD

Ðventual-ly" a general tcadency in thç

Frcm an essenti âlly random starÈupu

stabilizcd in the sequ€fice3

1u Th.e FY-LP pa'i r and trC-VD pair would

2" T,P inhibition cf VD wcul-rI cause Lp

net øcrk ráras observed"

the network cften

inde p+ndeni l-.v cyctrË.

and IC to phase-lock

tosetleru as did Fy and VD"

3, The coupl-i-nq cf VÐ and pÐ AÐ kept the latter just under

t hreshcl-d,

4u !{hen PD_AB f åred n nothing else soul_d f j_re,

Sceinq this pattern Lcd tc the quesiion of jus+* what pÐ*AB rgas

doinq in the neÈøcrku since everyÈhing else prcce+ded just fj-ne

øb.en it. t¿a*s r*noved u jn crder to better distinqr:ish the

nçtwork { s ef,fact cn PÐ.-AB f rom the endoq*nous bu¡-si-íng

tendency, the statement

PÐ_ ÂB ' = C: BIIFSTEE ;

was replaced l.iit-h
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PD* AB i= C: HOTOS,;

a.nC aÌiÐthâr -<eriçs of trial-s wËrç runø

Despite this rTlod j-f icati cnu ihe Sgf lrAEh opggatjcn geç

besåceIl-u g¡çþa4ggd., Tbe pattarns and phas*-locking sti 1l-

Occurredu but a curi-cus ef fect +¡as nctlced as lhe randcrnnes-q of
the rest.ínq potential- ses increased: the nstsork wou1d,'ìugrpto

out of phaseu and tbrn take I or 1C timesteps _-f-o reali-gn itself
{2 to 3 full- cycle periods}, This effect vas n*ver cbserved

whæn PD*åB enrlcgenousl-y burs'i-,

Ä3-tb.ouqh thç Rcssibåx.ity cf a praqrammi¡q aitifac*,- cannet b*

dåscounted compl-+tel-y, there is a rather plausiblâ explanation
of all- tbesc €vÊnts" The PD_AB nÐurrns did not s€em +-o

-SÊ:ìÊEA!€ the rhythrn sc much as *,hæy Ëllnch¡onízæd j-t-, The

network has lots of f e edback and is r*asonairly stable, hut io,

is ob vior¡s1y tlesirable f :cm a '! obster ås pcint of vielr that t-he

pylor.ic sYSt€n noi- i-n"icct fcctl back j-nto the rnill- or Ðtherwisa

get j-tself in a knot" tr'¡hengvçr pD_¡,B fi:es, it has e la*stinq

inhihj-torv ef,fect¡ ãIld provides an excel-l-ert synchranizatj-on

p*ri-o d, ån endoqencus hiu:ster keeps Vfl fscm ímmediat.aly

seboundine, because of the siqnificant r*sti nq value drop thai.
j-s e3-ectrotcnj.cal-1y transmítt-eCu

This vieq of PD_åË as e synchronizer es oppÐ*c€d t-o a

generator -- dif fers sonev¡hat from i-he conventional vies. sx It
is cr*ar that furthsr research is neerl*d" I'trh-ile i-t, niaht h,:

5¿ Â,lthouqh i
nar usÊ an

t has appar*ntl-y nct
*n d o gcnc usl-Y*burst ic

yet occu=ied to anyene to
q -PD*AB qroup,
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phvsiologically possåb1* tc stabllize t_he pÐ--AB group by a

cyclic coünt€r-curr*nt" it'øcul_d. L;e æasier lrf¡ .:,ar +ç ccnduct a

verv car,:fu1 signal-*leve1 sinulaticn of tb* py3-oric suhsyteai

:eplacinq the bursj:ìnq pD_AF uj-th a tonically-fíring grrupø A.

firrn cencl-usicn on the maÈter is inpossitrle pending indcpecCe¡:t

corroboraticn 
"

