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Abstract

COllllelllioll1l1 sill\ulation of llellr,d IIl'tIVorks impl'·lLll'IlLI·,1 lI~ill,l1; "111' pllb,',1

analog topology i~ slow. TIll' C:UlllllWI"'ial dtTllit Silllllli,I.'11' IISI'I(~I': l.i1k.·s

...bollt hitlf it day 1.0 simnlat,> "\'<'11 i' 1\H~<lillll1 so·al .. lIl'lwurk, which i~ rrll~tr;,t·

reliev,j the dClli,l!;lIl'r from tlds ]ll'obl"ll1. PHLSE pr"virl,"~ ,,1">lII. twO! "1'.1"1'._ or

spt'Cd improvement over HSPICE whih: pn·lli,·tjll~ tlll~ ("ir':11,L IU'rf,'rlllilll'"

to the transisLor ],;\,(·1 Sil1111lilLiUlI approach ill !lSI'ICE. SJ,,~:iill f,-al.llll'.' ,-·f

PII!:;(',] analog nd\\'orks an' "xploil<~J n>llsl;lIll[y til n~IIII'" t.lll' _,illllllI11i"n

time. The analysis algoritll1lls liS"" ;ll'C \Vav('(pl'lll <:allss·S"i,I,·) ;,url 1"1111"

lionid Iteration. Circllit CIi\li,tioIiS forll1l1ll\l,~r1 bl~ill~ very sllar.~,~. "on""I, ur·

derillg of the e<j1lations j"a,.Is tu COllv,~r,l!;elll:" ll' till' SIJIIlLioli ill ,,"ly "Ill"

Gauss-Seidel iteratioll. Usiug PULSE as the Sillllll;,Lilill L""I, a Matrix I\~'s,,·

ciative Memory has also Iwell df'si~llell Ivhidl is in llll' [in...'·ss I>f f"l,l'inL1,i"lI.
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Chapter 1

Introduction

traced back tu till' I!HO's \\'1ll'1I j\'kClIlIO,.], ill!'1 I'jlL~ (11).1:1) nlllll' lip wilh it

nmt.henmLirid theory "f 1H'IIl'al r:umpilliltioll. At that l.illl'~ 1.IIl'I'(· ,,)~:i.~1.,·d 111)

1l1l'Challism tu ('xl'lain LIlt" I,'uming ill lH:llrOllS. Only ill lllt: l!Hi()'s ,Ii,] Frallk

RoSt!nblatl, il Corllcl1lJniv,:rsily I'sY"lIolul::ist, illlrudIlC" Llw /wn"/llmlJ which

tw.ll adCitf lciLwillgrlllt· d('lilll"!.

P"rC('plntlls w,'n' ('swuliaUy singlt:·lap:r tll'l.wnrks "f lilll'ill' tlll",.,.;h"lrlllllil.:<

connected without fr..-'dllilrk. Th~' most iil'p,:aling r,,;~tlln: al'''"l llll'1lI was

that given it llrolJlcm, ther!' was i~ ';Ollvcrgeun: pro("l'dur,: that as.sllrt:d tlll,i."

learning, providl~ll ;11,'arnitlJ!;sollltioll,:xisl.t:d. l.lul in 1!J(i7, Millsky iUIlII'a·

perl dCil.rly ,~:qJOsf'd the ddi,:il'lIci(~s ill 1',~rr;I;l'tr"lIs f,y sll<,witl~ l.Ill'ir illahilit.y

to solve even simp[,~ d;l.~s .,f pml,I"lm ~Ill,h ;I.~ tlll~ XOlt I'r.,l,I"lll. Il n'wf",,'d

it severe hlow ~o the lield or 1'I"lIrl.l N"Lwork Itt~SI';U'l;h alltl [ill~rafly IlO illtt'wst

exisll'd iLllllmg t.llt" l'I'!'{'ardll'rs dlll'illJ.\ llll' [!J7n',~,



Th(~ pr:ro:ptrolls could howcw'r solve these class of prohlems using a hid

t!r:1l hlyer IJdweelJ the inputs and tile Olltput lily(~r ill conlrast to Ilsing only

a sjllgl(~ output laycr as prolJosc,1 by Ros(·lIblatt. These kind of networks

;lln~arly exisLc,l (Nilssoll, I!J6.'i1. hut thcrc was no algorithm present for their

h~;ll'llinJ;. [11 I!JiW, till' f/w':lTlli::cil ddta "/lIe introdll~cd by the PDP research

I4m'll' at ~'IIT prc.vidr·rl t.ht~ mllfh ft·qllircrl learning algorithm for lIIultilay·

cr(.~llldworks llsill,!!; Ilelll'llll!> with conlinuous, llQlIliucar activation fUllctions.

lltriggewd iln explosion of iuteresL among resr:archcrs alld as a r~IIIL. Ileural

Ilt'tworks (':,qwrjr~I1I~I~rl a 1)lw11lml(~lIid growth over the last f~w yr';lrs,

Must of 1I1" res,';,n:h ;,divjli~s ill IIl:uralneLwol'ks is 1I01V direcLed towards

LIll'OI'ctirlll sl.lIdi,'s and sillllll;,tion. Computer sillluilltion is slow all(1 the real

pOWf'r uf ll"urill l\I'hvnrks ..1111 'mly I,.. rxploiterl by implcmentation of them

IIsillg sp"l~ial purposl' hitnlware l,h;~t llIaps 1I1'~ .~p(~r.ific network dir~ctly into

LllI: i.rchiLl'duTt· II~il1g lllo,lels of neurolls <tllli SYllllpses. Neural networks

g(,Il'~l'i(~;dly draw lIu'ir ('omputaLioll"l power not from their proc('ssor~ hill

frullI tIlt' lIliissiVl' nllllllH~r or intel'c(Jl\lIl~diollS among them. \itSI tfm{J~ Lo

Ill' a ua.tllr;ll dJ(}il'(~ for illlpl"llIelltation of them in this rl'Sp(~ct (Iwing to

il.~ inl\<'rl'llt ;d.ility to illlpl"l11l'nl large number of interconnections and in

favoring Ttllll'Litive strudlll'l:s I'll' present in the llellral networks.

VLS! implt'mentalion of neural networks can he carried ollL using the

,Iigital "I' analog ap]>roa,'h, TIll! digit~1 :tPPTllach is traditional anrl a.llows



a.vailable implementation IlroCL'S.'W:<. Thi~ appro.1rh hmw\'1"'r hMI its ,Iis;uh·,m·

tages. The major operatiol1s ill\"uh'f'(1 ill IWllral IlO'tw'lrkli an' lImltilll~' ,11101

add. DigitalulIlltil'lit'ni Ot'ruJl)" lar~t· spa,',· ill sili...m. Tlw I,n~'isi,," n~"lirl..1

in impl~ml'ntillg lI"lIral Ilt'twurk is Inw whi..h a,;aill 11,)I'sll', l"'I·,'S.~ilitto' tl ...

use of area.-Imngry ,ligilltl illl1'I'·II1,·nt1lt"lli. '1'1...",· ...msi,I'Tati"ns Im\'" ilt·

tractet'llll'llral ft~"ltrdll'rs tnwOlrd hlliltlill,L( ncnr,,1 lIl:twurk" ill OlIl .. ltJl!: VLSI.

Allalog VLS[ illll''''nl<'nLI1I,illlls ;,rl' 1"<111111;,..t ':Illlll';lft'ti til tlipir dill.itill ""1111-

tcrpart, hilL !t;ll·,.· Llll"ir ll\\'11 ,lr,lWh;lt"ks orslls""I'I,ihility til n"is,' ;ulIlllI"""'ss

variatioll~.

Thc drawhM'ks assll,:ial, ..1 with holh digital ;1ll,1 ;maltlA 11I·'''·'OSS'''' '·lI,'lmr·

ages one tv L;,k,' 11 hyhrid ill'lOf<,adl. III thi~ Sdlt~II". '·I,II.~J th,' I'IIISf··st....am

systcm with lIoi!l(' imlllunity. Th,' syllapsl..... ,11111 1I,'''I"UI1S M" still hllilL lIsillJ!;

illlalog cifcuit.~ fo .. ':ull1l",,'l!WS.'i. III SllOfL, Lhis "IIIIft,ad, ''''"I1I,ill''lC L1 ... 1"'sL

or both lhe ,Ii&ital nll,l illlitl"J!; \\.... r1.1s. ,\lI it I1H,Ll"f "r rn,·l. til<' Ioi"I",;i...,1

neut'OlJs are ItIHO known l'j "tl1I11IIUlIkalo' lllf"".;11 1'1l1s<~.

lIowever it .Iilrl·fs frum uL11I'1" "dh,·.... IlL<; "r tllis "I'l'ma,:h in )i"w'f;,1 it.<;I ..·.·L~.

F'ir::'lIy, our NynapNl'S an.' lIlJlI.antirogyrlOlls i .•·. lll':Y ;.wI~illll~r ,'x,:ilallJry " .. ill'

hibitory nnd don't switch hdwl~m L1WSt: mnll,'S, 'I 'Ill: sYllal,~r~ ilf<' n"ll-liIWM

i.c. the input-olllllUl rclati()lI.~hip rnr syuapN"s is not lill<~ar. TIIf~ l'ropnsl·d

lopolngy is also UlIlO·N('Idiu.l;. wliid. '~llalJle;; ,wy IlIlUlIIl~r "r SYIJilI'S'~ to 1",



OIllllccll'<J tl/ agivcl1 IIf'UtOIl.

Our ImJpfl~,'d plll~I,;J illIl\log tfJllology has already bf:en vcrified by build

iug two ,:lIip~ II.~itlg CMOS:lDLM, 1\ :lllIicroll CMOS process, The firsL chip

impll~lllf:ulL'd lI,e ~tilll(htf(1 t:l:lJs whilc Lhc sCl:onu one implemented a CrUd

( Coull'lIL Addrt~~;Jole MClllory ) and 1t Maxnl>l, The tesLing of tlwlll have

sll,,,vllr"VIWi\I,I,,fto:<,,ll.s.

'1'1 ... simllllll.i"ll "f llll.'Sl' 1"·1.\\'CI1'k~, wh~1I hllilt ill ~ilicol1, hO\\'fw"r nwses

;1 1'1',,1>1"111. A slllall \",twurk ""Ilsisting of only 10 llt'I\fOll ilnd 100 synaps,'s

"'IIISisl~ or rion tl'iI!lsi~lor.~. (~()uv'·lll.iolwl cin:llit Sillll11illors likf! SPICE takt",~

II lUll,!!; tiuH' to ~illlllJ;lt,~ this killrl "r nclworks. Simulations rHuning over days

,Iurill,!!; lilt' ,1"si~lI plllls,' is 11I1Ilt·t:f'plilbJc ami that inspir('d Il~ to Imild " fa~t

.-in'llit ~il1l1lli.t,,1' wllil"ll will p"l"lllit exploration or wlllpJe.{ networks.

III this tll('Sis, ;, rasl simulator is ltuill Lo Mldre.ss this iSSlIf:. The df'Sign

nmsi,Ir'I'"LiollS amI I,ll<' Il1<'Lhllrlologi~ employed afl~ describcd. Thl· ~illllllll

tur ,,"tplIl~ haw lof"I'1l IIl'lIc;!l'lllllrked again~t HSPICE, a comnwl"ci1l1 vl'rsioll

or SPICE. TIle' spc~'d ilJllJrovl~llwl\l nchic\If'r1 is Itt least two ,)rf!I'I"S or magni-

lilli". Wit.h ,·xl.t·llsiw \lSt' or this ~ill\t1lator (as was its purposI~) all associative

m"IIl"I)' h;,~ h,~'n hllill. whic!. is l:llrrt'nLl}· ill tIll" process of fabricaliun.

'I'll(' 1.1".,.is hilS 10""" "r~mliz,'(1 i1,_ follows. Arter Lhili brief introduction,

tilt' sC'nJlld chapLf'r dl'llIs with tilt' lit,>r;J.lllft· review. Different approaches

ill si11111lal.ur dt'si~ll hal't: Ill~'11 dist'lISSt'd. III t,lw third chapter, implf'lllClI

lal.i"u a'~IIl"'Ll\ "I' l1l'lmd llt't\\"lJrks h'l\'I~ IH:lm revicwl'd with stH'S~ on j>lllsp.d



imrlclnentatiolls, The fUllrll1 dWJlll'r ,lill"Uss,·s tIll' .,ilI111Iillnl' 11.'si~(I, Th.'

fifth Chaplf'r looks into tlll' Sillllll;llioll o{ kll.)WII 1H't\\"lI'ks and also ,[,';,ls with

the implemclItlltioll ;jSp,·r!.s. It <lIs" indlld,'s l.lU' srlIP11lal,j" dillgralll ;111<1 1.111'

layont of the ;lssoriativl' IIwlllory wliirh is ill the Ilron's.' "I' fllhrkal.ioll, TIlt'

sixth chapter pn~~cnts till' rl'slt!ls uhtaill"ll alld ills.. nJII11':I1'<'S tIll' sp",'d of

the developt't;l "illllll;ll.nr <l.l(l\illSl lhe ,:,)IIV"lllionall;irnlil. ,~il1ll1lal.ur IISI'll:1-:.

Filially, in lllt~ last, fhai>](~r thl' lll"sis is <'0111'11111",[ :Ul,l sUIIU' ;11"';1:< ill'" p"int,'d

out foJ' {lltun' inwstigillioll.



Chapter 2

Literature Review

2.1 Introduction

Cirnlit sillllllal.OI's ,11',· ill(lisl"~IIS;lblc verification tools for a VLSI designer.

TIIl~ pal';lsilirs pr,-s"II1. in 0111 int.egrated circnit (Ie) cannot be modeled aceu-

mt,·ly witli tilt' l.faditi<lunl hreallhoill'dill)l; technique, rendering this method

iIl1'l,prupriill." fllr \','rifyillp' a ,>hip's ])('r[ofl11aUce. A simulator solves that

I'fOll,I"'1I Ily lI~illK " 11Iatlwmaticai modd of the cirCllit (~lemCll1s alld the

para.~ili,·s. It. ;dso provid,-s till' d.-signer with the advantage of extensively

prnhill); llw IC, which is nllll'fwih" impossible owing to si~e constraints.

Frillll, 1,II"1U1lLin is "fL'-ll <'wdiL,',j ,IS the.leveloperofthc first ..lfedivecir

"Hit Silllnl,\li"UIIl'lll:i!illH, TAP. written ill the 1!)(jO's. TAP lVas never released

in till' (l1lhlit dOlllaill, hut it"~ ,1"l'doplllCllt forlllt't[ tlw basis cftwo mor.. sim-

1I11ltor"~ that ,"ami' fWIll IBM - E:CAPI and PRE:DICT. All these programs

n'ptlrll'dly h.ltl sI:veral problcms: thcy were hard to lise, were unfriendly and

h1l11 Sl'VI'l"l' nUlll'Ol1Vt'l"gl'llt'(' problems [Pederson, J984).



The simulator programs described above are cOllllllonly referred tn il~ the

first-generation programs in the literature. SPICE aud AS'!'AP ,lrl' typi

cal examples of SecOlld gencration simulators. ,\STAP [Wt~eks et aI., I!J7:l1

was developed at IBM in [973 for statistical simulation and c\'cntllillly r(Jllll,[

widespread use 'ithiu thc IBM corporation. During the same perioll, SPICE

[Nagel, 1975J w developed by Nagel at Univerllity of I.h·rkdey aud is IIf'

guab[y the best ",lIown simdalor in the world. Both SPICF. ,UlI[ ASTA P Me

accurate and reliable, but designed to simulate circuits with only it wllplc of

hundred transistors. Hence simulation using SPICE2 1Iud AS'I'AIl is slow fur

VLSI circuits and led to the development of a !lew breed of .~in\ldiltllr,..

Introduction of i\'IOl'IS [Chawla et aI., 1975] marked the em of so ealbl

thil'd yClieratioll simulators. These simulator!; IISC variolls il-lgorithHls SHdl

as relaxation lcchnic[llcs, node decomposition, table look-up IIlmlds d,-. lo

achieve more lhan an order of speed improvement over secollli gcncraLioli sim·

ulators while providing outputs with considerable accumcy. SPLICE [New

ton, 1979J (developed at Berkeley) and DIANA arc Lypical cXOLlllpks or tllis

generation of simulators. Tile review section covers th~s~ simulaturs ,\L a

greater depth. Recent simulators e.g. RELAX2 [Newton and SilligiovitllJli,

HlS4], SPLAX [Saleh and White, 1990] using waveform rclilxiltiuu l"dllli'lilCS

reportedly perrorm up to 50 times fasler simulation with accuracy cOlllllam-

ble to SPICE2.

All these simulators described above arc general-purpos~. However, cU!llorn·



made sirnu)iLtors ian, willdy Ilsd ill illdll.~try. The main reason is their ilbility

Lu "XI,I"it dlici"utly tll!' Iwculi"rir.il's of the topology for which llll~y arc built

ill <lrllc:r to ~I'c~:ol IIp tllf~ tmll.~iCliL aualysis further. 0111' pulsed analog topol

ogy is 110 "X("(:I,tiol1. TIll: silllilialor for om pulsed circuits can be rt.,,<luced to

,l liming sinllll,\Lur (f/:fcr to suhsl,ctioll L:l.2) by lIsing the peculiarities that

afl~ partil'1dlll" to lllll" LfllJOlogy (re,fpr to Sllhs~ctioll fl. I.:!). The timing simu·

latur.~ l'IUI pl""virl,' "Vl,r two unll'rs of lllaSllitialc s!wed itl1]lrov(~m~lIt Ilgaillst

SPIC;I'; l,hlls Iwill~ cUlilpuLatilJllally 11101'1.' dficient than the gClwral pIHpo.~P.

tllinl gC~Ill'raLil!11 Nilllllllllurs IN"II'Lc,n IUIII Sangiovalllli, ]!)84).

1\I.~u lJlln~ IWIfTOlllUlI,.[s art' ,ICH'lopcd, our expcric:ncc is thal the tlesigner

dforll'l'llllin:r1 Ltl instllli LlwlI1 in agcn,~rlll purpose simulator is commensurate

with huildinp; ;l ':t1.~r.OIll.~il11l1lar.or from scratr:h. Sillcl.' tlw ar:tllal mdc requirell

rOl' tin' '·USI.OHl .~illllllatlll" is "mil]] ill our Cllse alld we r:01l111 Ill' 1"<~;u;orrably

n:rL;r,ill tltl'!. it would 1'111\ fasl.t'r 1.11111. il gell~ral purpose on\'. it was dp.cirll·d

Lo build Oil!' <JWIl.

Silln' tIlt' I'll'po"..,1 .~imllliltlJr is buill for fast transienl analysis ami usc:s

N,'t'ollcllllltl thinl ~""1t:rali()11 sillllilalllr concepls, tht: review material is orgll

ni7.c,1 llcrordingly. TIll' lirst sc'c:Lioll prt::lents t.he circuit simulntiorr process.

[)ilfl~r<:lIt lypp.,;"f simu!:llors ".1;:. Timing Simlilatol's, Logic Simulators etc. arc

intr'Hhwt',j IwxL lo illf1~1 rIll<' lIlt' dilfc'1"<'nt apprnach~ laklo!lI by tht' <Iesign.

I'I".S IlI'N tl1l' .I""I'I'.S 1.0 .~(Jh·" tilt' pr"bl"m of circlIit silnnlalioll. Tht> classic

;11,f::l1rithl1\s IISt'll 11.1' sPl"UIIII-gt'lll'nltion simulators in pt'rformillg a transient



analysis are disclisseU in tl... fllllo\\'ing sl",tiun, Fill"lly, thinl .l:"'WT;Ili"ll "i,"

IIlalonl alltl the algnTitllln,~ 11"",110.\' 11"'111 tll :lp,',,,1 111' tl,.. Ir;m"i"lIt 1111011.\''''''

2.2 Review

2,2,1 The Cil'cuit Simulation Process

TIlt' cirrllit SlllIlIl..tl"lI I'I'lM~"",~ ,',m I..· 1"'1'1 '1I,,1,·,osl ... ,,1 wiU, II... 1",11' "f ;,"

1.0 lind tilt, 1)(: "l1r'"111IlUlyiu~lh">llJ;I">,w"ritstn'11",,,l,,rs, ,\n i'III'·IIt'I1lI,·•• t

\'oltngt' vaTi..hl,! is swcpt 'lcm"" lh,' rall,!!;(: n·.'iV, whirh ill lurn dHUl~'"s tI".

cnTrelll. This silllul"tion IlrCJ\"idl"S tllf' Il.~iglll'r wilh;, 11111/41"1' "/",mdr/'i,./i,·.

This rimlit is sirrlillall,d IISlllg IISI'IC1~, it nllllllwrriill \'''r.• i''l1 "r SI'I('E.

1\\ till' S~/lrt or th,: Sillllll'lliuII, all illl"ll, IiI., IS 1'I"I-s"lIt",1 III Llll- "illlll[;lt,,1' hy

hlliltlillg this iii." Fig :LI sh,,\\'s tl ... 1IIIIIIt Iii,· 'IU,I till' "irnlillu I... "i,,,uh,I, .. I.

Till" inpul 1iI,~ is ,livI,II~1 inln 1II1111y Il..r;.gn,,,hll. '1'111' ri~t lli'T;'J1,T1iI'I.

,11'~III>:; till' rin:llit i11111,L'l. '1'1... Sln ....1 l,ar1tA:T1il'h (it'll 11,;.lIy "1I" lilll'), allks

th~ sillllilator to .10 a DC arralysill at .~adl I,,,illt a.~ till' .....rial,I.· V i" sW"pl

o\'er thc Tllrrg~ 1)·5V. TIlt' 1I.'xt l';,ra~T"l'lI i,~ tl ... ,1''';''riI'Li''lI or tl ,'irt'"it,

cOl1\llJnnly kU<JwlI itS LI,,- ",'Ii.~', Lldl "'>IIIJ"'II"lIl r"IIIIl'~'li"'1 is ,t,·fil"·,II,,,rt-

autlllrc IlltTll111d,~rsor U "IIllIl'll'X llI",l,,] or Lhl1 NMOS Lran~i,~L"1' is 1""";"111.,',[

tlrat will be lISCf! r"r analysis,



Vdd lOde 5v

VVex 3 0 5v
VVlk 5 0 1.5v

VVm 2 0 lv
VVl,/t 4 0
VVde7 0 2v

.de VVwt 0.0 5.0 0.1

C3 2 0 poly O.lpf
.MODEL Mode14 nmos level-3 vto".7 kp=4.e-05 gamma-lol phi=.6
+1ambda=.01 pb=.1 cgso=3.e-l0 cgdoc3.e-l0 egbo=5.e-l0 rsh"25
+cj".00044 mj=-.5 cjsw"4.e-l0 mjsw".3 js=1.e-OS tox=S.e-08
+nsub=1.7e+16 nss=O nfs=O tpg=l xj=6. e-07 1d"3. 5e·01 uo=115
+utra=O vmaX"'l. a+OS xqc-.5 thata=.13 eta".05 kappa=l
MS 2 5 0 0 Model4 1-2.06e-OS waS.4e-06
/16 2 7 0 0 Mode14 1-3.e·06 w-S.4e-06
H7 6 4 2 0 Mode14 1=3.e-06 w=5.4a-06
M8 1 3 6 0 Mode14 1=3.e·06 w"S.4e-06

.print de I(M7)

.end

(h)

Fi/olilre :!.I: (al 'J:1t' rilTllil illI'! (b) ~he inpu~ fil~ for the simulation of (a)
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The Iilst pilfilgraph asks Llll' ~illllllillor to Ilrt'SO'lIl lilt' ()l' ,-lIm'ul I linlllJ:h

the figure to tilt' Il..tlist) ilS tllO"IUlpllt illill "n,b til.' til".

The sil1lulator I'l'iub lhi~ lil.' iltld p.'rf"rlll.~ il IH' aIlHly~i~. I[m\" (hi~ <lila)·

ysis is ,tone will be diS<;'IH;_~,~1 ill .Il·ptli in til" twxl f,'\\' ~n·li\lllll. 11,·... · Wt' :or,'

only ronrl'T'!t''I1 "hauL tilt' J<ill\u!;.tioH IIm.... ,.s. h"III"" w,· will skip Ihnlll~11 tbal

pout. Onn' tl\l' simlllatioll is t'1I111lllt'lt·. Lh.' ~imlll ..l"f pn'St'nls Ill\' "'I'-I'llt in

tilt' forlll"t s!J"\\'I1IJt'I"w.

volt

O.

0.10000

0.20000

5.00000

.7
5.694;:-12
5.6958-12

5.6958-12

1.016e-04

Figurt' :!.1: TIlt' ~il11.. lati"ll UIILptit

fUll. The USf'f call also 1l:t'lllf'St 11 plotuf the u1I11'Ill IlSill~ it 1,1,,1 .• l;'~'·lIl1~IL

in place of tilt' prillt sl•• l''!lWlIl, lUlIl is ;,lI"w,.. ltu .1.. ulllt'r kiwis "f atlitlysis

too, Po.g. AC or lfllusit'lit :lIlalysis

the simlllati"n 1lfUf:(.':;S. Tile tWXl s''f;liflll will ,lis"I\sS ,Iilf,'rl'ul lYIJI"; "f sim-

"



Illatflrs iLl,,1 tlll'ir aualysis H1dho'ls, The r1iscll.~.~ion starts with cOllvcnLional

silllld"lor.~ I and tJlt:lJ (W.~t:ribes allier simlilators, pilliug their performances

;,gaillsl th,~ ,:ollv,:ntiollal OIIl~S. This will filll1iliarizc une with Llw breadth of

the sillllliatioll IIl1'tliods IlsNl nowndays to ~ill1\llal,~ an entire Ie, aud also

will intro,hwe Olle to I,11t' ':\"nilitioll of the simulalion techniques as the circuit

2.2.2 Different Types of Simulators

CirclIlt Simulators

SPICE2 i~ a lypi"al ,'x1llllpl,· of lhis grollp of simulators. Thes,' simulators

I,,'rforlll v'-ry a,"'nrill,' DC, A(:, fn:qll"llcy domain. noise and scnsilh'ily anal-

pis ha.s",] 011 11·,'ll-known Illlnlin,'ar bipolar ami "'lOS circuit 11100..15. COll-

~i,I,'rill.1!, lIlir illl.'-I"<ost, 11',- willl.;d,,, il look at Llll' transient aualysis algorithms

uf tll,'s",sillllll;llol's.

III (rilH~i"lIt illli.I.\..sis. llw 110,]" \"oltagl's ill''' to he calculaLe<.1 fOT it time

Ill'rill'] "r 111" T (al tilil" iUl"Tvals uf ~t), Th~ voltag,·s al Lim", 0 {the initial

l"<)f)(]iliuul, M,' "i1kllhll,e..r IlSill!; ;1 DC analysis_ From then on, th(" voltage

\';IJlles iHl' ndndilh·..r sl"ln"IlLillJly, i.", the voltages ;\t time point (I + <ll),

art' t:aklll;\l"d u~ing tIll' \"l!tilg"S ;It time point!. The circuit t."l~rnent5 are

rt'l'llIc,.d 11,\' lllil.tlWllllll,iral mOll.. ls to yield iI. set or circuit equations of the

l·n,,· 1,'tIB._ r'H1"""lwlI"I.<UII.I"I"rnlid r"':1I11 "'''oill/or will b.. "s~d illlerchlll1g~ably
.",illlh,·rir,'u'l,._iulIIlllliunlilt'ml.llr...
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form

v = f(v.u.t) (2.1)

are the illd"pClld"llt node voltagt-'S. This typi(al form of E'lll. 2.1 "ris,'s OWilll!:

to the prc~ellceor t'11l~rg.\' storllgl' ,'Iemcllts sucll as 111.1II1'l.ors ,\llli '·;ljl;\ciLhts.

An implicit in1..·.c;fl1l.iull sd1l'1l11' is 1"l"IHirwl l,} ,"l1l\'l'rl lIlis .~d IlF dilf"l"l'lItiHI

C(luatiolls lo a set of 1H1lIIiw';II' "'l";lliulls IIf tlll' ("1"111

in ordcl'tosulwtlwlII.

j(v) = 0 (2.:!)

The lIonlillcilrily ;.risl·s fWIll llw llunlitll'ariLy iullt'reuL ill 1.11<' ,I,'vin' lII"d,'1.

TIlt' well-kllowll Newlou.!lilphsoll (NR) itcraliv,' ltwtholl is "'UIlIIHlllly us"'[

lo lim-'ariz., this scl of ''(l1ll1l.iOlis. A lypir.al Nit il,~rillioll is "f 1,1lt' 1'!fI11

1'.:1)

where. VI is tlJt~ volllll:W al lil1n~I',/il1ll ;lU'[ .J(t/') is till' ./il':ul,i.. n Itr;.1.l"ix "F

j( (,I). Sin((' ,·a.·ll NR il,~ra.l.inrl sl,'p I'rudUC'lS ;llilll';U' "lluati"II, Lilis "I.\\"ril.lttn

gCIH::filtl...o;; il s~t uf 1II1I'al" 1'1(lIal.iulIs from th,' sd or lIolililwar "'l'l;Iti"lIs a.1.

each timesleJl. These ''('Illatiolls haV!' to Ill' Slllv,-'d to liurl till' Il"W it"I";lt",1

value and hence to decide wlu:llll'l" t'OIlVI'rgf:nr;f~ hil,.~ h, ...~rt ff~adll~,1 (ill lIw

solution) or not. Tlip. LU fl1~tf!rizatilJn method sotVi~s tlwsc '~qlllltilms. At

cOllvergenc~, the itcratr·'] villu,,:, provi,II' Llw sl:l "f mill" v"ll.a~I'S III tim"

(t +0.1). IIl1Jllit:it illLcp;raliurr. NI'Wl.ou-llaphsl!1l Ilud 1,1} r;,durizatioll will



I", r1isclIsSClI Itt f;n:alcr If:llgth in the Ilext. section since the purpose of this

flisc.mssiolJ is only 1.11 inlroduce the reader lo thl! Lransimt analysis process ill

CUIl\'cntiolla] simulalors,

As discll~~1 in the illLro.lllclion of Lhis chapLet, the circuit simulators

were .I.~vdorcfl for tllf: simulation of a COli pic of hUlldred transistors. Exper

itllf:lIlal as w,..11 as lh,~r"'lirlll ':vidt'lll::e shows that the computational cost of

':'lIlvelltiuualsillllllaLiullis

wlwn' n is lilt' 11111l11wrof ,.ircllil llOrl'!ll {Newloll lind Sl\llgiOVll.ll11i, 198-11, This

slIpcr·lilll';lriLy ill lilllf' ,'osL is il1lpOrLalll for rircllil:i with several thousand

lUnlt'S sinn' at LIIIII hn'"I",'v"1I poillt the Sllpt'r-lincarity starts dominating

lll<' tilll" t"tl:'il. This l,mlJl"ll1 \\'on;O-IIS for cirClliLS of larger scale.

Cir':ll;t silllllialutll S1ltfl'r from anoth,..r ml\jor problem. In a giVf'1l cirt:llit,

thc tillW tYllistallu of various 1!odo; vary over a large d~ree. Qne such case

arii'f~ wh,..n 11I11I1k'd fl\IHl.I'itors arp pO'Sellt al SOllle nodes of the r.ircllits and

1Il11aJl I)arl\sitic-s an' pn.~clll aL oLIIt:r 1I0llell, For nodes wilh sllIaller time

nll1stallts, lhl' raL.' IIr dl;\llgP in node voltage is 1I11lch higher which rP.qllirl"S

slllaller Lilll<'Sll'pS ill lr;lllsil'lll ;'llRlysis. Allhough nodes wilh milch larger

tim~ l"Ullstants ctJllllllll~ Sillllll1Lt,~(llIsillg much high~r limesteps, thu~ redudilg

tIle' Sill111latiull tinll', this is rt'I1III'I"t'<! impo!l.~iblc liut" to the rre-sencp. of nodI'S

wiLh l1\1lch smaller' time rOllSL;lllls. Hen(~ mort' limesteps ilre IH~ded which

IllI'lIIlS m.m' \'Olllplllalioll in II givt'lI L;mp. illtf'tval T and more Si1l1u]II.Lion



cost,

The above two prohll'lllS .tn' Sl'riOIlS drawbacks ror rUIl\'I'ULiOllOlI "il1lulat."l's

whcn Ilscd at VLSI scall~ and sllgg('SLs II ll!'l',l llll!Xplon' tllbl'r apprnadws tu

simulate these (VLSI scale) circuits ('COIlOlllically. TIll' rollowin~ jlilra.c;raphs

elaborate 011 that.

Logic Simulators

compared 1.0 tlw tralisisLul' II'Vl·1 simulation in .:ircllit silllldalnl".~. ThOlL .lra.~·

tically reducl!S the 1ltllnhcr or nodl's to hI' handl",1 ill agi\'t~n simulation. f\l.~",

they opcratl' 011 logic slal£':' ratlj(~r than wtJrkillp; wilh till' voJla~.' and cur·

rent waverorms. TIll' glllt·" ,ll'(' 1Il0rll']I't1 a,~ logi,' hll".k" Witll it .I,·J;.~, "I"lIwlll

l\ddl... III.~ shuwn ill FiAlll'I' :!.:l{a).

(,j

~
lb

,
\ ..... 0 c
EVENT

1

(b)

Figure 2.:]: (a) Model or Ol' P;iILI~, (h) Prilldplc or I!Vellt sr:llt~,hdill,l!, ,UIlI st~b"

tive trace

The delay call l:w. ::cm fol' simple log; .... v(~rifir:atiun, lIr IIH.~i.l!tlflbl,· loy tIl<'

user (fOI' eXillIlple, .lll OR p;at(·s Gill IH~ '\'~SiP;lll'd a ,I,~lay "r :llt.~ rur il ~I'l:t:ili':



illlp!l)lrll:lltalifJlI pf(H;es~) or 111"Ccise i.e. thc minimullI and maximulIl possible

,Iday ill itll d')l1lC:llt call he ~pccificd, which cao also provide Mlmc liming

illformalioll fSzygl'uda ;Iml Thollll)SOIl, 1!.l74]. Thc ~ignal stal!..'!; recognized

are 1,0, If illl,l •. If illlml,: i~ floating, it il~SU111CS the' H' state ilud undefined

I""j,)~ aS~'llIlt: thc '.' ~latf:.

Logif' ~illllllil1.ors aft' l,ypil'lI11y I03tinw~ faster thall the <'In:l/it si1Jlulalor~.

AllJllg wit.h I.hl' I1S" of simpl," 1110.1,+. 'lu,ltl\!' fact that they only deal with

tIll' lugil' s1.at,~, llw itlll'rm','m"llt ill their .~Jleed ,~atL also ue 'lUrihlttl..'d to lWO

dtarad,'ristlo' idgorillulls, klllJ\\'u itS fvclll .•c!rrdlllill!1 alld t'rlrdivf '/'flee.

Sp.ledin' ll'i1.n' l1WtllOfl~ rio not follow tIll' output of illl d"t1Il:nl if its

Uillput <lid nnt dtatll-:" 1'0'111'11 it was I'va],mt,·d at lhi~ lilllepoillt. Assllme

Ofl" of tl,,'.~' ,'I•.,t'H'lIt~ I.u II<' ..\ wflru;p UlIljHll has chnngt'd ilt this point of

tillll' alld I"l llll' d,-Iay iu idl gill,' lllodels he fl. TllIls only the fan-nuts of A

nlll dIiLlI';:" slat.•' IIfLf~r lim.' .:.\, illl(] hence arc scheduled to hapP"/I at that

time. Thi~ i~ LIlI" principl,· ur r/lclIl .w·/ifdulillg. Fig. 2.3(b) illuslrates thcsl'

priucipl,'S. Ikre, only 1I0,l!' II dlil1lgCS slilte wlwn lIode (I switches from I to

n, ;11),1 1r"Il"" fllIly" is sdll'rl111,..1 to h;'Plwn "fl."r tim" D.. Silll''' must parts of

;, larg" ,ligit;11 Ie rem;rill illill'l.iVI' al il p;iwll puint or linw, tIll'S" ll·,·lllliques

Ilow,'\'<'T. lnl-:i .. ~imnlalillll has Ill'Uly limitations. The gap between logic

simulation modd~ and llhysical systcllIs is cOllsi(lerable. Logic simulators

hardly provi,l,' lilly timing infornliltioll .. Al~o, intcrconnedioll noi~e. clock
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feetlthrollgh l'tI:, callnut, Ill' lIllltlt,h·d with this typ" nf simu];lltlr. ('Olln'lI'

tionally, tlleSt' prohll'llls art' lll'si t;u:kl"t! hy l'ilTuit .~illllllaLurs, hill. I,lll'ir lad,

of speed lerl to thc~ dt!Vl'lolllllt'llt "r anntlwr killtl of sinll1l;atul" tha1. trit,s to

enhance circuit simulatioll slwet! by rclaxiltioll or SUUlt' constraints, 'I'lwy ar.'

called timing si'llIcinfOl'S and arc d('lit'rihecl next.

Timing Simulators

Timing simlllaturs ,It,lihcrat<.[y illlro,llln' appmxirmd,i"lls tu ,whi,'v" ~n';ll,ly

illlprov,'d .~il11l1liltill[J '~lwnl [ChillVla l't ill., 1!l7."i], '1')",,;,, simlliaturs dlill";ld,'!"

of "itc-ratioll 1I11til r(JllV('rW'IWt·~ as ill till' rip'Hit Sillllllalll1's, ,Iud pil"'t'wisl"

[in""r IIr If/bI,. look Itll IIIntlrl,< in 1,1",'" nf ('olllph~x al,!!;"lll'ai,' I"mlil"',,r [JIl"II·ls.

III this discussion, \\"',I,>:;t'Tilll' 1.IH's,' Ilu,thl!ds ,,",1 inv,'stiw,ll'lll"ir,'lfl'l"I, ""

the performant'l~of till' sillllllattJr.

Tlll~ 1~llIatioll dt'collplillg '1pproiU':h l:an hr. Ilt~.:rif,t·d ,LS rolluws. C"l1si.J,~r

a circuit with N no(ll's, ASSlllll': Lhal we art! (~Valilatill~ 11, al tiull' (I +6.1)

and the voltagl"S v" V'l, ",11;_1 illtimc (t +6l) an~ alfl!'l.dy kUUWlI, i\ll,lli,~

[Joint of lime, if WI' ~{)lvt" £11'1;ltion ~.~ I'or "" llsiu.t:: 1I11' ;Ll,..~"dy klllllYlI Vil!lll'S

The ...bove eq1lalion a.~~urllt:s all lIud(~ v()lla~e~ nllll:r tlt'''l ", t" I,,~ ':fllI·
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slant, I[enee in cOlltrilst t'l r.ircllit simIlJ"tors, after th ... NR slep, we 110 1I0t

~d II systl:lI1 of N [inl>al" (~l'mtioJl.~ in N indepelldent variahles, hut N decou-

pled equations, each with UII,' variable, lienee the llame equation deelJllll/illy,

This nmders tl,,: Ul factorization step of circuit simulator's IIIl11eet.'Ssary, and

t:llll1ulces the silllulatiun .~pCi:J al the cost of losing some accuracy at the

(~'llliLtioll tl,'rOulllillg st,~p.