4,3^2 .Ebe gesÈrig Sub=ogg&em,

rn comparison to the pyloric subsystcm u the ga-stric

subsystem ís conplex, lts 12 physical cells arë qrouperl ìn

Iloqical uniis with mary i-nterccnnections, as ney be s€en

in diaqram tY.2" The¡e are 4 physical Gpf cells and 2 tpG

cells, Thç firånq relaticnshåps, areæ aqain from

I SeLvers+,cn "19'161" alr€3

I ï,G 8 HG 3****s4*****+
I rPc t TNlrl : +úúdr &+ùeúr/*+f+1.++++++4

I G¡,! ; *******¡F**t¡*
* ****+ **
***:Ë****

_______J
Icycle I

phase C

Note that when the cyclc Fhase reaches 1u ÐG and ã.g arç still
fårinq, sc tG and TlG ç¡j-1"1 siiqhtly o'r*r1an uiih thç,n,

I
1
I
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Ai th* laqic }eve1" this cycle is vâry

alteraa tion af LG, l4G u fl GÍ"1 a gainst LPG,Il'lT 1E

last i¡cio ceLl-s do nct lia-¡€ the se.ae firinq d

INTI; such aÐ €v€mt is j.n*'-erpreted, ãt a hiqh

for the sam€ Curatian but wif-h a lcwer va1ue"

explanation of thj-s fiçmergent proÐertyrr"

From the oriqinal chaos of sf-artr*upu

tímestepsl fal1s into a pattern" onÐ

orders iras:

nÊar ta

ÐGu t

urat.ion

levsl o

beång arl

þ,Y'" T he

as tPG F-

as firinq

Oncrå again, a large numbcr of simula tion.s bæar ¡¡ut the f act

thar- whi-le not exact, the results are consistent l¿ith the

neurol-oqical. fínrli-ngs âv€n r+hen many thíngs are vari ?d , AfLer

failinq to find endogçnous burstinq in any of the qast::i-c

ceLlso IItos+' re.searchess astutely concluderl that t.h* pattcrn was

a netv¡or k Fio per* y. Lcgi ç- l.* vc1 si mulation points to an

the net

l,- Lllç

s1-ou1y 12*

cÐfiìinon evenÈ

1" Lc a::d !"1G begín È-c

2, GI.l b€qins to fire

3u INfl and DG hegin

4" T,Pc alteznates wit

5" Af{ fires ¡såth !c"

fire toqether"

wíth thenu

tc alternate i¡åth LG-l{G-cl{,

h tG-I'lG-G tr"

Ex amì ni-nq t hæ ccnn€ ctivities reve al s wh V th.ese conplex

events occuro Not€ thet in addition to reciprccal inhih,i-t-Ío:r"

I,G anå liTG are el-ect.¡ctc¡ical-1y couple,1, ås was dsscribcd

above, this ís likç cn€ cËl-l- ihat j-nl¿ibits !ts'=1fo ceusinq a

cVc1íc f i-rinq pattern that is very stal¡l-e, Gi{ i s

el-#ctrctonically couplcd +c both LG anrj. nG {thonqh not es
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stronqly as ths twc arÉ tc eacir ather) so it çril_l_ baqin to

a<?*pt the samÊ cycllt. variaticn in Èotal potent.ial that_ they
have* The r,c*t(G inhåbåticn of ci{ çnhanccs this +ffeet,

Not¿ " DG synapsss ¡æciprccally ç:i ih LG; LpG, High tliG; and

rNT1 n w|tih both LG and HG" Given any s3-iqht vari aticns ín
cperaticn thsy 'øå1'ì u âs menr.ioncd abcve" begin to f j_re :_n

al_ternation, At{ i-s v€ry tiqht.ly coupled l¿ith Ðß {almost a"s

clcseiy as FÐ is to AE) sG they too nøi1l f,iræ taqy+uh&r. Extra
sïabilízaticn is p¡cviriqd by ïNT1 excitinq ÐGu sz a:rd Âfi and DG

inhibit G¡t sc that. it has synchrcnizi_nq f eedback fron thi s
prccËss' Fína11Yu Gl{ has a refractory *l,sctrotonic ef fçct on