Tilllin,l;.~irlllllilttJr.~ d,ar: ... tpristi,.ally lise fully a .~illgl,~ NR itl'I"a1ioil at each

ilpprnadl (If tl,,' CIll1\":lItiulHd simulators, This (one NR. iteration) approach

l'rOlllll""~ nJ1"l"cd rl'>iults nuly \\'h,~u these node voltages calculated by a single

Nll it(~rilliun ill'l' it,'rat,'d (ll.~ing Gauss·Seidelty!,c algorithms) IIntil r.ollver-

,.t'iflrllliflll 1 ihlllliflll mill is a wry ("('111111011 algorithm in tllil·tl-J;l;'IJ(~ratioll

Si111uliltllrs), BUl lillliu,!!; sil1luli,tors Iwrfonn unly 0111' relaxation iteration al

II ~i\"'n tillll' p"int whi,.11 ,'illl 1"i,,1 to nlllsirlcrllhl l' t'rror for circuits with tight

\Vhil(~ lllllkilig at E'1ll, :!}i, also nolin' all illhl'renl limitation of lhl': timing

simulators. t\SSlll1\l' i( nll.I,- "!jlliltioll of th~ rorl11

(2.6)

All implicit illl.t·griltioll Sll'P (say, bilckward euler), generically Pl"Of!UCes the

\,],h,' 1,'fIli ,...lrllnlll'II ("lIWS from u'bxing the eXiletness of the solution, !lere ~his

rcb""ativlItJrigillilk'llfrolUth"'>'I"ntioutl"(oUI,lingslcl'



following equ,'ltioll

which in Ollt C1l..~C l)l'mIllC~

m,

be wtiLtcli .~~

wlll:rl' UIH k n'fcl's In llll: VI+1 WIllI(' ;~l k-I.II Nit it.-ration.

To ilSSIll'C till'~LI~rtn L,) Iw 1I01l-zero, 1J1Il.' Iii~~ tu iI.S.~lIn~ til" IJn'~"lI""

of the term UHl in EfJll. ~.!I. Thilt Gill only Iw 11f111!' hy i~ssllrill).!, LIII' ltllllll'ril"'ll

integration stel', i.e. hy LIm preSI'Il!"'~ of it :ff krill,

After the (,(plal.ioll dl''-:<lIlplin~ ~L"I', tillling sill1l1laLors .~"lvl· an "'rll.~ti"u

equivalent to EqlJ. 1.10. Su, tlu,y hav,~ Lu lISS11rl' till' Jm'S"II"" ,l tll!' T. 1."1'111

the presellce of the C term In l~(pl. ~.fi) betw,,-m ev"ry 11",1,· to ~l'Ollnd "I' l"
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l\llllther Itod" (Refer to £'111. 1.li), In most Cl\."C5 pll.r;uitic capacitances serve

this purpose.

Usc flf talhC IClUk'llp 1llU(1.~b is another Sflt.'cia.lty of Liming simulators. A

IIir; al[v,l.lltage flf thi~ ll..'dlllitlUC is its ability to lise complex models with 110

sp.:t..'I.l s;lcrilit"c. Also, sinc,: nonlincar element updating is reported to ta.ke

8f1% of CI~l) lim" in stalld;ml c.ircuit simulAtion [D~ MILIl, 19791, this Also

pruvidl~ illljlrtlVr'ltlt'll1. "r SI",',1 wilh rl"~ligihlc loss uf ,U:Cllracy,

l\pl'linllioll uf tl,,'sl' ilflproxilililLioll lechllicJlll~S pruvid,' liming Silllllh,tors

willi a lUll - :WU tiull's sp,,',1 iml'r"v"I1H~IlL 'IV"!" cOllventiOll1l.1 simulators [Dc

M'UI, I!J'i'!J], IInt!ly using LIlt< I,.'lllatioll dl'roHplillg le<:hnique, thc limillg sim

1I1"tors lIt'gl,,"ltlll' f.,,11.1tI'k IIl'Lw~1l dr-ments. Hence they are inelfer-live ror

,.jr.'lliL~ willi stlllnjJ; hilat.·ral nlllpling, AI.~o coII\-ergenn' in !IO[utiolL caunal

I... .r;naralll..........1 with olily lilli' rdaxatillll il~ratiull llS staletl hdor". Owing

ttl lIlI'S(' r.'llSlIlIS, liruinJt simulators art" known to provi.l,· irlCorrt'Cll"t~lItL.~ in

St'III1'sitlllllitJUs.

As null,l Ity Nr.wlol1 ltud Slln~iOValllli (Newlon and Sallgiovanni, 19841,

.. ,1 rilTuil Ilf.~i9Ilr,. will "."1' II. f'mgmm Ih,d 9iue~ Ihe: "om!cl simlllaUall rulllt

</lId oct·i1.~i(>f/llll.'1 yivfll lit! Ir,"ull. " ,.iIT':lI.if dr$igller $0011 lost's c'olljidc'lu't ill II.

flITtyl1l111 tlm/lJ(;c,."jl/llrlll" !Jim:" 1111 i,ICQrtrr:! t111"."l(r,~ EVl'n ..('cognizing t!L('!It'

slllll"l"lIl1lillg~, it hJl~ til I". 1IlImiu.'d thlll lht> timing simulators introduccd

f1~ ttl "~"11ll' ro'l"Olutiollar)' "Ollt','pts thllt lcd to the lilweloplllclll or th~ VLSI
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Mixed-mode Simul..tors

IndcpClHlclll liS<' or 1111~' .)Ilt' <If lh., ah,,\~, slmllll,I","" ,I",.,. 1l00t 1'....1.'. "II'>Il~h

ror 1h(.' simulation "r a l.l'lli,·al 1_';1 !< '. Cin'nit wa\'t'ftlrm~ ar,' ''S.~'·lllial ilt

SOllR' parls or lice fir.·uit. IlIll rnll dr';llit simull,tillll is lI1ll nlsl·.·lr.'rli\·.· ilS

discussed bdon!. Timing illlalysis i~ llUI. llOssihl" at SOlII1<' 1'1Irb "r tilt' ('irnlil

since Will" hilatl"ral rOlllllul1t'uls mil)' I", pr,,,,,·IlL. AL SOIlW loarts "f till' "in'lIit,

oilly lo.c;i,· IIlwlysis ('(ull,1 Ill' sulliri'·I1L. Tu sol\'!' tliis 1'1'\>101,.11I. lIIix.~I·I1I"d,·

I"imulillors r:llll1hine t.l1l' '·Hpl\]'ilil.i,.,. or I.h,· "tli(~l" L!ln'" kilills of l"il1llll.,tllrs.

SPLICE [~"lI'tun. 1'17!J) il" a t..\·l'i(".~1 ":>(lu1I1'1,· ..r this ,.];oss "r sill\lIlat.ur.

It is 11 hyl.rid Sil1lll1/Itillll l'llt,l!,rillll. wleidl ,livid,'!! /( LSi "in'nil iul,,, "t'v"rill

pilrls aud iHTorclill~ l" lh n,~sl. p"rfurn\~ ci1hl'l" dr"nil, 1illlill,l!, IIr lu,r:o;i,' siul'

ulatioll rur thall'l,rt IIrtl drl·"it. Tlwl'in'llit,lUj(i,' all<ltilllin,r:o;sillllllalurs

colllll111uic.1.lt> with ,'a.-]I oll1l'r by

• Threshold elellle: ts . Wurk a.~ all intl'rran' rW1I1 lI... (:iro'lIit allli

TimilLg Sillllll;.h,rs til tilt' 1"'l;i.: silllulaturs. Tilt·), IIrllvilll' a 'I' t .. L1w

Logic Silllllll\tur when l111' illl'llt \'fJltllg'~ ltl it is aIJllv,~ H 1.n-.I,-li",sl

lhrL"Sholtl, It 'u' wlwll Lltl' input voltllgt, is 1,,~I..w 11I1"llll'r 1,n-IIP/illt,,1

thr('Sholcl and It 'X', wlwlI tl!" inpilt vult"W' is ill l...tW'~·ll .

• Logic-to-Volt<\ge (LTV) converters· Work liS IIll iIlL.·rra... · rn,mlllt'

Logi.. Sil1lllIILLlIr.~ to lIu' Cir"llit Ilud Tilltilll; siulldl.L"rs. TllI'Y I'flJVid,'
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pfl)vjdl~ i~ ramp ,Iurillg tbe change of state with slope cotresl>onrling to

the !"is,) (fall) tillHi IIf the LTV, wh,m tbe stale change is from '0'('1')

tv'I'('O').

T!lis das.~ of sitll,llalors Ilse.~ third-generation simulation Le\:hlliqucs in all

dflJrt Lo cOll1l,ine the iulwUltagcs of circuit, logic and timing simulators, It

SIIILl'I'S tll"ir dis:llh',lIltilgt's t!J(J, hut its power is its i1bility to IIS,~ the right

simulat"r' a"""l'Olilll!. to till' IH"I,<1 or til" silllulatiflll problem. which makes

msl·dr,~.. tiVl" si,1I111;,tiun in VLSI possiblt· ,

TIlt) '~\l"lllli<)1l of dilren'llt kinds of simulalors and the mdh"d,s tl,;,'u by

llll'11i Lt) solv,' tilt' rirrllit allalysis Ilrogl'illllS have IJt~1I diSCllss,)tl in this sec·

Linn. III till' IIl'xL S"l'liOIl, I'ollowing the reasoning of the introduction, we will

r"IIt:l~ntr;IL,' UII tr:rII,sienL ililidysis ill couventiona[ simulators,

2,2.3 Tl'ansicnt Analysis in Conventional Simulators

'I'r;tll.sio'nt. ilulLlysis ill n'tll'l'llliunid sillLulators hiLS already b,'t'li intrnthlred to

tlu' l'l~;od,~r ill till' sl't,tiull ,>1\ dl'cilit simillators, fig.:!.4 (ill the lIt'xt page)

"lr"ws Llll' 1l1;,jor steps ill il t.rallsit·IlL analysis, The following paragral)hs deal

witll till'S" sh'ps ,"'pill'ill,·ly, TIlt" algorithms Ilsed at each st,'p are briefly

,Il'scril'l',] ,md th,~ rditti\'l~ ellki"lIry I)r Olll' algorit.hm (lver anotlwl', whl~ll~v(~r

1Il','s,·nt. is pointt·" out.



Equation Formulation

Eflllati,m forlllulalioll is tlU' \"'I'y lirst st,'!, in ;Iny "in"lIit i\ual.\'sis. ('irrnit

lLnd sparse.lahh'all flll"llI11lal,j"u IAS'I'AI'), l·~,r <I "in'llit w;I.1! .V 11"'('''' and

modiliecl Ilodal illlalysi.~ pIN/\) fOI'IlIIlI"t,'s N - 1/1 + I "'llllltions with L11<'

(N -I) ll(jlld"~llll1 nod,· vult;I.!lpS an(II,h,~ III \'lJlta~("fldltl\',lllr;'lldl ,"urn"ll.s

(I.~ variables. III rOlltr;l.~t to ~h;tl.• LII'~ SIJarsc~.I,illll"all f"rlrllll;l~i'lll ass'·IIII,I".~

an exhallstive list of "qllatilliis l.hiLt nUl ;Iris<' frUlIi Imilich n·!;<!.i"ns. frulll

i\CL and from l'VL.

The Ill'st algorithm i.~ ,l,·t,:rlllirlC'd by 1I,.. "ullll"ltati"u;d ,·If"rl. n·'I"i ..,·,[ I,,.

suI\'{' thus.. <'flllatiolis iLll<l also tit,: lllJllWri .. ,,1 ..,,,,,Iitiuning ,,[" Lit.' '~III",I.;"IIS

[onne(1. \Vlu:l1 lilt' complln' L111' 1.11I0 llwthods, til<' Illlllllll'r of "'1.mli'III.~ ill

sparse-tahlcilu is /:tn'all'r, I.luul.~h 1I1" "'11I1II.i"n forllluli,li,," I.illl'· is l,'s.~, sin...·

an p.xha\l~tivc list of e([lli'ljons is IHI'part·d. Olwi,,"sly, solllti"l1 "f Sl'iU'S'"

tableau by conventiuwd 1I1C'iWS will !"I'quire' c'ousi,I"ral,ll' drurl.. illid WI' will

IIC~::<J nJlI1f1I(~x n~lr,l" .. illA 11l<·dl;,nis/lls. I\I.~U. if 1.1", so·t "f r,mllulal"d ,·tplali,IIIS



is roulld to I)(~ ill-,:onditiorll,l, tll(: r,'orrlr'rillg !TIcchanism that IVl' have to IIS'~

to m,lkl: till' sd weJ)-ccm,litiune,1 is more complex ror sparse-tableau. for all

tlll:Sl~ rf.'ilSOUS, WlNA is rnllsidl:n:d to he the better or the two.

Numericnl Integrntioll

Till: dilrl~rl'ntilll "'illations forme,j in the '~qllation formulation step arc tllen

PilSSI:rl thrull!!:h 1\ III1IlH~l'ic/l1 int<'gration routine. Recognizing the fad tlmt in

11 ll'/lllsi"nt ILlialysis WI' want to pn......lict V(l + ~l) using tlw alrf'1l.lly known

YI,hws "r V(I) al1o1 lli. (til<' Lill1f~teJl), illtegmtiolllllelilods can Ill' divirl,~1 into

1.11'0 .-lil~~''S' III I'rl,lil"il int\'l;l,mLion llleLhod~, \/(1 + ~t) is ]lredirterl in LI'rms

"f Vir) IYlwl"t, T S I. III illlp1int inLegration, V{t+~t) is ]Jl"cdictl'd illl<'rll1.~

ur VIr} 11.'11<'1"1' T S I + ~I.. TliulIgh ,~xplicit inLI'gration is straightfurward,

it i.~ IIl1sl.ill,I,~ i.". 1I1<' ,'rrur ll:f'w,rat.:d at ",I("II stP.p of numerical integration

t,'llils tu Hl'nllll1i1al,,'. Iklln'. il1lpli,'it integrntion methods are jlreff":'rred al111

im' Ils"d ill all drl'nit ~illlillatur~.

In all implicit illLl'gl'ilti'111 illl;lJrithms ollwr t.llan the tril.pezoi{lal illtegr,l.

tion ill its oriAin,d r"rm 1~'ld'"lIil ,Ind p,.dl'rsoll,l9it], V{I + 0.1} is lJ,'nm'd

ill t"rt\IS "r \'(1 + ill). Silln' II'" Cilllll0t IlS~ largf' timesteps with tile trapt>-

%"idalllll'tlwol. (mun' 'l.bOlll iL in til{' IMer chapters) the other algorithms aw

mlllllllluly 'ls,~I,

,\~~l111It' ,'irnlil. ''{llialiulI~ ,In' in tlll~ ll"rmal form i,e.

;·=.f(r,t)



Hence. I/(l+.1.l) ;sn (unclion tl( I'(I+~I) i.••. /(F(t+~I)I. ~""" It l'{I+

.1.l)) conlains ,ll'vkc 111001.·1:<. whi ....h art·l1.l"lilwar in 1Il'lSl ,·as,.,., lit-II""II...

cqua~ion "her ~lw inll'STi\lioll s~"P is (ill lllust "f till' r;1S•.,.jllolllilll'ar. S...

now we !Iced a linearizatiull sl'~p tlJ suk,- I ho",' "'lllll! i,,".~.

Linearization

N,~wtnn·Haph:';"II(NIl)f'IIWli,tlH.1 il,·r;tli..u is th"lm,sl n>lllll1l,n!y lIso~1 "I"ll",,!

ill linearization IKr,'ysziV;, I!]s:-:'l. 11'-1"<' il is llltn"III"I'c! It.\' ('''"sid''l'i!l~;1 sill~!"

nonlinear C'(IHHIUlI,

Expallsioll uf !J(") al","1 il I,,,illl '\' ill 'Iilylur ",·ri,.,. Blld Slllts'~1'1t'1l1 ....

tlllItioll of <lilly lirsl "1'.1'-1' 1,"TlIIS g;v,'s,

il(""l
1':::/1,,--;-

!It",)

ThiSSIiIUtt'Slsth.,:;t.. pWll.·.·"rikr;tli..llSl,,' ..·

(n'l I !/(u'J
I' :::u- M

Ihl,(v;,/iI"" ]

iJYr.fVi 1/iJ,'M

I~,I·IJ

I:!.I.",'

f:!.I!iJ
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E'Iliation :Ufi ,Idilll's the I,-tll ih:ratioll of the !\cwton-Raphson scheme.

Tllf~s" it"filLi,,"s ill'!' "arricd 0111 ,It each timepoinl of transient analysis and

thl~ r<~.~llJ1'lfltlilll~llr1''I"ntions solved to predic1the value al1imcpoint {t+6/},

Linenr Equalion Solving

This Sl't "f lilll'ilr "'I'lill,iolls (E'flliltion ::!,lfi) ran now be solved hy Gallssian

EJill1il1li1j"n or I.li d'~·'"np"sil.il)n. (;anssian diminatioll heing: a well known

I,n ...,~ss II\n'y.~1.i~. )!!"';,'ij. w,' d,·.<crilw til<" other one.

l:;vI'n II so,t ..r lillt'l,r "'Illation A.r = b, SllppOSt' we Imve a way of fadoring

lIw ,..",lIkt,'nl. lll'ltrix ,\ illt.. 1.1l<' pr",llIct nrtll"o matrices. L allll If, which are

10\\"'1" ,Il,d npl','r triallgillar l'l"Specti\'cly. Tlu"n we have At =LUx =ft. Now

loS SI'tlill,l; /i". = II. w" ,'Ilil .<ol\'!' til(' triaugillar system Ly = II hy forward

sul>slillll,j"n <tnd th~'n ,',llI '~l)I\'I' t/le triilngular system Uz = 11 by hilckward

.<Il),sl.il,nli"n. Th"f(' l'"nl{llH; nWlIY ways tilt! matrices L anu U are chosen, a

IIniqlll' "huin~ 1',111 h,- 111M],' hy m,lking till: diagonal elements or L 1111(1 U I.

I\lIy llll<" 1I( til<' twu Illl'thnds mentioned above can be used for solutioll

uf t.11l' liW'i1f ("lll<tl.iolis. The .<ysl.em of t'lilioltinlls heing inherently sparsf'.

tim"s.

Thi,; ""III'llld,·,; lll<' disl"Il:<sion of the algorithms IIsed ill lrans;..nt analysis

ill SI'H'E:! l.\·lw :<illllllat"r:<. Tl\l' IH'Xl and tlw final section discusses the

;lll!:oritl11l1S US"<I 1,.\' lilt' slal\·-of-Ilw·lul simulators Lhat provide remarkable

:.!li



speed. illlpro\,(~11I.mt in llonlil1l',u lr;lllsi,'ut :l.1I;llysis lISill~ n'l\"o·1 ;,I,:,uritlllwc in

t:Ontfilst lo the {"'()lI'\'nliolla] algorithnL" pn.'Sl.'nt.,1 0111'1\1'.