LPG; the function of this ccnnection" hoç¡êvÐr, sti11 remains

ob sc ure n

the cç1ls lahel-1ed eEs are not ph ysicai-1y part of, thæ

st.omat.ogas'tric ganglicn; tbçy actually rcsi-de ån a ccmmi,sural

ganglion" Thssç tonicalLy *vcåtatory ce1ls 4r4 o howev.er, a

functional part of thc nctøork" lrote that they are j-nhíbitçd

{sttonglve as it turns cutT by x}rr1, This mêans that t,hey will_
pnovide phasic excit-at'i on tc the net*¡ork" Tt i-s intere-otínq
Èhat the two E cell-s prcì€ct c¡Iy upon those motorn,auîrns ¡shich

receiv*o heavy inhibirì.on; it may be p:esumeri that the
excita*rion is ncedEtl fcx th* cells to overccm* rleepu d€pLet.inq

hyperpolarizatíon" Fegardl-'assu thsy provide yet ancther
correcti ng factcr shculd p*rturbatia:r cf thç nçts¡ork occurð

5e $hi-ch" alcn
lan<1 thus is

g wíth ÅHu
unusual-) 

"

ic a
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the cnly c+l-l- not V€è. d'ì scusscd is ïNT2" Ttrris enigmatic

internêuror ås cft*n left out of irctÌ: simulaticns and.

explanat icns, both be ca use it is ncrmall y q"u'í rt and l,.ecausæ it
cÈcej-ves no intragangliar af,ferents, Tt wa-s iacl-ud.td in th*
AUgo¡¡s? si muLatåans cf thÊ gastric subsyst€:rn, but due Èo ths
paucity of corroboratinq data" its function must stj.1l bç

consirlereri tc be sp€culative*

If the gas-¿ric subsyst*m is inaciives âs when thela is
scthinq tc h* cheweråu scmË mechani-sn for inåtiatj-ng the mill-

must be pxesent, INT2 i"s the cell receiving most âxtraqang3_iar

af ferents, and it is €xci¿,a.tory to INT l and inhi bíto:y to Gt{

and tPG* A substantíal. amou¡t of firing by TNT2 çould ånj-tiate

rÌùT1 aciivity" whj-ch wcrrld in turn stop the tc-i1G-c¡{ ccnplex

while starting up ÐG*.aI{, ThÊ cambån+d musc ular ef fect- is t.o

opçn up thç mj-l1 teeth and squirt ån some food"

If iNTz nÐw stops f,i¡i ¡:qu lcu I{Gu an d GI{ aræ prcmptlv

subject to nil-d but effectual pcst-ånhibitory rebound, ?h+

electratcnåc interco¡:nections will nearl-y €nsur* a synchrcncus

startup" CIne thi-s tråad has fi-redu it si1l beqin i-nhåbiti.nq

LPG, ÐGo AHo and TNT1" Th* ni1l -is activ,e,

Í+.- is thus hypothesizçd o,-hat thc pr:¡pose of, INT2 is sr:mcuhat

dual: it nct cnl-y iråtiatæs gastric mí11 a-ctiviiyo but €nsurês

an initi-al- synchrcni-zaticn cf the rhythm" rNTz *ri11 act on3-y

on the crd*is frcn higher*crde.r cÊn',-r*s {ait}rorrqh it may a.3_sc

b* capai:1e cf Nt rÇsqtt ingta nçtwcrk cperation) , Thj-s h ypctLesis

is sub'iect tc v+rifi.caÈi.cn hy ei+,her a l-cwr:-lev*l- simul.ationn

or stimulaticn of a prepared. ganqlics,
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4, 3,3 :Tha cgmg¿ge4 ggtggrk,

N*i-t,her the easf-råc mi11 nÊr the py'T crus f i:lf ål_l_s i*_s

4ì,ts*r-êtcry f,unctj_on vj-+-haut *"he ctheru tb,"at+ ar*s as a

ccnsÊguencÊs som€ direct i ntercennections betç.'eçn ihe 4:t{o

subsysternse âs rs shcrqn irr diagram lv,3, a1l cf thesE

connecti-ons have beçn shc¡¡n experimentally to b.+ nat vq,Tv

strongu This ì s conf i:pe d by a consice¡abl-e, indçpende"n ce ef
the respectlv€ cycles, {,ìf the fi ve connections" Ðn1y the

electrotonic couplånq h€t+.¡eet LpG and \tD has been physicatl_y

verif ied ã the rest are curr*,nt't y only f unctionaSl_y

esàab1i-.s hæ d"