2.2.4 Third Generation Simulators

The third general ion sirnlllat('N ,·anl<.' up \\'ilh tl1l' S"IULi'lIIs "f till' l\'~l St'·

\'ere ura\\'hllcks pr,oscut ill .:ircllit sil1llllllt"r~_ First lIn' it,-r"ti\'l' illlillysis

algorithms IIsffll ill tJ ...m brin;;s ,lu\\'11 till' ':OlllplltHtiun;ll ,'ust of lIulllil1"ar

transient ;1I1;llysi~ (null ()(N II.I-l.r'l) ,IS ill "irt:"itsi'lllll"t"rs lo'()IN), Wh'·l'.'

N is tli.~ lllllllb..rof ril"'llit m,d,-s.

Sccondly using '''Illatiun dl-'Olliplilig (fil"!lt ;lItrtldll ...~1 ill lilt' tilllill,C, silll-

cess. Tht'lll' two itdvantil,&'~ m..,ko.' tllt'llI slI]wriur til till' n,li;,],I .. ;111,1 ;w,·,u;,l..

StrOOlid J;'11t'l'atioll simlll;,lllfli.

The rc,-i,'\\' of this dass of sillllllato~Cilll I... ,1mit' ill 1"'" \Yays. An.. ,nlillt;

to the lirsl ll)lpml\ch. the silllillat..rs COli]'! I... IowlJ,!:llt Ill' I,y nail'" ;m,1 till'

m..thods uS/"(1 ill lhtllll mulfl he IIwlltiom..1. TIll' ullwr war i1> to IoriliR uJlll ...

characleristir algorithms ami ,It~.-ril,.. LJWIl\. 'I'll(' So'n>llfl ;'1'1' .." ....11 1oI"IIlS tu

he more rd"v3111 IH~r", alp;IJritlllw, I.dllJ; IHun' ill11lUrtalil tll;oll llll' "illllll;,t"r

itself. Hcu('f' this s('r'tiull l'nn""nlral,~ Ull the f:harant:ri_~til; ;dA"rilllllL" IlSt~d

by the third gClwratioll simlll;,lor~ lo spl!t·d lip I.Iw trausic:llt <lll;dysis.
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Iterative Timing An<llysis

III il'~I',\tiVf~ tirllillg allalysis /ITA). as in circuit analysis, a numerical int.egra

li'lll S('JII'IIlI~ ,:nll\·,~rts tlll~ difr,~r(~lltia I L'(luations lo nonlinear e1luations; bUlthe

mclhod IIs.!d to solvl) tlll's,~ llulllillCarl:'lu:l.tiollS are different; these are llonlin-

lJiLr Gi<llss·,laeohi allll lIunlinc:al' Causs-Seidel. These nonlinear COlllltcrparts

ur lllC' tw" wdl known it"riltiv,' 1lI'~lhuds (GillISS• ./ac:ubi and Gallss-Seidel)

ll\r,~ys~i.;, I!/.'~~j 0p"I'illc' "11 til\' IIOlllil\l~iLr 1"lllilti'lIl I,-vel. i.l;', the Iluillinear

"qllatir",.~ f"nllI',1 afl,'r tile' lltllllinc',u' inlegratioll step are solvpd by the NR

1I11:thud IItIlI tIll' suh'c'l! villlll's ar~' iterated till cunvergence.

'1'111' Gallss-Seidl'! algoritlllll can lJe more readily discllssed fro111 0111' pre

violls disf_lIssion or liming simulators. As desc:rilJl:'d before, in 11. timing

SilllllliLliou, ,,"ly Clru: rdm:atioll it,-ration is dOlle arter the equatioll decou-

plin); Slql. In I,IU' IIUlililll.'lll" (:allss-Sl:illcl approach however this relaxation

ikralitlll i~ ,";,n'ic',] uillil <"HllVc'rAl'IKe ,Ifter the f'fluatioll decollpliug step.

Nnllllrll'lIr Galls.~·./ac'Ohi clirfl'r,~ fl'Ol1\ nonlinear Ga.uss-Seidel only in one i1,.~-

1"'l'I.. nc-rl1rl"iJl~ In lllt' EquiltiolJ :L"J, "i is c,dclllated using nodI' vollages

Till'S,' ilc'raLion nwthllds Hr'"Ulllll fur I.hl' rl"dllct:d complltatioll,ll fosl of

third g"lIt'riitimr SilllllhLtors. Tlw l"omputational cost of both these melhods

COllllJUtfitiowd cost .... O(n) (2.18)



where 11 is the !lumher of lllld,'~.

SinCl' tlwy art' itl'r"tiollIlWlhods, llwirt'tlll\"l'r1;"llfl' prnp,'rlil'S ilrt' illlpur-

tant to llS, These nonlillt'ar 11ll'thods lise Nil ilcrati,m OIS disl'lIss"d ill 1.11t'

last paragraph. Say, ~hc set of lilll'ttr '>(In:ltiollS fOrllll'fl arll~r tIll' NH il"I'llliulI

is of form Av = b, Thl'n the jln-S"lle!.' I)f Iliagoll1Ll dominant"!, ill tilt' matrix

A gives it ,~IlFfir:ient fon,litioll for the r:'Illvt'q~I'ILO':C"f l",lh "f t1lt·~" Illl'thlllk

1!J841·

to a dass nf I'dlut/tint, t.",·llIlil[llt's. i,,~. lIll~Y rda:,,; tIll' ar':nr;ll:y uf ~tJllltioll til

spt:t'd up the simulation pl·(Jn'~s. Looking hark, tilllill/l; silHnlalhm was 11l1'

~rst. in llsing the rda)(iltion t,'dllliqll(~. wilh the liS" of '~'lll<lti"n d,',',ml,lill.L!,.

Waveform RehlxHtioll Techniques

lIiqu,:s at the nonlillcilr "(I"atioll I,'wl. Wawform Ildaxatiull (WI!) appli,'s

level we ilrc dealing with w"wf"rms 1',.1;. "I(l), l'l(I.}; ;1\,,1 Lll<' ro,l;,x;d,i'lli is al.

the waveform levt'!, henn' tl,,: 11"'111' \\-a\"'("1"I1I n,l"xati"n.

equatiolls

}l = fl(.t".l:l,lj,
i~ = fA.I:"x~,lJ,

'l!J

.I:,{O) =.l:ltJ

'''110) = .r,~1i
('l. J~J l



The fjr.;t (."(lull.tion iJ'l .!101ve<1 M!ltl/llinr; 7:2 La he collstAnt. hence redllcing it to

a .liffl!~lItial '~I',atioll in .tl(t). The calculated value is USL-d in the second

~I'latioll and tllO' Ilr<JCCSS i~ repeated. These disjoiuted (now single vari·

ahle) dilrercntial N:1"ations arc then solved using implicit integration and NR

iteration as ill ColtvclItiona[ ,simulators. As in all relaxation llletlI()(!!I. the

I:OIIW!rgl'ure nf this melllo,1 is linear ILelariUill1ee et al.. 19821.

Event Scheduling IllId Selective Trace

Thl.' I'fill,.i(lh~ h;~~ 1J"'!lI aln'<Hly ,Iiscussed in fOlll(!xt tl) the logic simulators.

[n th,~ lhird l-\"lwrllLioll Silllll!;Ltors, this method is allJllird at all types of

siltllllal.nrs,,'vl:n tin:'lit siltlillators.

Table look-uJl models

tllti,," 11l11l.~,:s."'1rY at ..wry stl'(I of the simulation I'ro(,."CS5. We hll.\'t~ Iliscllsst.-'d

this allp ....l<.c1l 1IIr.!:uly ill tIll' I:outext of timing simulators.

B.·for.' stll1uning UJl this section, let 115 note Olle point· t11t'Se thinl gen

eration simlllatoTll carry 011 IIlIe [imitation that was inherent ill timing simll

laLon<. Tllt"y stilt ....~_~1ll1l1· it ";ll'a,:itor .·Ollll(,.....te<! between every lIoelt" ,mel the

grulll111 tlr illiutluor Illld,'. This I'rop..rty is gCfwric in ~iflllliator ... Ilsing I~U"·

ti,," oI'·'·lllll'lillg L'·.-!llli'lll"_'. But MOS circuits, ror which these simulators

Hrt' 1Il1linly inlt'llIll'Il, prlwidl' that by virtne of having parasitic capacitances.
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Hcnce the assumption is ju~tifi..·.1 ;11,,1 tilt' ,1''fOllplill!; mdhu,1 Ihat ,·mln...

(rom this as.~llmption pru"illl'!! fa!'1 "nuugh Si11lut;llil'1l 101 1m.,',. till' 'I1Irll. ,,(

Lhe assullIplion,

This conclncl,'S tlw rcvicw of tl1l' Lhird gcnl'r;ltiull sillllllaLiun al,r,urilllllls

and also cffectively conchl\I ..~ the r(>,'il"\" SL'Clioll uf this rhal'lt'r. Tlll'tl""'I

opment or tilt' revif'w sl"'lioll 11I"llw.:n st~r;al. TIll' Itlur,' !'l'Iillt~1 .~illllltali,,"

tedllli(lut'S 11;\1'(' 11t~'1l Ill'I~Sf~l1t ... t lIrt,,!' llw pl"l'St'IIL;lliuli or Ltw [",..kj.!,rtllllld IWI

Lcrial. This ..(fort is ltil1w,J aL 111itkill,\: till' 1"'Sl'ardl Iliotl' \Il1,h'rsl"lldal,l.. til

Lhcre,ull·r.

2.3 Concluding Remarks

Tht' Sitlllltfiliun ll'Chni'jl1l'll ",:.... illt,~,uty 1l1<1lllrl'II in thl' !!)7U'l< wilh llll' II",

velopmcnt of reliahlt- allli arrllral,' simulalur.; tik,' SJ'rcE:! alltl ,\STAI'. H,,-

Sf~ar('h ilfll~rwardli :-;Ollgllt t" SI"",,1 lip lilt' sill. :lati,," lor"...- as llll' .·irl·uil

complexily oontilllll..1 t" SI'tIW, TIlt" I't'view full"w...1 LIll' ""IILinllulis rlt,~,·lup.

llIt'nL of simulation L~hl1illlll'S from TAP ,Icvdnrltltl ill l!.IfiU's L" SI'I.i\X ill

1900's, POilllill~ OlllL11I' sali"IIL fpatllll.-"i "f ('aeh tl,·wl"IIIIII·IlL. /\ft,'r f.ullitiar·

izin~ the reader Lo the snbjl'd of VLSI r.in'lliL Sil1llll;aLi'lII in Lhis dlal't"r, lliis

thesis will now COnl'p.I1~ratP "II tilt' fllllsI~t :LJlalog IIl'lIm] ll<'lworks f"r wleidl

lht! proposed sinllltn~or is huilt,



Chapter 3

Pulsed Neural Networks and
Our Approach

3.1 Introduction

Ar'tirici;d Iwnr:d IIt'1.w<Jl'ks iW' biologically inspired. In a nervous .~ystem,

""'IIY!II.-' ;,,:l ;IS 1,11l' ImH"I'.~Sllrs :llId tJH~ :>yllUTJ$fR work ,.s the rOlllll,,·tillg lin its.

\-VIi"1I ,~x("il<'d a!JnVt· :1 pn·d,·t"l'mined lhrt'slJOld, biological lH:lll'OIlS fiw it

puis,' <1111] th"ugh this prun'ssillp; power seems ~xlraordillarily sirllpll~, WhCll

n,II,-clivI·ly ,·<>lIsi<l,·,.... 1. .!!;i\·,·s ris .. t" a romputing puwer far hCylJlI,1 tlH' mach

ur ,'\','11 till' must lIllH!"f1j nHllplll,·rs. Artincialllcul'a) netlVorks imitate these

l>iulop,kal 1ll'Lwurks in s,·ar..h or tll"l CllunnOllS romjluting pOWl'I".

work), 111'111'0111' an' simpl,' pmn'ssors alld syllapst'S an' the wp.ightt>d cOllnec

tiolls by whidl tit" lH'l1I'<lIlS c'ltl1.ml I'lwh other's ;\ctivlty. The syn'lpst"S can

1,., "itlll'l" c,rr·iI.U/Of.t/. 1I~,'d hy DIll' ll~'llrun [0 "x"il,~ another, or illhibilol'Y,

1I~.',1 h.\' ,)lll' Ilt'mOll ttl inhihil '1l1other excited neuron. Pig. :l.1 shows the



conventional IlIo(!t'ling or tlli~ topology.

Hl'fl', the ~Yllaps('s ilrl' mluh'bl n" ~illlpl,' mull.iplicati"n fi\l·t"r~ 1.0 l,h,'

inputs of a neuron. Cxcitlltory SYIH1I'S"~ "n' ro'pn's"l1t"ll h.v """iLin' IlItll·

tiplication rador". II'h,~n~I's inllillitury Syl1ilpS"S art· rCl,n"'''"I..·,J 1,.\' 1H'~i1l.i\",·

rlIultilllicatioli r"dors. rlln<:lionally, the llClIrOll is divid,~l illtu tw" Ifllrts,

snl11l1lt"r Itnd IlII ar.tiviltioll lI11it.

riglll"l' :1.1: t\ 11"111'''11 al1<ll.lu· '·"lllu,,·I.,·,1 syuill'."·.'

t\"sllming th.. il1J1uL~ to t". f, (i '" I."l, .. , II), witidl ""Illd I... ""1.1'111.,, "I'

oLhel' lIt:urOIl~, '111,1 tite syllal''''''' L(, 1)(: Jrllllt.ipli<'1Ltiuli f,u::tol·" ..rvalli,' :":/i Lo 1.11<"

inputs, neuroll j adds tlll~ prcldlldl"rmS tl/ pruduct'" "1111I "r ,.,./ '=' >::~I .\,1,.

The activlllinn unit nUl I... 11I",[,·1,,<1 I,y a thresh"ld r1lu<:l.;,," "I' " si~ru"idld

function or the rnrlll



iug threshold functions will product: digital outpuls, whereas lleurOllS using

.~jgll1oid;d flillcLi()Jj will pruvl,ll' culltinllolls, analog output for a range of S'j

villlles.

1\11 illt(~rl'stillg prolll~rty ur till'S!' networks is their learning ability. The

lIlultillliratiou fildors (hy wllidl the .~ynapscs arc modeled) are traditionidly

ca1!l·d tIll' wr:i.f)"',~ or tlll~ .~ynllps~ and lellming takes place by c1mngillg these

1I',~iJ,(llls. Thruligh tlll~ 1'~I\1'llin,l1; Pl'Ol'l'tiS, till' 1l"lIrons learn to prndlln' ,lesired

ullt.flllls ill fl'Sf!<!lISl' tu all arbilrary input, which gives these networks their

pllWI~r.

IWI'visl:d lparuinl!: n,·tl\'urk.~. lInSlllWrvised leaming networks an' I associative

1lI1·llllJrie.~. hi a SIlIl<'I'viSt·d It'1l!'lling lwtwork, tIl(' Iwlwork is Ilres,mtf'll with it

1"1111.''''11 sd of illlllltS (clIllr·d Ir'/I'dIl9 ,~(1/(llllc$) amll\lso th.· desired outputs in

l"!'sl"'ns,' to tlluS" inputs. Following II II'arlling rlll.~, tile network nmtinlll:S to

I"ill'll tilt tlH' s11l1:\" Ill. whit'll il ,I""s tlot nmkt' allY Illort' mistakes in !'l"I'ljictilll;

til<' "lIl'l'lIl.,~. /I'I,'J.·!,I~'II(/!lIII;'HI .Vd... ilfl~ OUt: example of this kind of nctwork.

Afr."I' till" 1"ll1'lIilll:\ is "\'<'1', llre Ilclwork i~ pnt inl" ]>l'odudioll i,e. random

iUllllls are now prt>senll'tl alld ll\l' lll~twork glW~Ses tht: output wilh th,· help

or already leMllO'd wl·ights.

Tlrl' 1I11slljl"rvisp,1 1I',\I'IIillg jlmH'SS {lilrcrs (mIll the sllpt:rvis(~d If:arning

I'runo;;" dl'll"artf'ristiGllly hy not presenting 1m)' desired olllpllt (to the nct

II'tJrk) a[<lllP; with tlH' I,'arning sarnpll's. TIlt' <tim or lhe llctworl; hCI't: is to



group th~ inp\llS inlo l1wHningfu! c1ustNS. In ~"i\rch of lIlis gila!. it USPS mu

1.llal inhibition. Le. till' most oll'ti\'alt!t! I\euron tri,'s III sHllpn'Ss till' ,,1111'1'.~ 1,,,

identify 1.111" input to Ill' ont' uf il.~ O\\'ll t:1IlSI,I~r. TIlt' n'pn'sPIlLal,i\"(' lll'lworks

are 1/IU:lllci. AflTallt! tilt' 11"lw/,,·/I'.< "dlt'fJrk.

Associ,llivt-' Il\t'llltlrios tfa,litioll,dly ,:an he s"paraL,>,1 fnllil 1.1", •• llwr tw,t

dasses by I.hf' USt' of fix,"! lI"!'ip;hLs i.l:. th,,'y hanll.\' Il'arn. '1'1",.,,' Ill"llluri,'s

Ciln bt! 'Ultom':HwiHti\',· lit" III'1proaSSll,·iativl' ill IH\lun', i.p. wht'li Hli illl'lll

prt'scnlf'tl is t:!nsl'r to :ri I,hall Illl}' "th,'I' stun',! pall"flls, it '·ilil pt',,,llIl"t'.f, itS

Lat\'r, w!!il,' ,list'llssiIIK t.lll' illlplt~ll1I:lltiltioll 'If sl,,~t'ilk 111'111"11 Iwtw"rks liS'

iug the proPOSt:l! topology, SUllI,' of tlr,'st! Iwtworks art' di:wlIss"d ;l~ a ~l't'iIL.'r

length. Here, howc\·,~r tIll' rOIlt:l'lltriltiuli i.s 011 illll'll~lIl,'nti\ti"lls of 1Il'lIral (wi.·

works ill IHl ...lw;ln~ IIsing it IlUlsl·d illla!,,/!; al'pl"<",.:11 ratlll:r tlHlII lilt' ,·!tarad,·r·

istics of il spedlir Iwtwurl,. The El!illhur/-lb 'lIIiV"I·~i~y Vr.SI 1Il'IIrai n'lwan·h

~lrcir approa,h is n'\lil'\Vl'r1lil"s~ 1,,, ar;t[llainl,llu' (,,'ad,,!" with tllf' d,'vd"I'IIIt'IlJ.s

impleml!lIlalion of llt~llral Ilt,twtll'ks is pfl~St~nLt~1 at It:lIAtl' ,tlltl 1.111' s;.li"ut

characteristics of it will 1lt' hi/-lhlight(~d. '1'1", silllllla1."r d,:st:ril ...,j ill tllf' 'I"x1.

chapler m:p!nits th,:s,! ch,.r" .. LI~rislil:s t~:<ll'llSi\lt'ly.

;1.')



3.2 Review

III 11 biologiGl1 nellral IId\\'ork, the rH'Ul"lJ!lS "olllllllluicale with t'ach other

t.hrollgll w:ti(JII lmlr;lJl.iIIL~, whirh are pulses. A biological IIr.UTOll ~ollsists of

(flur maj"r parts - <:<:11 hody, axun, delHlril')); an.1 pr,)synaptic terminals. The

;,cLiuli JlfJtl~lILial is gt~rll~rall.·11 by the cell body and is tran~rnjlLl!d lhrougll the

'1.11111 lll;,( ill llll'll divi,l"s iutu 1H1:.~YIlt'lll,it' ICI'lIlillfll$ itllfllnlllslIlits tIlls pills,·

l,hl'UIl.l!;JI sYIl<lp.""~ 1.0 lilt' l'ustsyllal'lic ll'l"lllillais (Ilcndl'ilfs) of ollwT IWIlTons.

TIH' IJlds"d 1I,'uri,1 lI"l\\'<Jl'ks liS!.' this idea to rcprt's,~nL neural outputs "s

JlUbl'l' ill ,",,"1.I";ISI. ttl till' "I>III'('II1.IOn1l1 ;lImlul; or Iligitlllll('llral IIUtplltS. TIll'

lulvilHlll).:;'·S "f tllis 1Il'l,roi,dl [liIV,- he"11 dis"'lssl"llwfon,.

III LlII' l;L~l ("I\' ,Will'S. IllId..1' tlll~ 1"l"II'rship of Dr. A, F. Murray, th(' Ed-

IlIlmrl!;lI 111lil','rsity .tl;rlllll' hilS 1(I(Jk,~tl into scvcriLllwllroli and SYlli1.pSC cirruit

llllHll'Is f"I' dlki"lll llllpl"llH'lItalioll or J1('llmllll't\\"orks In pulsed analug form

1I1lI1 ,llsu at LIlt' 1"i1l'lIinp; ;\sl','ds of till' neural nelworks builL 1I.~ing this ap

prn'lI-h. III lhi.~ .~l,,·tillll till' progress mad!' by thcm In til,:,!;!' arl'IIS OWl' tht"

Impl"IlI"lltatioll "r Ilt'liral lll'lll'urks III llar<!wan- aims 1.0 Ilrhi,'\'" 1l (t·w

).\,,;ds. ~·1illilHiz;lliuli "I' sYliaptlr 'In.-a is une of thelll, Another p;oal is to

illlpll'm"llll,11<' mllltiplirll1.i"n and tlll~ mlditioll IJI'OCI'SS (Refer to Pig :J,[) in

all "lIil'il'lltIlHlllllt'r, i.I'. rt'dlwiug th.. lwllroll sliUldard cell area, Tht" followillg

,[i~('lIssi,m 1'U1ltillllaly n'f,'rs tu tlws,~ is,~Il<~S Lo I.'I'a[ll<1.tl· tIll: dfectivl:IWSS of tilC

111~,;i~1t 11l't'isi'lI1s I1lild,' hy IIll" Edillhllrgb gnlllp,



3.2.1 Synapses

SYIla.[IS~'11 (urm 011" or Iht' ~I\'" h"si,. hlliloliu,!!; hltll'ks in all}' 1ll'lIri.l Ilt'l.l\'"rk

iT1lplcmcllti~tion, Sinn' '~lll'li 11O'ltrctll in il nl'l,w"rk II,~''S s"I','ri,] S,"Ui'I"<;<'ll t"

(OUtiect to the llLlwr tll'urtlns, tit<" syu;lps,'s douuitlil1.1' h,\' tlllml"'l's in illl)'

neural network, 1I1~lln'. an dlicknl ami nllllpitri illll''''tlIt'tLLatiun or tllt'llI is

an ab.'IOllItl" tltXt'S.~ily. '1'111' s}'lIal~" ,1t.,;i1,n dHUl~t'l' ma.I,' 11)' ll.is ~r""I' uwr

th" yca~ rdlt~'L.. Hll'il' ,·I(url in ",'lIit'viu,!; this l.<lal.

TI... itlitial ,I..sign "r ~h,'ir :<)"I1i\PSt~ 1ls<..1 ro'J;i.~L"r.4 Lt. "tun' tlU'S)'lllll'ti,'

weightll digitally 1;\'lllrray llllli SllIitlt. IHiHi. TIll' lir:cll.it ..rLllI' "",,,llt ,ldil"~1

tht" t!i\ltlr,' or till' syliapsl', i,t', wlLl'tllt'r it is "Xl'iLilt"r)' "r illl,il,it"r).. TIlt"

pltrpOSl~ or ttll' oll\l'r I,ils l';tn II" "Xpl;L1IWd as r"t1uws, SOl)", fur i. I'itt'lint[;,r

synapsl' tilt' lJtllt'r I,its or Uti' II'l'iJl;lit aw 1111; LIl\'1I if lbilL sytli'l'SI' fl'n'iv,'s

inpllll."lsl"S ill a f"'''I'Il'n,y ,,r f, it was ,11'SiJ.\llI .. ll', 100~SS (I,:!-I -I- 1.1- 1 +

o,:r~)=i.'j% llr LI",s,' ]lIlISl'S, TIll' Ilrilwloack lOr Lhis ,It'Si,e:n WiL~ tl ... liS" "r

Tht: SYllapSl~ th;,t rl'l,IIII'I',1 t1WIlI tlS,"\ i' lillll'-t"",llIlati<Jll t,,,'hni'llll'!i\'ll1r,

ray awl Smith, lUS6j, TIll" tt.·dmillllt· Gill I", l'xl'l"illl:<1 iLS r"nows, I.'·l tl...

inputs to tl\l~ synapSI!1'l h<J pulsl::! uf lix"d willtl, lit a".lll( rWII'",tIl'Y f. III this

iH1plt~mclltaliOI1, the jJlllst, will~h fit ~ds lilll:llrly tll'i1t.ipli,~,1 Ily LIII' '''Ylli''I/.~''

wl~ights S,), \I'ht~rt' II ~ .'ill ~ I, 1'11'111:1' till' Imlsl'S ll,at ai/1m", III L111' I",stsy·



'lItl'lic lennimtl lOf tilt· ''''"111"111 are of vilriable lYidtl, S'rdl and of frequency /.

TillS: synapses an: c1t:s;anl CUlllPilrl..>fI lo lhe clumsy controlJiul; mechanism

of till: 1,,..:viuliS ,l'$igll, lUI,1 "Iso "lIow one to use an cfficient current sum-

milll; t,:dl1li'pwlI (,I''Sf:rihc,llatt.'I') on Ihcir outpllts, bllt ~ach of l.hcm used II

lrllllllisllln; so lll':y w"n' still IIw:ronomic,,1 ronsidcring tht:' t'normOllS numlwr

TIll'ir 1I,,\\,,'St ,f('~i).\11 IIM'S i' fuur transistor S)"IHlP5" Lhill impl"llwnts lilt'

pr",llll't LI'rBl ....·,,1, IIsill,L:; till: MOSFET ~qllalion ill lht' triad" region. TIll'

s'lll;ln~1 ll'l"1l1 ill LIlt: MOSFI:.:T "flllaLinn ill 1:limillaLNJ by proper choice of

trilll.~isLm !f ratios and llll' ,lrain and gill~ voltages. Tllf:S~ synapses also

;,110"' till' I1S" of II nlrro'lit summing t.cdllli(IIlC ;1Iul ].j,ODO of tllt:lI1 can ht:

illll'l"nl<'lllf~1 in It Sill~I,' ,.]lipIMurray. l!.lfll).

,\11 UIl'S<' tl''Oli.r,ns sh;.rr surue "')IIlll10n chilrl'lclt:ristic.1. The)' an- alldro,;-

Ylltlll:l. i.l·. t1wy lI.W aill1t~1 111 implement both excitatory anrl illhibitory

i'lyllal'!Il'!'i. TIIl'Y an' lill"lIr in Il"lllrf' itll,1 also auto-i'lclI.ling, i.e. tlK-y Allow

;tll)' lllllllllf'f "f :lYl1al'~':l In IH' mnuf-'r:ted to a particulAr l1~lIron.

3.2.2 Neurons

'I'll<' n,'II",1I dt'Oli~1I t'llllll,::;.·d ""lItilllll>llsly l" ill'OOrlltllotlatc the rlHUltrS ill th~

i'I)"l1"IIS'~ ,1,'sigH. N"IIl'WIS Ml' r..lltti\·o..:ly fewer ill llumber in 11 !leural network

alit! ht'lIl~" an: 'lllow('c! to hl• !;Irg,'r to llSI~ !lIMe efficient multiplication and

StLlllrtlillinli It·l:hnifl"ll'll.

Th,~ lirsl ,If 'SIgn of llll'ir Ill'Ur'ltl wa.:> ror the digital lIyllapSt:ll lUll! i1 worked



tt.'rre:lc~rlt...1 tilt" lWllr..1 ;,<.:til';\li"n 1:\lurray d 1'1.. I!IS71. TIll'ir """,,,111 ,l,.,;i~u

WiIS for LillII.' 1l10tl1l!aling syn;ll)s,~. t\ simpl,' mh"I~" "'U1lr"II,~1 ,,,,dll;,I,,r \\";,.~

used ilS \he llcurOIl in this <.:a",'. '1'111' \'ollilp;,., ;1'TllIllUIOllt'd ill til,· p""t".I"Il,,!,l i,'

llO,!t·, hy rlrrn'nt Slll1l1l1ill.l!; nf th,' tillll' Itl,,,I\llat,~1 III.~""". Will' 11"",1 1,. ""'11 n.1

tl... firillJ;r;,I,· ..fll .. · IIt·'ln'lIl;\l"rr.,.\· "I ill .. l!ll'il'il. 111 ,IIt"".,,,1 1" .. ·.·111 .I•.,.;~tr.

all UI"~I11" "irnrit i~ llse,,1 "I' l'", llt'lln'll fur 11ll' f'"1r \l'OIl1"i"lo,r ~~·It.ll'''''''

op-alllil firt:llit, wllidl inl'i,I"llt;,II,\" al".. !,rm·id,.,; tl,,' .~iJ;I'II,i,I;,1 1l,,"lirr,·;,rit.\,

Ir-1I1l"Tay, I~)!lt I.

3.2.3 Programmability and LCill"llillg

lI11lt ;.11 ulf·chip I""ruing ,,1'1":1111' ....ul,1 I... 'I.~.:<l I.. train tl... l1I. TIlt' lir"t l)'I'"

n( .~yu<lpsc user! I'I'l::i"ters wll"n';'" tl,,: s"':uI"l alld tlrinl d,:si).\ll II;ul nLp:<,·\I."r"

presellt ilt lhe weight terluillal su thaI th.' wl:ip;hts ,:",,1.1 10,- dllllq...d ;11,,1

pcrio(licillly r..(ft..".]" ..1 for liS" ill 1,·;cruillJ;.

1\.·lurray 1:\llIrril)', 1~'9::!1 .I.""nil..", it "lLn:''''-~(1l1 ]";'l'uilll, "d1"It,,· "I' tll<'''''

Iwtwork.... ThuII"h ]';Il·kl'r"I'''.I;;".~>II i:o tl ... u~,"l I'"],,,htr ;t1,1!;"rillllll r"r I,·.. ,,,

iug, it rc~lllir~ a ,:"mpl,'x wl'ip;llt 1I1,,1;.lill,l!; .~rlWlllt' .. rrt! ]"'11"" is lluL ""iud,I,·

for harclwarc~ on-chi" l'~ilrtLilLg. CllllSl"pll:lIlly, a variatj,," uf I.J".k''''''I';',I!;;(·

lioll, wilh il Sillll'k- w,·i~ht 1I1"I;'liu,:, "dWlrlf:, 11a.~ I,,~·u d"'Sf'1I ;t." tIl!' ],·..nlil1~



alWlritllln.

TIl<' 1'"lsl·d ;tpl'rl);lI'l, 'lSI'S ;lIl;tl".~ drrllits ~hilL inhenmtJy slIlr.·1' frol11 noise

pl"nl,I"1I1S. C.mlrary ~o 1I"l'lIlitr belief, ,lilrillg the learning pha5<~ this liaise

is n~I'0l"l"d Lo "111';1110' till' I";lruing [Murmy. 1991]. In backlJrOpagatioll typ"

;d~"rithllls l)w weights an, taken to lhe glolml minima of the error spare by

J.;\Iidill,t; tlll~1ll wit.h till' lI~t· fOf • Il'arnillg rlllt>. Ollring this prot:p.ss. the weight!:'

telltl I." gt't sLllck at lll<' I",';d IllillillLlI.~. Jlljc<:tioll of Hoist> n:porl,',!Iy lwlpe<J

llw w,'ighl~ t.tl slIl'\'i"" 1.11<' I,)<";d lllillilllilS in ~Ilt' .~rrol" span· til us dr''''~i\'dy

(:oul.rary t.tl t.his ""uvl'lIli"lIal approach of IIsing liucal' synaps~s (lO stick

1. .. LII<' 111<)<11'1 as in ViA. :1.1). ollr approilch is lo IlS(' nonlineilr synapses.

tI"IW", tlll' n'lilLilJll~hil' u( til<' CUlltribtl~iou of our SYIHtpSl?S tu tIll" weight

\'oltit~" is ll"lltin,·;,r, ,\ b" ullr ,'xritatul"y illill inhibitory S)"Uilp:WS haw llt'l"lJ

1"'llr,,n "il"'lIit.s ;lIld '"ll" 1"'01)1,:;,'<1 tupology is lhe focus of lhp. Iwxt sedioll.

3.3 Our topology

FigUl"l' :l.:! shows till' 1,I"'lIlsistur 1...",,1 d'''!ligll or ollr SYUllflSl"S, Th,' ~Xril"tllfY

input \-~r( \';,,) fOI" "xritlll,ory(iuhihitol'y) s)"napse~ is a ~rit.'s of 1'"IS"'5. wlloSto'

(n''I'"'!lt·y n'lll""!l"llls tIl<' iupllt ,·xcita~ion. The weight voltngc VOUI determines

Ill<' ,,If''''lil"l'lI''ss 'If tIll' S,I'UlljlS"S. The ot.lwr inputs to the synapst's can bl"

·1Il



bt'sllln<!crstOOtl in (onlt':.;l. I" 1,111' I,lll'tllugy Ih,,1. is I'rt',wlIkd in Fip:. :1.:1.

FiJ;. :1.:1 sho\\'~ Ilu' ~~·llal's,,,,. 11'llidl al'~' ;111 ,':,;,·ilal."r.\' ill t1li._ ,1i;l~r"I1I.

COllll,~clt'll tu till' ~':'d uud,' ..f till' 1I"1ll"1J1I. TIIO' \·"Ila~ .. ,Il 1,111" 1:.. _, ",. till'

summing llo~I,' rc.;.·l1\hk·s II". l1wlIIlor«11O' \'olta&,' of tIl<' lli"I",Il,io';'] Ilt'lIrl1l "1·11.

This \"Oltagc arillt"S ill it hiolugkalllC'llrun h'~'allS<'"ftlll~ S<'I,aratillll "r dl;lr~I'"

across the lIwl1lbril.lIC' ll1i\L ar.t.s i<:' a barrier w tIle ,Iilfllsiuu ..f i"ns.

\~" = \.:,., '·mss.,:, llll' llln ....h"I,1 \'"ll'lJ.!;t, \"h" il tir'_'" " puis,' 0,. III OUI'

topology. L111· ""111'0" ill"llJ,i; with firillg: lll(~ IIlIl)ll1t !lltlSI'. ids", lin's;r disd'J<rj,(l'

pulse or 1()lIgl~r dlll'aliull (tllall till' lOllt!lHl 1'Ids.~) til I.rill,l!, 1';II:k L11l' 111':1111'1';11'"

\'Ohilg<, t.u zrl'O.

a lumped CUIllI'0Ilt-'IIL ill fmlll ...r lhl~ n'''t1rt1l1. Olin' illlpl'·lu"lIt,..1 lik,' this, ti ...

Humber of sYllilPS~'" (oI111(>1'l,·\1 Lu it 111'111'''11 is lilllilt"jl,,:I;;lll.'" ',f t.1u' 1'1',,1,1"111

of salul";'lion.

4'



Figure 3.3: Block dia.gram of the proposed Deural network
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This problem i.! tAken rArt' uf in thL' prol't1I>C'l1 a.rrhitl'Ctlln· h.,' ,Ii"trilllltinp.

the membrane capadtanTt· un'r the synapsc'!'. 111'111"1' thi", 1\l'I\mrL: i..~ OIlll,,·

scaling, i.c. any 11l1l11lll'r "f "yll;lpSC'S ,'all 1'L'I·UllllC.,'tl.. l til ;1 spl"'ifio- 11<""1''''',

The \<4~ terminal IIf an I·Xcil..l.lory :<Yllal~ is .."nIllJl·lL.. llu tl ... Ilisdlar~"

pulse output of the nellrnn til which il i.s fl'elling, S.:..dnl,iliLy is a~;lill ;...hi'·\·I..1

by distributing thl' ,lisrh"rgl' transistors over the synapse'S, TI1l' Ilil>,·har~ ..

transistor is also ilt:Si.ll;IlI'llll. lw wi,II~1 along willi ,\ II'i,II'T ,li~dwr.l:,"I"II~,' fn"ll

th.. nelLTOIl lo gUltl"llut"I' alllll!st iIlSI,illll;tIH~lllS di""IIIITl:\I' "r 1,111' 111I'1111!1"1'lll'

voltage,

III a hiolngicltl 1U'1Il"\I11, tIll' lIHljlllt OJ is lir"llwlll'll till' IIll'lIIltralll' vult

a.ge rises enul1gh t" "lh'U tIll' vultngl~gat''ll ,:ll1<1ll1ds to rllsll ill l"o:<itiv" iuus,

Along with tht' ga.t..,1 dl1111ll1'ls. lilt" 111"'Uhr;u1t' aisci hi"" S'/IIIi' 1l1"'·~;lt, .. 1 dl;III'

nels that rnnstAlltly I..ak ..hilrge'. This plWlJlIlIIl'UUn lilts 1''''11 mll,I,·I, .. 1 ill lilt'

excitatory S.... Il"IISC· hy " ~'"kit~I' T<'!<i"titll'''~ that i... illll,II·Ill<,Il<-.1 .~" tl ... tr.m'

sistor with th~ J;i\t,· volt~'-' IIf \tit.

Along with tht'l tYI'" "r 1I1.. ,rllll mWfl ill Fit;, :1,:1, w,· otl..... 11:0>' tWII kill'b

of input nellronlC. Thl~ pulsnl lI1H,I,,& imlll.:lIl1·lIl:ttion r'!ll"irt"!< I,,,ISI..I illl'"tH

whereas conventional 'lI'ural llI~wf)rk.s list! ,1i~ilaJ IIr all ..I,~ v..ltil~'· illl'"ll>.

The input nt:urolls lIT'- 111;1,1 til IHl>vitl,: ll.~ witll 1'111",..1 inl,uL" ill r"SI'"l1S1~ to.

u~er-defined voltage inputs, '1'111' nml·iIlVt'lrtill~ illll1lt t11~IIl"UlIS lin' III a lJi~lll'r

rate with illneaS'" ill WJILi,ge' ill I"fllltrltslt" tllI'inv,'rlitlj(i'lfmt IIl'urOIiS firitlv,



their output spf:cifications r.~1l he foullo in the thesis lYork of D. Bhattacharya

(Bhaltar.harya,I!J!JI].

From tlil' above disi:ussion it is ililparcnt that our design is cell-bawd;

slaw lard cd Is llitv,! IWI'1I ,J,'Sigrll'd to implement the synapses and Ileurons

presI!llt in 11 givell 1I1'urai lu·twork. The iliPllt neurons are designed to be

<Is.·d in till' input );Iyprs, Wlll~ff'aS the stalHlard ncurolls a.re to be Ilsed in the

alii) also th.~ thl'l'Sho)<1 voll.a)!,,·s of the 1lt'lll'OliS art' provided glohlllly.