Rep*aie d sinula.Licn has shor¡¡n t.hat .i ncr.,+asi ng the

interconnecti.cns only ureaks havcc uith onÊ of +,-Ïre tçlo

rhyÈhms' as it i-s forced into e rËsonanc€ ihat is not

natural_, Thi.s ef f,+ct eppËars u ãt least in partn tc bc e_n

artifact of thç simulatíon level u fctr the resonant

frequencíes are hoth díscrete and tqel_1 separaterl." Eo

siqnificant degree of Fhase-lccking between ihe tço aetsorks

'was achjcved; th j-s is ccnsonant :yith the, ma-lcrity of the

experiurental rssults, 5 s

al ,197 61
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f ha nèae Itv¡¡* F eú6

ctficr,tsÏ0l{s

ÂU?ON!T has picv*n to be üs4ful in clar:! fying sev€rel

!h*o¡æt íca l- paints" Içhile the desj-sn of lanquaqes is in
gene,ral a sel-1 -established discipS.ine in co mputer sciencÇo

lj-tt.le has heen done cn the speci,fic n*er1s of, nçural_

simul-ation languages, The ability to qxçup ce11s together
into uniÈs read j-1y ma.nipulated, and especialty cl_ar.i f i cation
of the issues of prc-i*ctåon an¡l the types af pnimrrta.tic.rns

one aa y encc unÈer d e:Ë anonq the positj"ve con+"riTrutícns

arisins frcm the d*siqn cf Ft,ARp¿ Ðe ie rmin ati-o n an d

distillation af an apprcpriate simrrl-ation algorithm is aJ-so

expect.ed to be cf use in fu¡ther sinulator ri?sÇarch,

On the eNpelåmental side " th.* experie¡lce s j-th A üTCINET has

;sho¡¿n the value of l-oqic*level simulation" th* greatÊst

advantaqe it possess€s is the investigator heinq abte to
rapidly modifv the structu¡e cf a network or th* operation

of i'"s consti.tuqn+, eleniçnts, The qreate-st rlisadvantaqa i.s

that i-ts abstracr lcvel entails that i-t is someiímes

dif f icult tc accr:lata1-y mcdal a nat,work " and untli môrç j-s

kncwn about thä rc-,laticnship b,*tv¡een f-ì"¡e laqic l-eve1 and ihe

simulation 1e vE1 any ccncl u-çi cns about a n*.rtworkEs opçratj-cn

shruld bæ lak,*n a.s trntative {if ths r*suJ ts o-t a lcqic-

1eve1 sinular.ion ara unccy:rcborated) 
"
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This hints that pË,rhaps the mcst effj.ciçnt use cf ATTTONFT

wou1d. ile in ccn jrrnctl-cn wíth a siqnal_*l-e v*l si¡rul-ati.¿:e " 3l:

ås easy tc test netucrks uråtten in r,{ÅRpr âr}d +,hrrs it }:as

greal ut,i1i.ty ín veri f yinq one s s intui tion reqardin Ç thc
net''"do:k" These i¡tuåticns aEÊø i:y anrl larqç" sadly 1_ackinc;

i-+- mav bç that p.urû.\trT r¡å11 be valuablE in assistinq onÊ +,-6

rçcogn:-ze r-he operaticnal c¡itcria of a n€twork, as well as

verif,yinq onÊ€s suspåcicts,

AIJTOI{ET may al-so be useful- in directi,nq r.he irtr",*nsity cf
rÊs*arch u for i-t ra påd1y si mulatcs €"en ie,latåvç1y canrplex

netuorks, The main ditficulty r,¡ith a signal--1eve1 símu3,ator

ís that the¡-e ar€ a qrea+- nunber of parameters to be

identåfj-ed and quantified" ¡{cdifyinq these lariilrout sûmê

qlobal- ïreurist.i c amounts to aÐ exhar¡st.ive search of a veïy

larqe soluti.cn spacç, Expcrimentation with AUTONET may

point to scmÊ parameters bæing crucialu and o-çhÊrs bei_nq

effect,ivel-v isrelevant La scmâ point ín question. This

interaction r+i.11 qreatlv assist ån ¡"he multilevel
understand'i pq of a netwcrk,