IIsilig Lllis topuJolU' HlHllwo rhips have bt:'CH built lo dale in CMOS:HJU..1 (il:l

llikroll CMOS t"chuology)lO rOlllirm our IIe5igns. The first chip implements

till' liw st,ulIlal'd n·II.~ - "xritalory amI inhibitory synapse, stalldarrl neuron

,11I.1 l.1w illwrtillg ilild lloll.inl·l'ftillp; neuron, The second chip implements a

!'Ulll"llt lulllr"sMLhl., 11wIIlory ( :1\1\'1). Tlw tl'Still).\: of thcsl~ ..hip.~ 111Iw ShOlllll

(;'\"I)"ill.I'·)"f'SIL!Ls.

In this s",:Lioll our prol'tls,'d (lulsell allalop; topology is outlined Imd the

I ·-1it·lll ,~harild,·ri.~ti ..s of it have hl'ell Lliscllssed, Our proposed SYllilJlSP-S an'

1II1I1Iin,',u' and WI' hdi'~\'l' t.lIlll LIlt' I"arnillg, being essentially a tuning proCI'SS.

will t.ak.~ carl' of <1Ily lloulilll'arity p)"l'~ent in the sy.~ll·m, TIll! synaps.,s used

an' Illln-an,lrogynnlls alld haw h'~'1L optimizell (or their pal'liclll;~r fllllClioll.

TIll' llWP\Js,~1 Ilt·twork is ilnt'l,sl';lling, helll't' the nUll1b~r of synapses that

rllll I", "o1l1ll'l't"d tu ,1 l11'llml1 is not limited by allY l:onstrainl. Last)y, tht;'



approach is cell-based to allow lIS"rs to illll'll'tIlI'111 a 1Il'lIrOil n.-twurk llSill~

lh..,;e ('clli'i \\'ir!lOHt hOlh..rinr; aloolll lilt" lr;lI\sislor 1,,\',·1 .I'·l;.ik

3.4 Conclusion

This section intro,lllct.'li till' r'~ll,lcr til the puls,'tl ;ltlal'lft '1l'l'r"ad, "f impl,"

owntatiull of 11l!llral lu·twurks. i\ hri,·f rt,\,irw ur lU'llrallll·tw"rk tlw"r,v hi'S

be\~11 [0110\1'".1 hy II "UH\"~ll,i()wd p,ds,'d al1al,,~ 111'1'1"0"':1. IIM·d fUI' illll,h'IIl"lI'

analog apprtllll:h in 111t' last 111''' dlallt.:rs, tilt' IWJ(t dl"l't"r will jJrl'S"l1t till'

rcatler Wilh tin' d.~i&1I l.wI,1 ,I"l;tils of til.! llilllulal.oll' tllat h;L'l IH't11 d,'Si~1U~1

for ollr prop...s.~1 Pllllll'\l .1Il1l1"S tupolog)'.



Chapter 4

Simulator Design

4.1 Introduction

(Jur lIl"liy;~I,i"lI (ur tlw ,t,·\',·I"IJllwlIl of lhj~ silllulatur ill rn.~l hf'haviorat "im

1I1;11;ulI ..r "liT JI"ls,,1 au;,I,,!; h'IJoUlug)'. COIllllll'rcial circuit simulators lik!.'

IISPICE ta!.:l" l'rtlllUtl '1lII11irml.t~ for 1\ single simulation fUll of ,"'t'll it small

1I"ur;,] Ilpl illll,I"IUI'1I1,tli"n IIf unt)' <1M synallSf'S and ;) Il~urons. which is frns·

trOlling aL lilt' dt'Sil;ll sta&l'. Ag1\illst this backdrop, our aim is to pro\'ide a

n'asunaltly arrunlLt: Iln:,licLion of th.. nelll'ork belliwior along with it rallically

illlpnl\'ni "jllllll;tliOlllillW. Thl' sililulMor PULSE thl'll t'mergerl as a result of

I'llrSllill~ this p'IIl1l llt'rfllrHWII tIll' simulation of lh~ ahove circuit ill 6 sp.cnnds.

TIlt' gllitlclilll~ (,,1I0Wt'll ill allY simulator delign are case of liSt', dfidency

all.1 simplicity fNagl'l, I!175]. These guidelines are ",Iso followed in the design

"f PULSE 111111 an' .,Ildltlrat"\l hdow :

• 1;:t1.~1' nf II.~C n-r"I'S to LIlt' IlSl~r interface. User III pill tu the simulator

has til lll' ill silllplt· furm lliltl tIll' outpllt has to bt~ .:asily '"Olllprehell o



sible. Ket"pin& thi, ill mind. PULSE n'qllirl'>l llSl.'r In Slllolllil inl'llb

in SPICE formal 'llltl ~"IL~raL('S JI ,-in:lIil nmll,,,,ti\'ily ,],'S\'rilltiu1t loy

its OIVIl IIcl/i,'lrr frolll 1l:lcr-,lraWu Cndflll"r "dlt'ltHltirs, '1'111' IOlIlplll is

provided in holh tt'Xlllill ami grapILkal furms,

• Efficiellcy refeu lo llL\' 1ll,ll1nr ('o~l of the simulatioll. '1)'l'i"OII1.I' ;111 lilllt'"

sP"'<1 illlllrll\"'Il\"lll is I'cuvi,I,,,1 hy PI1LSE in 1I11"lill1l1 sizl~1 l'i ..n,;Ls

which 1"1',111"''>11,11\' ,h,:,i~ll "y,:II'lil11<' olilsid,'ca1.ly, thlls illn"ilsill,l!, ,1.'si~1I

dficiellr.y,

• Siml/lid/y refers tu lilt' ,.]i\rity of tIlt' d"sign SIt tli,ll it ,'all IH' ro'adily

modified, CnhallC4!l.t ililil "IIPJ>url.~1. III lhis n'sJ,,~·t, Irh"llIlarity 11,,,1

alwaYlt bl"Cll a prim.' ,h""igu goal ii' PULSE. A,I,liti"n "f ""W c-I'·Il"'IlL..

•UlJ enllallCl'lllO'ul "f "xistill,!!, m",I.-ls is ,.;'>lY in PIII.SE. Simpl,' ;,I,;u.

rilhlll5 havt: IH...n rhul<"1l \\'1."" tile "'''llIir<:<111I1npl''xily ,li,1 lI"l pay "If

This dlapler prt:st'utll till' 111':Si~n .l..tails uf l'lII.SE, TIll' sirlluialiull IIrIl'

CI'SS in PULSE is firsl ,li"':llsSt..1 and lilt' variu">1 sl"I'" an' lIullir,,'1. Tlw

llt':llislcr Ut':VelOlllHt:lll, fllr till' g"Ill'rlltion uf a ,:rlllll,'divity .tl~:ripliull rrulll

a Ilser drawn schemati.:. is tllf:1I ,[''';f"Cihe<1. MIJddill~ or lh,: ,~YllapSt~ allli tim

neurons is described llCXL. Fillillly, t.11t~ algocilhlll~ us,:,[ ;11 ~Iw .~illlllll.llJr :'rr'

discussed all(ltheir c::hoir:t: is justified.



4.2 The Simulation process in PULSE

PI/LSE ]J,:rfunll~ II 1/VlIll/ienl tlllfdysis i.e. voltage values are calculated for

,( 1JseT·,ldined tinll: illtcrval (0, T) at tirne~teps o( .:ll, which is again user-

ddille'!. Otlu;r thaH these paralllcLt::rs, th~ simulator also re<lui~ deAnitioll

of illjluLstilllilli 'lIl,1 sJlecificatioll of the olltpuls to be provided assimulatiOll

n'slllls. f:iro:llil.nllllll',"1.iV;I.y .It·snipliou is also an essl:nliiL) input.

Fi~llI"l' ·1.1: PULSE simulation steps

Tht' simulator runti~irr. a l"llslnm-hl1ilt flat netlister I ~. This nt:tlistcr

1,\ 1I!'1li.~' is 11 h'J[lual dl'~rril'tiul1 or th.. rOllnediviLy or a given circuit.
1,\ lIaLll,.tlisl"r\\'orksa"rnllows, rraIlOjHlltlllll!'IICnrsLhriceinncirclliLllndthl'0I"

allll' <"Qiliains.',[llralisislors, till' rUIIII<'rtiviLyoralilhose.'iO tmnsistors will be providr.d
"~,'r)' l.jul<' till' 01'-,11111' i. "lI(olllltrr~d hy l.l11' Ill'lli.'ll,'r.



allows a user to ~Ira\\l till' llt~ll"ill !1t~1 sdwlllatit' in (';'t,1"lw,' IlsinJ.: ,'usl"llI-

Imilt symh'lls 'If sYliapSt~ alltl Ilt'nnms, whirh it 1111'11 ... m\·,·rl..~ t" 11 l1t'lli"t

(conronning to SPICE format). Thi~ imprnn'S tl ... IlSt'r-fri''1ltllil1''lis "f til,·

simula.tor since a :lChclIlMit' is (';Isjer 10 prtl\'i,k fur a llSt'r than a It':'(Lllal

dt.'Scription or the conne<:ti\'ilY of the cirruil.

Once lh.. IlI:Llist is g~'I1t'r1l11... 1. the sinmlllltlr r";uls a lISt'1 wriLl<'1l iii,·

fil,~ Jlld.~r: ..~im SIH'dHl'" tIll' limt'·illll'fval 'I' all(1 tIll' tilill'sl.t'p iii "f LIll' Lr;l!I'

siellt al1alysi~. Lastly, Llll' IlSI'f ,lil't1LLI~ till' "IILpllt" lhat iI,n' 1I,~'dl'd [rllll1

llll' simulator hy writilll; a lill' calle.l coollY/t, 'I'll" fUI'lIlilL~ of LIlt'S" Ii II'S an'

showli ill the ;IIIP~·!lIliJ(.

Theie illput til,~ .. r~' n';ulll}' LIll' Sillllllillur I,ll "ut"r It St·tIIlJ 1,11i1."". III this

wriles a G flru~ralll ,ldining lIlt~ ''flllali01: . allfltlll' ill,!;urithm t" Ill' liSt ..lt"

solve them. In tile Analysis plla.....•• this ,!;clu~rall..1 fill' is linally '·lIllll'ill .. II,I<lll.r;

with the simulator-Jcfint'tl nlOtll'ls La prOlIIU...' til" linal rllltpnt an1mlill.f; t"

the user rr.qllir<~lIlcnls.

Amoll/!: th~' steps SllllWlI in Fi/!:. '1.1 tilt· lirst "t,'p rl:tjllin-s tilt' ,lpv,'I"llllll'llt

ur a fllSlolll-I)lJih lIt:lli~ll'f whirl. is (1('Scril,,~,1 !ll':'(t.



4.3 Development of the Netlister

Whirl' d':siglling ,( drcuil simulator, iI designer has to alwa)'s tbillk aboH' the

inlerfae" Lo II!, provi/lefl to ;\ user. Here, iLt Memurial University of N~IV-

("mullan,l, ('lIdUIC/" is lIs"d for the compJd" development of an Ie starting

(Will its .:ircllit ,k-sigll IIll1\,:U'. Cadellce, a proven VLSI packagt·, olr~rs varions

[""Is [liar. '"'It! I,,· 11';1"[ tu illljJruw L1ll.' simlllator iUl.'!"f,,,',,, The PIIiI .V,.IIi.~JI·I·

(FNf.j is "n,·"f1.lwlIl.

Fi~lln' ·1.1: /lOIV F'NL work.~

FNt pruvid,'s 11 .c;"lwri,- 11,11 lwtlist thill {",Ill lw formatled i1ccon!illl; to

till' Ilt~·,l.s "t' iI silllilialur. This '"lIsl.um·lIH1dc ndlistcr is huilt hy,:xpJoiting

L!l;ll ["iILnn' lIr Fi'iL. TIlt' ,.1'(>\'1' lliagr:lm illustrates the Ilrocess.

1\ Ilro~ralll was wrilll'U ill til(' Symbol/Simulation Lihrary Generator

(S/S[,(;j tallgml~" ~IWI'ilk tu C~lIll'lJct, [Cadence OSS MillillalJ for Llw for-

1,11l' rTl'aLiull llf 1,IH' s.\"llIhul lilll""y. Till' symbol for ,~ach of till' IWlll"OilS alill

S)"llill''''S w,'n' ne'\t,~1 lIsillp; Cad"lIce symbol ,.,.;fitor. Lastly, all S/8LG file

W":! wriU"1l fOl' ,Idinlng tllt~ nctlistecl output for all five library clt'1l1cuts 1.

ITh\'l'rl)~ralrl al'l'\',us in '\I'll~II,lix E.l
2Th,' 1H<'l!:mm "l'lwars in ,\pl'\'lIllix E.:.!



/I Netlist Generated by PULSE Netlister 1/
"netO-/OC
*netl-/Vex!
*net2-/Vex2
*net3-/Vinl
-net4"/V\lt
·netS'"/Vlk
*net6'"/V-
"net7'"/Vb
*netS-/OUT
"net9-/IO.v•
• neuron(O)'"/I4;
SN09670S;
*insynllpse(t)'"/l3;
IS! 3 4 9 ;
"euynllpse(2)*/It;
ES2 2 0 4 5 9 ;
*exsynllpse(3) -/10;
ES3 t 0 4 5 9 ;

Figure 4.3: Sample oUlput of the ncllisli:r
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Th,~sl: tl1rl~ skps ':lIlislillltl.'d tl11~ netJister development pro,;cs~. The

lwtlistl'r is illll'lt~Hll.'llt,'d in Slldl a way that it can be rUll in~iJc Ca,lence.

Fill;. Ll shows a sample Olltput or the tletlister, A simple circuit .>r t\',o

,~xdta1.(lry SyllltpSl':'i iUlt! lI!l1! inhibitory synapse connected to a neuron has

Ill~~rr dlosl~rr rur this eXilmpl'l,

Tlw 11I'tJisler df'v"lnpnllmt prot:l~SS ror PULSE is outlined in this section.

MOfl~ ,11~1."il,~,1 ,lisI"lIs.si'm ur t.his topic wilt invoh'" ,Iduils or till' Ca,lcnce

sillllllat,i"n III'u!'I's.s. whidl ;,1\' Il1IilllJl<lItallt Iwre, Tilt' lktails ";'11 hi: round

ill IllalH'rj,~" I~J!I:lj. At I.his poillt, Wl~ arc done with till' lir.st step or Fi~. 4,1.

Il'{un' I'ro<'l'l:,lillJ!, with till' Ill!xt ,stl'pS, we will digress ror a whil~ to lliscuss

till' wa), lllC' 11Ilillliu).!; hlo,:k.s, 1.11<' two synapses all(ll.hree neurons, are modeled

ill tlds sinlillator to l'n!rlllll:" thl' silllulatiorr Spl!!"'!.

4.4 Modeling

Mo,ldinp; "~f LhO' o:olllpulll'nts JlI'l~Sl~nt in the intl'nd,!tl circuits is a major part

"r any Silllul;lt"r d,·vt'!"plllClIl. Here t.he componellts present are five - exci

tatclI·,V S)'lIlIp.,<:, illl,ihiLnry syna.pse, standard Ut~lIroll, inverting illpullleuron

all,] lIulI.illl·t,rling input IIt'1I1"Oll. 0111' approach is not to I'C~rfr)l'lll a trausis·

lor IeI'd simulatioll III' t.h"1l1 hut to hniJd il fast aud silllpl,~ IlHll~ronll)del for

,'I'l'h, Th•.' trlll1sisltJr !I'\'t'! .~il1llll;,tioll d('tails obtailll't1 rrom HSP[CE level :J

sil1lulatioll dt'laib an' 1.111'1I ill<"urrHJrall·d in tlwse 1I1<tuolliodels tu keep thl:!11l

raidy;uTllral". TIr.. 1l1lJd,'lillg of ,'adl of these components is now sp.I)ar;~tely

.12



discussed.

4.4.1 Excitatory Synapse

Figurt: 4.4: TIll' excitatory synapse

The modeling of the excitatory syni1llse will provide u.~ the 1I1ll011nt of l:l1rnml

dumped by the syna!)se in response to a given set of volt;tges Von Vwto v,/,..
V,k and V;~. The input-output characteristics fOl" this l.uilcling hlu.·k ':;Ul Ill"

derived as follows.

According to Fig. 4.4 aUtl ollr topology

II Current flowing through AJI and M2 is the same at ;my point of lillie.

• Leakage through transistor M4 is a. function of V", .

• v,~ instantly drops to :wro when v,/< gOl'S high.

Also I, the current dumped by the syn;tpse, is given hy

where, II is the current flowing through M 1 or M2 when Vor is high .

.53
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v.~ is alwllys COIHlf~ct.),1 to a lIelifon input. With the ne11ron threshold

l,('iuJ; ~ l.."iV, v,,, h1tr.lly Aut's ovef :L5V hefon: a di~t:harge plJl~e brinp;~ it

.It,wn Lo Z"fO. 1I"IIl"l". wll<:11 v'r. tin: pulsed input go~ high, V.}" - 1-'1 > V,h'

Wlll'fl' 11", is 1I1<' tltl',~lll,l,1 V"IL1t~e of the N-transistors and VI is the soure,:

voltaA" of tl'l,n.,isLur MI. Tlms, whenever 11".. is high, M I is ill ~aturation"

l1"wf'v'~f, M'2 (";11l I.e in t.1t" lineilr Of satllration region, rlepcllding on

v"ltilj!," I't for 1L j!,i\"l'lI \~..,.

1-'1 > 1/"" ~ FIll : Al'2 in saturation
\'"1 < \';"/ - FI,h : ,11'2 ill lillt'M fegioll

(.U)

11"Ilf"" s"I\'iuj!, r"I','III'1','nt /, ill Lin. ,1.1 will iu\'OI\'t-'tirst dcl'·fmil1il1gtlh'

"'lIltlil,i"n uf :If'! ;t''''''l"olin,1!, I'" I~'III, ·1.1 all,l tllf::u "flllating till' apprupriatc

,'ufn'tiL "'lll1fLi"lI 1'1)1" ,If'! willi "UfI'cut throllgh MI ill saturation region. VI

,';111 Ill' s,)IVC'd I'Will I,ll\' r<'slIlt.ing "(Illation by itt-ration (the equatiun being

[airlyillvul\,,'d);lll,1 1i"IIc'l" II ,'1t1l bt>,lctermin,'(1.

Fullllwill,l!, till' 111"}\',, 1)]"",·.,01111"'. <l lransf.'r ,:haracl'~fi~tic.sri\ll Ill' ohtain..d

;11 .. I!I!IUI is Ils,'d for Lf;ll1sisl."fs If) l,rm-i,I .. ;, W;\SOllllhly a('ellr~ (. simulation.

"I'll., 1.l'llllsf"j" "hara"tf'ristics thlls "htllinl;"f! Itn' shown in Fig, .1.;"J(a). 1'111'

l'ill';1ll1,'I,"l"S for this SI'[('E 1"\',,1 I m'lIlt,1 an' takf'lJ from th.. CMQS:IDLy[

'I '~I(lS;lJ)I.M is if :11' CMOS prot..s,; ll~c'fl b~' 115 for our chill fabrication
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Figure 4.5: Plot or cxsynapse current l(in IIA) agllinsl V.~l(ill VO/t.i' (il)
HSPtCE levell, (b) HSPICE level;]
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Wlwil L1w Sillril' cir<'uil WilS sirnlll;lt<~d in IISPICr:: Ilsing level :1 MQS

IlIwl,·ls f"r vl~l'irit:~,LiolJ, llll' dliLmo:Lerisli<: ohlaine<l WilS 11.5 in Fig. ,1.5(h), The

v'thll~ of ':IIJ'r<~lItS "ht'lill(',1 1l"~rc almos1, llalf or that ill Fig. 4..i(a) ilL 11 givell

:1 mud,'l ,IS "ulIIl'ar,',f I... tJII~ Shi(hl1larL.l~odges modd.

TIll' rlmrart<ori.sti .. ill Fig. 'I.."ifb} has h<'lm incorporated ill 0111' excitalory

S,I'Il,'pS" 1Ila'-I'''III,,,l!'1 ill till' r..lk,winS way. Fig. 'I..ifh) ha.s r,<.~'11 t'lIr\',',lllll'11

willi a r:\·th ,f"J.\I"l'" pol.vllolllial iu V"". I-Ien<:e_

""", I ,-to'. '1"-1'1' ".ll:aill ".~l""-SS.'rI in a s('ri,~s or form

'1'11<'.<1- '-'1l1"ti"Il,s E'll!. ·[.:1 "11,1 E'1l1. -I,.] nmstilut.. Llw llliljor pltrt of till'

111""1"<'11I'!II"1 r,,,,,'x"ilator,1' S.\'llaIJS,·S. T1H'I["~I"'1' urtlw p'Jlynomiills Ilad 1)('1'11

dll,.s'·1l loy vislI;d iIlSl',-,-till)l of 1.11<' 111'ltrhiug Pl'f'Sl.'lIt ill the 1I1(J,[<·1 g.-Il'·rat ....d

,'IWl'iu'I.'·I'il'!.i.'1' ;11111 l1w IlSI'ICE 1,,1'1:'1 :1 ..harac:t'~ristirs. Fig. 4.fi ShUll'S hoth

or 1,IH'lW ..hilr"rl.l'risli,-s 1'1111,1.,',[ on tilt' sa nil' graph,

Nnl..-lIl1ll. th,' .:lIrr,·llt chilI' ohl."itwd only ;1l:Clllllltl.'t[ ror tilt' first all.l tht'

lhi,·.I1<'1'II1 ill ECIII, ,1.1. I)\ll'ill,~ 1111' tillW till' <lischarge ]llllsl' gets high, I,k

als" '11'11"'11"" iut" 1.1H' pil'I.IlI"·. Tit,· 1"1I1~llg" \.:". Iwing foust,lIlt (=;j V), for ~hat



Ix'r;od of tilllt', l'1Ir1\'llt 'I"ll.l~ "I,...I"~'11 1I1."I.'ll~1 a" a 13·th ur'\,'r !,ulyuumial

in V... ill lllf..'s;lllW wily.

IV
/ //

F;gur~ '1.6: Till' lUoll,,1 t;t'UI'rilt,,1 rhara<:tt'ris1iOi amllhc IISPICE r:haraelA:r
istic (Fit;..I..'}(I,)) ploth'tl UII lup ur "adL utllcr. They lA,tally UVi,r1all a.~ llL.'
graph shows.

Hellet', &llL, of,:!. 1.11II1l1 1.:1. \\'110"11 ....mbill..>il hll;clilcr. collstillllcs the

nation or il l1Ia.I:;IIIIIIII II! IIUI't, 1'''1\\'1" so'rit'S, 11... t'val"a1i"'1 is fiL'il. Als...

the ae<;llracy i" iLlhl'r.'nlly ;I,.."rl'"rilkd ill this lll;\I:T\llIlv,ld l,y iL'islIriug its

COllrOrlllltllCC wilh tltL' fISPI('E 1,'wl:1 sirlllililtiull l"I'Sull.'i,
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4.4.2 Inhibitory Synapse

V Vm

~~

"'~- -T
vwt J_

Figure 4.7: The inhibitory .>ynapse

The illhibitory synapse CRn be modeled using the same approach. In contrast

to the excit....lory synapse dumping current, the inhibitory counterpart sinks

current. Looking at Eqn. 4.1, we can note that the same equation can be

used for modeling of inhibitory synapse and only the last two terms in that

equation wi" be absent in this case. Following that observation, the current

sinkcd had be.:n modek'<l using the same equations 4.3 and 4.4. HSPICE

level 3 simulation was once again used ror calculating the proper coefficients

a;'s and bi'S for this macroll1odel.
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4.4.3 Neuron

figure 4.8: The standil.rd neuron

fig. 4.8 shows ~hc circuit schematic of ~hc ncuron. Thc lirs~ part of tIL,·

circuit con~ainillg ~ransislors MI-M7 is ~he COIl1]1ilra~or hlock wllt~:i"'~ ~Iw

rest or the circuit provides the delays reqllired lo produce the lll~llron Ulltput

and rlischarge pulse.

The neuron is modeled as a comparat()r. When ~he input volla1;l' V+.

which is really ~he V... node of connecting sYlla,,~. <:I'OliSl::l V -, i~ lin:» tw"

pulses. The discharge pulse goes back to the exci~1I.lory synapllCS til ,lisdliuJ;"

Vm and the output pulse models neuron excitation.

In this simulator, the pulsC5 have been modeled as trapezoids. Their ri.~j:

and fall time, delay and on limes llave becn notcd rrom lhdr IISPJCE levd

3 simulation and are providcd in this model. Tahle 4.1 sJmws tlll::-;I' valllf's ill
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II'UI"S':l:l'lllls.

T,d,ll ,1.1; N/:lll'Ull lIlItl'l1t <\11/[ discharge Plllsl~ details

'l'h.,l1.l!;h id""lly I.his n'''lnltl sh"u],l lin~ wlum lIw inpllt is jllst above the

111I"'slll,ld, il du,os!I'1 1I,~·,'ss"t'il.l· lu,l!.w,' lhis w".v (i,.·. it .IUt)suOt always iiI"<'

wllt'li till' illlllit is ju"a ill"J\"<' lilt' thn~hold) ill UIIl" topology, TIll' ('Ul11pam

1."1" ':irt:llit. rl'Slltlllsihl,· for til!' lirillg or this lIellrll!! is howcnlr kllulVn fOJ' its

a"':lIr<ltl~ I.ril' vnlt"~I's [AJI,·u alld lIolherg, I!JS'i]. This bd11Lvior (of IWllroll

IIUI. lil"illj.!,) is sng!!:.:slI1[ til ilris.~ rWIll operatil1g lhis circuil ill 11m llllJology

"I. 11 wl"y hij.i;ll ,~[Jt'('d. 111 lIlall.\' rascs lhc nCliroll inpUls slay high l,VN lhe

I.Imoslll,ld voll;l.!!,l' fill" "111,\' a f"II' !I;1II0SCC<>llIbo [f this tlnl"alioll is l-~ IISo alld

tilt' iliPlit isjllsl. al. 1-'".. tl1<' ""lIrun r!fJt'sn't fire.

This pl"'Il1II"n,," rail)... 11I1!lIl·tl~/1 ill PULSE sLllIulittinu by using ,l higher

l.!Jn's!I"ld vull;,!!:" inpllt (in lIIost nl-<;"s, O.2V mono) Lhall thal is intend,'.! tu

I,., liS"'! ill LII!' ph.\"sind rirnlil.. I\ll an:uraLI' l1\ud"lillJ; lJr thi.~ pll~'ll(]ltHmOli is

1i(J



4.4.4 NonMInvertillg Input Neuron

/

Figure 4.9: The nOIl.inverting inpul neuron

The non· inverting input neuron circuit consisls of the following slagl"~' Trilll-

sistors Ml-M3 builds a ramp generator stage which c1largl.,!; the capal:ilor C""

The ramp generator stage i~ Jl1ol'o'ed by a cOlllpnralol' stage as in thl; ,~liUI

dard neuron, When the voltage Oil the capiLcitor crosses lhe wlIljlilmtor

threshold voltage, the comparator changes state. The dclily stagl~s following

the comparator generates a pulse corresponding to this chauge.

This circuit fires pulses of increasing freqlll!LLcy a.~ the input cllcititliUIl

increases, Hence the model is simply a single input, single output hlur:k wilh

the details of its oulput pulses reconbl from its IlSPICF: simillillioll.
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4.4.5 Inverting Input Neuron

Figure 4.10: The inverting input neuron

Ollier lhan the presence of an additiona.l current mirror at lhe input, the

rest of this circuit remains the same as in the non-inverting input neuron.

The resultant ci~cuiL fires pulses of decreasing frequency as the input voltage

rises. Hence the model remains the same i.e. a single input, single output

block a.s in its non-illvertillgcoullterparL.

This campleks lile modeling of the building blocks of PULSE. The next

section takes il. look at the core of PULSE, the algorilhms used.
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4.5 Analysis and Algorithms

FOCIi equatlOnli at each node;
At each ti.e-point
{ repeat Wavetona Causs-Seidel

{ perfora illlplicit integration for neuron inputs;
use plug-in models for neuron outputs;

until convergenl;e;

Fi.(t1n· 1.11: I'(IISE ;'Ilalysis 1.1. .. '1.:

Th~' up"rati"n of li,t- """I)'sis 1,1111'1.: ill PIILSE ,'an I.. • slllmllari~.,~1 as

Fig..].) I. PULSE. aft,,!" lilt' Jh:Llis~il:/; ~L('I', glws Lo ~111' ",pmLiOJII r"1'I1l1l1il1.i"lI

liull sta~.· Iltilillill.ll. pro..li"l"t"·,,rn,,·tur 1111",..1irlll,li,-il iUl'~r..li"1I '''''IIIII''lIly

operation of this l'llialysis 1,lurk.
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4.5.1 Equation Formulation

1'1 II,SI'; r"ntl~ all "'I1Jatiull rur l:v,'ry tlod,' 11rl:~'·IIt. (exr:cpL for th,' illl'llL nodesj

ill Lll<: r:irrllit ;,t .,•..-1. titlll"I'"iIlL. The '-'{l'la1.intl~ Lhus formlllaL",1 can ht· di·

vidt~,l int" tw" .~IIJ,P;I"OIlPS . "'lll;\Liotl:; for neuron output nodes aud t:'(lIlalions

for "':llru" input 1IIJd,~s. Till' SYllilPSCS (an only he connected rrom the out-

l>lll "rUI'" t"'IIWIl1." l.JI,·illl'IIL"fau"llwr Ill'unlll urfrtlltl L1Willp'lt (stimuli)

II",I,'.~ t" tli" illl'lli. "r "lit" Il<'lIl'''", Il<'lln' tllt'sl' al"<' tIlt' "lily t.w" Lyp"s or

"'I'lilti"us l'"s.~il,l,'

Ollt ..r Ll".,~,· two slll'.l!,l"l/lIp~, tlJl' "'jllatiolls rur till' neUI'OIl uliLpuL lIodt's

an' s1.rail4lltr"1"wal'.l. 'l'I"'S,, "'Illatiuns ,leHn.. tH.'llrOll OlltPllts in t,~rlllS or IIt'U-

nm illl'uts, Till: stiludal',j Ilf:l1rflll i,~ ill'Olllllilril.lOr and the input l1I~lIronS arl'

1l1,,<It'I,~1 ".S sillll.l .. VCOs. I],'un~ tllf"sC t:(llIiltioll,~ flo 1I0t [("lllin' ;IIlY sOil Ids·

ti"illt'li Ilw1.I""l.s f.n ,;olvill.l: 1.1)l'll1illld rrOllllluWun w" willilol l,ulh"rallllllL

JlJL

JlJL

JlJL

Fi,t.:lll"O' .1. I:!: :\ l.Yl'intlnllllll·,-Lion iLllWUrOll inpllt nOfI..

{i,\



Tlw ~cctllld grollp of O'qllatitlll~ an' ["mll',1 at. till' llt'OlWll illl'1I1 n"d,'~.

The~c tid of l'IIH;\liullS l"t''1uil'l' HIIlI'O' alt.,'n1.i"n. Fi,C;..l.l:.! ~h"II'~ tw" l'~cil,11"ry

sYllap~c',~ and 011" ill hihi1.or,l· ~,\'n"p.<" <"u111\l~,tc-d I,,, t.h,' il1l 'Ill. 11'" I" "I' " 11O'1I1""ll.

Ld II and f.l Ill' till' "'IIT"HL .111111110'.1 11)" I.IU' c'x,·ita!,,!'.\' ~.\'lI;lI'S"~ ,11It1 I" I",

tIlt' curreut ~il1k,>d I.)" til(' illhibitor.I' syll:lp."<'. Th'~lI tIll' "Il',ali"n at tlIC'illl'UI

110,11' of this llCllrOIl "illl II<' II'rit,L"ll ,I~

I>I'C'I'}' III'Un"I. '1'111':<" ,!!,I'I"II"~ "I' "'llIat.i"II~ ]"O's'·II1I,I,· Lltc' "'llIal.i"".s f"nl,,·,1

tIlt' s('<'fmc! a1l\1 third l;l'nl'riltilJlI SillLlllatul's. ,mol IWlIn' tllO' IIlO'th",j ,11111 tl ...

;\lgnrithllis I'm' sol\"il'.~ thc's" '~lllilti,tlIs i1n' 11',,11 k'H,WII (roof"r t." tl ... SIII,s",·ti"11

2.2.;1). TIll' WilY t.lU'SI· 1'1'''1'1'11 al.l!,,,rillllll.S ill'P!}' I." ,,'II' ~I,,·,'ifk 1"'I'"l",L\Y alld

nflhis d'lll.t"I'.

4.5,2 Implicit Integration

DilTerClllial I~'llliltilltls of till' I'Mill Ill' E'IIi. l.fi hiL\lI'I" Ill' s"k,'d hI. "Vo'l'.y LillII"

is tIll' first sl.l'l' in this pn"·I".<s. ,\s sUd.I'd ill LlIl' intr",llld.i,," "fl,l,is s'·l'l.ion.

j'1;r,SI:: Il~C·.S 1.111' 1'IIIIl"li(JII',j il.'·lill.i"lI lIl<'thod ill this s[,;',1.','· Thi~ "lg"ril.llIll



,..J,ullliml, '''I'lilti''lI~ liko' 'I.li "1111 II(l lro'l\lt.. l a.~ 1\ sill.s;:I,· \'Ilrialol,' ,lilf'''!l'Il\.ial

"'llIi.ti'l/1 ill V.. IL'~I.,a.~III'''·\·tl,I., I!I/)~ll (mun' II!JOlll ~his in th,· "':X~ SI'("lioll),

>:.. = f(v~(11i (.1.7)

lilll"I'"illtl i1l1cllll'(un'. [II thj~ I,.lgorilhlll. au l,n'lIrak ]lro-.lil't"r i~ lirslll,;, ..1

til I'..... li,·tl!l,· \'111111' "f I:., Hl lilne (t + .1.L), v,~"(t + utI. I,,,illg ~llI' m[llf'

1':"(1) 11",11'... (/- ~IJ. whkh i" alr"ilIly kno\\,lI,

1;.1'(1 + ~I) :: ' .... It) +~ [Jj(\':"(/I) - f{' :~lt - ..1.lJIJ 1'1.13)

Till" Im..li'·l'., i" klll'WII liS :\,lauls-BIL~hfurth I,n.. lio-tu, (C'hlla alltl 1.in.

1!li;",I,

Sin... ·I:.,U). \':"(1- ~t) lon·aln·"J)" kllll\\'lll\lId IfV... (')), f{V;..(t-ut))

"1111 I", (,,1111,1 ,,"l "sin,; tlll·lll. 1'... 1'(1 + ~t) l'olll he l'lllcll];lll,,1 frolll thili ''llllll-

,jun, This I,ro .. ri"" .. l l'alllt' i" ,'nrr'..'l,·,j loy il\"'rl\giug lhe slnp" ill rmints I

;,n,1 (I + ~I). Ld, til<' "'lI'ro .. "",1 \,1Ih... Ill' \';,,('1(1 + 0.1), n,kOllato'r1 'Ising tl1l'

\ ~",I{I + ~I) :: \ ;,,(1) + :¥If( l-;,/'{I +_\1)) + i-;,,(I)J (,UI)

IiI;



Oil dll' right-haud sid,' ,,( Ihis '~I'Ii'li",I, 1;.(1) ;11101...'3./ an' k'l<lWll ;,1111

i-;.(I) Cilll Ill' fnullo! 0111 frol1\ r~'ll1, ,I,i, It.'lln' \'",(,1(1 + J.I) ,-all I... ";t!"III,,ll'd,

This ,:"nnti"IL prw-,-ss b tl"',, n'I,,';'t,',l 1IIIIil ",.n\"-",C.'·II""', l'lll' J,'I,

il.l'raLiollill\'"h-,"'lhl'_<l"1'

At ""111"-1'1-:'-'''''-' t.11O' \'alll,-"fl;",,'(I+...'l..lll'l',,\·id, ..< ',1"'111'111'''11 iUI",t ",,,[,,

\'ult''l;l';tLtllilLI.illll'[J"illl,

4.5,3 Wavefol'UI Gallss-Scidel It.crat.iou

,,,,'dl,,:,1 ii' th,- lit'-r"I,'II't' n-,'i,-\\' s.-eti"II, '1'1", \\';1"'-(''''111 (;"IIS,,·S,·i.I,'l i.<"

fOl'lllthat \\'11 .• illlpl"IIIl'IIll',1 ill "Ill' .<illllll"t.,l',

In lliis sp"cial ('"Sl' "f ti,,' \V",',-f"rlll C;iluss-S,'i,I,·lllll·I,I,.,,1 (i.'-' WIIl'1I "I'

suln,1 al'I"';,rs as tllO' ,lilr,.n·IIti,,1 1.'1'111 as n," I,.. """ll ill 1':'1"' -l,li ;HI,I "II

ullw.' ILlld,' \'"It"}!,,-s ;Ipp.'ar ill."id,- 1.111' I, l.(~I'IIl,

1I01lS input. III Ullf "1.,,,,, 1/ is LlIl' illlJlLL I'ub,-:;. 1\1".. f:. is iwl"J"'lId"lIt "f V.

li7



WnvfurJlI GllUss-Scillcl Algorithm for solving Eqns. of form Eqn. 4.6

nil' ,,;UI"'I"~"I'i/1i A' ,"-,.'o,,·.~ 'hr il':l1Ili'JlI f:mwl. Ih,: .~lIbM,,.illl i rlrllfJ'r,·
II,,· 11"111' 11I1I1Ib, r. ,Hid I I,. II .~III'I/lIIfJ.,·ililJl: 11I1I1I1i,.,..

k~(J

,\SSlIlIl" initial ""l\<liti"l1 II, '" 1I;; Ell, .. ,II}
repeat I

k o---l· + I
foreach (; t: jl ... '''1) I

s"lve
(',I} _ [,(1/, .. ,t;'·, 1;-;'l l·- I ... , I:,l-I, u) '" lJ

for (I :"(11;1': [I), r])

I
I tlll1.il (;,1111 1;< - 1-;',-1 lis d

l-'i.C,llro' I.l:l: \\'''1"I-f''1'111 (:"uss·S,-jllt·1 Alg'lrit,hm as ill PI!I.Sr.