An example cf thi-s prÐcsss wes qiv.en j.n Chapter IV, Som€

very sinrple n*tt*crks Hare analys*d; ûnÊ of ihen a a

reciprccally inhibitory palr of mctcrneurons, 1da,s found tc
gsaeraf-e twc types af Fatterns, Tþ_e ccndi tions under whj.eSr

these pattern"s occurr*d anri remainEd stable rd+rë analysed,

This hiqhliqhf-ed the. f actcls l¡hich qav€, r: se to one or thc

oth*:r type.s â.s ¡ø+LL â,s +,h* oT'res under uiri ch *hev ÞierÊ
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un chan ge d {+,hæ rran sf cf matians tc wh' :h :hey H€r€

ànvariant) 
"

Gåven thi.s " it uas pcssibl-c L-Õ analyse a moiq conplex

n*',-v¡ork by hreakinq i.t dcç¡n alnost.*nt'i.re1y into racåprocal
paì rsn Knor¿í:rq the pair'*øise in*"+racti.onsu the netaork ce r¡l-d

be reconceåved as a set cË modular elementsu makíng èhe

anal-vsi-s nrrch easier" This Lcd to an esplanatioa of t-he

networkes actåví+-y,

Such a p:ocf,ss is as impartant part of the qrowth of a¡y

scj-encen There arÊ currently cnly two leve1s of explanation
f or a neura'l n+twcrk És activå¿uy: either in terms cf its
consti-tuent parts anð their ccnnÐct'ions, on in teims of iås
qlobaL behavior, I'¿'hat i.s missi-ng is sonÈ intermc,diate

level* Rut to havæ such a level- cf expl-anation, one nust

have qygnt-g tha"t ar€ ínt+ract*ing, Hârê is wlie¡e a hiqher

1eve1 of sinulatåcn plays i ts mcst irnpo:tant- ¡ol_e: it
allol¡s tl':e ånvest j"gatcr to al:stract f,ron +_he part_'i cularsu

and lo manipul-ate the hiqher-order struc*r:tres6 T ndeed u

thera is no r€eson {cthe r than ígnorancæ) røTly the c+lls cf
åurouET ccuLd not be ncr*trìvia1 grsups of r:eurÐns; the cnly

mitiqati¡q fact-cr is thai- thero is nct. yÊ-. any upcoltr of
such st.ructuies frcm ¡ahich orì€ can d:aq,

The f ut ure of neu¡al- nettao¡ k sinu i_at,i on u

prcmLs. ftrÇ" It has rct prcvÐn pcssible to
actions of aÐy but thË mcs-, trivial creatures
IttÐp-dot+ntr psychclcr:ical tl:leorles; t.he:* mây

åL-^n : ^L Llïli t ..i*5

explain èh.ç

by m*ans cf
i nC.ee ri be
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insurnount-abl-e probl*ms ånher*nt ån such an appreach. s4 A

trbúe+'om* upw stategy, in vhicb the st.ructurc of t.hç crganìsm

ås f or cnc* :lc! iqnore d " mey yet provÌ-de scm€ e.nsï/r,ersø rf
i{ is to ðc soe +-hon at ]cast onee an,â 1i-ke1y sev€râ.l ¿

j-ntermed.i ate levels cf æxpl-a¡aÈion cf conpl icateð reurcnal-

arrangem€nts must be f,cund" Thiq is .+,.o ir* a lonq and

arduous task" but it is hcped t.hat AüTONET is at l_east a

f irs*" stçp in tb,e prcc*,cso

s4. Sec l- Churchiand, 19?9
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