1I,'n"" ''1,plyin.c. tllis al~~ot'ilhll1, '-(Illations or lilt' form or ElllI. -I.li Olll he

1.I"<'al.,,1 ,IS sill.c:I.- \'ari;,I,],- "'111;11 i'!lI~ ill I'~, (n'f"r til Ih.. suhsl'diUlI 1.1.'1) all,1

11"II"l' 1]1(' ,.[aim 111,1<1<, in tJn' ~111,~,-,·!.h,n ,1,:1.1, i.,', Eqll.·1 Ii is or till' ron1l uf

1':'\11. ·].T, is jll~t.ili."l.

'-1.5.4 PULSE Analysis Block - Reviewed

'I'll<' r""lIs "f tlli, ,""li"l1 i~ tll ,'xl'lain to the l"twtf'r the flo\\' or lIlt' PliLSE

allalysis hlo,·k. Fur 1his di,nlssi"l1 WI' will i1~~11l1H' ;1 "ir,-"il consistillg: or N

1Il,,11'~ ;1I1<l 11/ ~tal\');lrd 1I.'nn>ll~ ltlll'n- l'all I... allY 1I1111l1wr "I' input nt'Hrun.~

1'1l'~"nt ill this <"in'lIit)



Qnl ur thl:"St·.\" 11".1,." I'rt.,.t'111 in this ,·;rt·lIil, Wt· art' ,1111.\' ,... ,II...·rIl,..1 Wilh

IIslan,laroln"'lrUllinl"IIII",Io'l'al1,IIlSI:'1l,lanIIWllf"II"1I1!,tlt"to.It",. 'l'lll'

other (tV - :!/lj u..,ks art· "in'lIit ill!'ut "tHI,.,. .,r illl'lll 11,'11."" ,,"I1'''" 1It101,,,,

and IWII...ean' lllwad.\· kUu'l\'1I rr""1 us,,!" I'r"\';oI,>,1 slilll1llOlS IlII'n." alltll'llI~ in

mod.-Is.

'1I1I.I'IIt) lIud,'" (llt:'l w,· :11'" illl,·rr",I ..d ill) i.. 'l\·~.ilill,I,· in 1111 ilfl,ilr;'I'y "1",1,·1'.

I-I ..n,·,· lh,' "'I'I~,I i"us ;oro' ;,Is" f"rrlll~1 ill all art.itr:,r.\" "r,l"r in 1'1: I.~I·:. ~a.\"

th"tirsL"f,l",s"'!/I"'lllnli"':""valllal"'I,I"'illl'lltll,,,1""frr"IlI""" I (1'.\·IISillj,\

fUllctiomtl il.'·"llliull). ;\]s.. ;'''''''1111' l.h,t1 l!lt· s'~""1<1 "'I""li,," ,·\·"Ill•• t,." tl",

III this I}(,inl. uf till ..·. till' iUI'01t 11,,,10, \'u]t",I:," OJf ~"Ilr"ll I will I... ,·"J,-IlI:tt,~1

in,urr'''·ll.\· I,,-iu,l:, 0111:,1,10· I', I.,].;.· ill'" ;,,','u,u,l ,I,,· dl:'Il,l!,,~1 \~,Il;'~" "f ,..."nm

:t oOlll'lIL

This pruhl.-m is dr"JIII1\',·m.·,1 ill I'liUiE 1,.\' I,;,~..ill,l!, d"os<:' 1. .. '~I";,tj,,",;

through a (;,,"s..;·S.·i,I,·1 ilo'l"itLj\·,·I""I'. \Vltil,' p:,s..in,l:, LI,nlll~l, LI,.'SI· 1",,1'. (iu

lhis casc) LlwSl~"J1,,1 it,·r:rtj..n "f,Il"I:,,,Is...·S.·i,ld 1..,,1' L.. \i,.,., iIlL",,,-.-,,,,,,ltl ...

r.hang~d vah,..lIf IlI'llr'm:\ II"tp"t ,·urn ..·tly till'S "v:,JultliltJ:, ,I... ,"'1 f'I~ "''''lIn,,,

] iuput \·nllaKl·. 1':Xtf'",'ill~' hi., 1".L:i .... w!",u liti ... f ;;lIlss,S"i,!r,1 1""1> wal'/ ...s

'·Oll\·,-.rgclI<:'-. ;,l1lh" lind,.,;'· this ,·ir... ,it ar'·'·',rr" ... t[y I'val,,;,lr',[ illll'·["·II,I,·ut

or tbe 01',1"1" ill wltid, lI"""IIlHli"us \\""1'1' rurll",d. Tltis ,-xl,[aill' tI", l,r''''''I'''''



"f lIto, '>Illo"r r;a"s".S,·i.!,'II''''I' ill Fi~. ·1,11.

TIl'" lI"w ..f lllf' 1'1;I.SE ;llLaJysi.~ hlor!.: 1I.1Id t1w fllnrLiOIl or LIIl' al.e;orithrns

utl,..r ;,I~urillllils i1v;,ilal,t".

4.6 Discussion

in ;....v silllll[;d."r d,~i.c.Il, tlll'\~11l1'l.iun forllllliatinu slaw', is simpl,> ill PI'I.SE.

.\·"i" i" 1'"~li'·1"r·""rr'''·lnr 1,1,,,,,1 implicit int.~,&;;raliol'. In ,·oll\"'·l1tion ..1circuil

"illllll;,ti"n. "I Ill'r imllli"it illlA.,:;rl" ion algorithm" ("lId,1l.S fmrt·.."n/ f /l/rr) rol·

IUI" .. II,.\' N"Wl",I·lt'l,h""" il"r;,tiull algurill'lll SNn' LIIl' ~lulll'l' .. rl'0St'. Th..

r,'a",,,, tlw 11l·... li,·I"r·... 'rn"·lur 1,;.",,1 alguritl'll' is .,ul IIs,-,1 (ill ..on ...·t.'1ltiul1;lJ

"ill1l,I;,I.""") i" it" illlllT"ul li'l1il;,Ii"n ,"' lil1l1'st"I' I (I" llss"r,' its nOl1\'''''·

~"lH"') til;" ,'I'll Ill' 11"",1 ill Irll1,~i,'nL analysis, III Apl"'lIllix ,\,lhis limilatiull

"r I illwsll'l' IHl": 1""11 ,'al"lIlall',[ r"r 11l1T l.'1pulo~y, Tlw worst·1'iU'l' tinws!.l'p

'I" ,hi" ,li"""""i,,n. ir no' "I""'d ""I'lil'illy.• h.' ','un lu",.<"/' rCrCT~ In th.' ah:oritlllllir
lill1,'s"'I' m,<! "v, ,llI'".. 'r·.ldil,,'<Ililll''''I.'1'

;0



Hatiu "f ,·xri1.;lt"ry \V"rsl, .'a,~,' lil111'Slo'I'
,111,[ inhibitor," syn (ill llS)

IJins
l.lillS

I 1,:!lls
II:! U.T:III"

Itl OJi:!ns

Tahl,> -I.:!: \V'lrsl·.·"sl' I.illl<' s1<'1'

[lC'lIralll,·tll'"rk illll,I"III"lItali"lIs, w,' IIslI;,lIy ,'''IIl<' "'"I""SS "ir,'lIih that h;,,',·

of IIl1ls"d 'Illal",!!. 1I,'I,wUl'ks I,uilt IIsill>~ "III" l"I'"I".c,y.

by Newh)ll·l1aphslIli ;111"ws "t... III II"" tid., l;uW'r lIs,·r-,ldill,·,1 Linll'sl"I' VI. III"

of lins. Let:s Lake a lonk aL LIIl' .... JlIIIIIILati"lI;oI O:"IIlI'I,'xiLy Lhal will I,,· n'

IlH'rical illLI'griltinll stl·p. tlu~ l'II';lll.rlllln,r.i,,!1 '·IT',,. "r 1,1,,· illll,li,-iL illl"·j.',(';,I.i"u

point or vi.~\\· ["{Juld 1,,- Plllllilll!. i'l. fJJlIlS ill.sidl: all t.lw tillll' ,Illtl pr'illlitlj!, valn"s



it.'rllti"IIS, '\.I,liti"llll.l nUllplcxity is re'[lIin..1 Lt.. i1SS11n~ the COll\'Cr~Cl1ce or

.'l"WIUII·ll"I,I",,," will .. "" ",hi.il tIll" ~ill1"llI.tioli rUIi 1II11.~' r.. il. Silln~ thcs<~ ill'

t•.,;rali"l1 Id""ritllllls n"luin' ,,1,1 lillH"l}uillt \'ah,l,'S i1l1,llI.t time l=U there arc

II"U" I'n:Sl'IlL, lll"}' will ill".. nSltlin' SUIIW startillg 1I11'(:hll.llism. Til .... Illlll,l;a

I'"ll;, alJ!....ritlull II"" t.. I... il1ll,I"III"UlL"([ to take carl' or that.

l\rl,~r ,~"".~;,t<'rin~ till'S!' 1,,1,litiolial cOll1pll'xiti.:.~. tllLe is not cw'u II.ssllrClI

I,hl.t rllllllillll, III (li!l.:.n=:, lill~'S larJ.!;"r lIs,'r-,I,'lillO'd lirmost.-p will I'".\" "tf by

1!r;11 '!lIlUIIII!. lOr "1',,·,1 irul'l'''\·'·!II'·Ut. 011l.' rl.';lson r"r this is LIll' 1"ldil.iollal

l,illlt']l"inlo Allul.llt'l' lind Ilion' illllmrtilnL rl'i1S011 is that whl'llt>v,-r jn';l one

11",1.· \·"It..~., ill till' "utin' "irnlit will r.han1,,': "igllifir.autly (uur ..irn,it topol·

"JU' t",ill" Im]s, .. I, lhal will hl'I'I''''' ",,,n' thltl\ j":i% .>f till' tin~' oInring ..

Si1l11l1;,li'UI), llw tillN'St<'I' I,m, t"l ... r,.,llln~1 !iij;l1ifinmtly t" ilsslin'tlw<'C'Il'

\'<'r~",,"" "f II ... ~pwt,,"·tI;'l'h"'lIl il,·r.. li"lIs [Nill;.d, Illi·;I. H'-IIl'" tll<lll.e.h tIll'

:>illllll .. t"r willl'K,k lik" il is rllllllill,!t al a (ins tilllM<l~p to the IISt'r. iUll-rJlally

it will p,n ill 1111...11 rt ..llln.. ltil11.'St"ps for most of ~ht, tilllt', whidl will brinr;

Ill1W'" illthi:> l'ilrli ... llllrl1l'l'li.·ati,'Il,;,fl'·rillltll,'M'.·...I1'pl1lati.J1lillnJlllpli·

,·"li"llS, LIlt' n'II\"'llti"lta[ lI1l'dl",lur illlplidt illlq;rati"l1 (lIl1I1Wl',lloy ~1·\\·t"'l·

Ha"h:>"ll il,·rll1.i"I1~ ,j,,,.~ 11l,1 IlfIl\·i,lo· 1(S with rOllUllI'IISllmtt' imprt,\·t'llwnt in

Sl,,~',I. III ""lllrllsl l.,I.h;II, 1.11"I'Tl,.lil"l,of',:<>rr""'lor melhod is 11111..hsimpl('r t<I

illll,I.-lllt·lll. l'I',,\·i.Io'~ Ill" ~;rnl" ;""'Ilrm'y <Illd u.....·ds nu SI,c!1 cOlllpl.,x nl'"IIS11reS



i\S rell"ire..1 b)' the "lIl'T llwllI",1 rOT a "lI,'n'l'"rlll "i1ll1l];,li"n TIIII. 111'110'" it

I\'a.'i rlio"...1 a.'i 1110' il11l'li"11 il1"~r;'ll"n .. l);orillull f"r I'I'J.SE,

TIll' llSl' ur IIII' (;;,n~,S,'i,I,'ll11,111",1 is ,'Ullll1,un ill ,llinl.~"1tl·T;lli,,,, "il11-

ulators, TIlt' ull"'T il"Talin' 111I'lll,,,1 ,',,111111<>111.\' 1l".~1 is 1111' 1;"u';''i,.I;lI'"l.i

.Jar.ubi [1\"~\\'I.<)n, 1!IS.ll. ,\Is,' (:I\llss,S,'i,l.,1 "II"ws .111" I" TIIII tI", Sillllllll1.i"11

wilh "Illy u!I" n,I'Y or Ill<' .'"11'111 \'''ri"hl,' \11111'1 n'<!lwinl: 11"'111"1'.\' l'l"llIi ... ,

m.l\·;ullilg"", \VM"{"1'I11 (;~'lss,S,'i,I"1 is 111"1'1' ,·lli,·i,·nlIItHIl WI"·,·r,,rlll 1;"'1....'"

Ja.:oui <\11<1 h~'lln' WIIS dillSI'll liS till' it,'riltiw s..[uliull ,l!).:,lIritllll1 in I'III.SK

Tlli:; "'..:tion ,'xpbilll~1 Hl" n';Lsul1illJ1; ill\~,I\', ..1 ill Lilt" dl"i\",' "r th,' .. I.c,"

rithll1S in PI ILSE, TIll' m"ll\-alj"n ill ,I,·v,·I"plll<'lIl "r litis sillllll;,l."r hll,II"~'1l

OIL" 1.<, Tllll liS lllallY siu1tl];,tiulls itS rwn'Ssitry tll '·"nfirm 111l' 1t:,rr[wM'- 1m-

Jlh~IWlltalioll ,llIrill~ il li,;hlly ,..,111 .. 1111,.. 1 .1,""i,L!,1l "yd,-, '1'1... dl"i...• or '1;1111'1, ..

,-Ifir.il'11l ..lgurilhllls in PIJI.SF. "11",\-,..111,, I" wildl lh"l /1,,,,,1.

4.7 Conclusions

r1cscrill<',I, Th,' ll1lil,lilll1, "r IL "'ls1"rll·III;,.I" 1l.,tli"lt:r r"l' 1'lil,S!': 11i~'i 1'(~'I!



,,"llilll~l. TIll' 1ll1l,1,·lilljl, "f LIlt' ,/iir"n:lIl hllildillg hlocks haw hr'f'll Ilrl~lmll'll.

Filially, till' "1",,ritlllll.~ ..s<~1 ill PIlLSE ImvI' IH.~·II ,Iisruss,-.j amI tllO'ir rIlUi('("

I,ali IH~'II jlllitiri,~I. ,\flt'f t'>c,killJ; ill tl101 ,ll~igll ,Ictl\ils or lhl' silllulator in

lhis .-\';\I,l,·r, w,' will IIUW 1lS<: it ;L'i a tool Lo explol'l: the illlilleml~lllatiollsof

,lilr"n'lIl IWIIl"al rwlw<>rk.'i 1I.~iIlK ollr topol0lO'.



Chapter 5

Simulation using PULSE

lI!:l\\'\lrb illlpl'·IIIl'I,!,·,1 Il~ill_~ "'II" "'I",lo,c;y. 'I'll" ;,'·'·'1)"; ...)" ;I~I""'I, "r ['III,SI-:

on Ulis, [",th PIILSI:: "tid IIS!'I(;E will 1,,- liS"" t" Sillllll',b' S"'III' ""'lllll"11

rU~Urlllll..r.\\'urb to shuI\' its ,"·'·'11";....1'. \V,· will start with sitllpl,' ,-ilTlliLs [11'11,1,

5.1 Simulation of a Simple Network

circllit.s ClUJ Ill~ lmilll,y '·Ollll,·,-tllll-\ Lw,,,,,,,,itill,,ry ;,lId IIIit' illhil,il"ry ~YII;I!,-"'S

til du- sl1l1lmill~ itllHlt "I" 11 11"11,"11 ;,s in Fi~. :,,1. TI... w,·i~.!11. v"Ir... ".· fIJr "II

; .•,



FiA. r,.:! (ill 1.1", rwXL IH'I-\"J SIIl'WS" sinlulnliull n:sult or this ,·jrl"llit. TIlt'

iuput I'll Is,,,, 1,.. till' ,'x.,.itl1l.<.r)" "1l.1 tilt' inllibitory ~yuapsl~s ,11111 till' input

\"llil~" ilt tl ... ll<'Unlll ~UIl1ll1jl1,1!; n,,,lc arc shown in thisliglln·.

'1'1... IY<tn,r"rll1 .. t llll" ~'lImllillJ; nOlle or tile lWlIr"'ll CAn In' t'XI,laillt'll itli

r"n"ws, 'VIrt'II,'\~'r ltll illl'lIl I'"ls,- lv..rl til' V~""I) i1rrh't'll at an loxr.itatory

S)'lIaI'St', d,ar):," is dUI1II" ..1 "II tu tlwral';u'it'lf altlll' IIC1H"t1ll inlJllt (rrolll

nUll' "" tl... illput n,llilW' "r 1l"IIrollS is (I·r,'rn'll ttl "''i ,,;,., •vrr,'Spontiins

t .. ll ... 1ll"llIlorillll' n,hil,!!." "r til,· Ioiulogicill lII'ura! ':1-1\), whidl ,~xJllail1~ th,'

s,uM"1I riSt'S in I;". WII,'n all ill/lilt puISI' i1PIJI'IIf'll M tire inhihitnry S)'IIi1IJSI'

(\';.11• .-11ilr.c," is sink,..1 illlli 11l'1I ... • till' 1·...llllg" drops.

'I'll" ll1"luhr:l1l" 1'"lt",!,!;" Ill,,'l'" n';ll'lws till' thr,'slwl,1 vullil,ll,'- ror the n'-limn

lll",l"1 (\\'lricll i,.. l.iV r"r II ill!,IIL Llrrtoshnld \,oll,al;" ur J..'iV. iL'i l'xplainl'll ill
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Figure 5.2: Simulating a circuit witll two .:xcitiltory and Olle iullibitury
synapses. first th1"e~ wavcforms an~ illll1lt Jlulses ;llltl lll~ last 'JIII' is tllf~

waveform at the sUlilming noul' of the lICIlWl1. PULSE 1\1111 lISPICE Imtll
outputs are shown rol' tile J:.st wilvdonl1.
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Note tllill thi~ circuit dOl~.~ nol do Ilnything, but the simulation of this

r.ircuit introduces the reader to the general behavior or tIll' circuits huillllsing

our topology. In this sil11l1liltion, the PULSE and HsrlCE prediction of v;~

clin be seell to be quite cloSP.'. The wilveform only differs at voltages close to

zero which CiLll bl~ explairlL'd as follows.

Aner removal of th~ input pulse to the inhibitory synapse, PULSE pre·

,Ii':h lilt: .Imp in v,,, tu I... owing to the leakage present in the excitatory

syn,w-;c:; wlll'was JlSPICE predicts the inhibitory synapse to be a-.:ti"·e for

SOllie time evell aftt'r the r<-Illoval of the input pulse, hence the difference.

Otlrerwise mr mo~t or the time, lhe two waveforms overlap, The dirTerence

Ilresent (in the w1\veforms) though is unimportant, the interest being the

acnlratc pn~dictioll of voltages closer to the threshold voltage.

5.2 Simulation of XOR Gate

~
, ...

.. ,' .., ....
.., '... u..

"
~ ..

8 U ...

... II "..
Figure 5.3: Implcllwntation of XOR using our topology

We will 1I0W simul,lle al1()thl'r circuit that is a conUllon benchmark for the

implclllt'lltatioll topologies or 1I'~llral networks, the XOR circuit, The im·
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plemenli\tioll of XOR in our t')l'olo~S is showlI ;n Fi~. ;1.:1 (IIJ.OIlt,u·II01ryOl,

19\.1IJ. The sYllal~'lI u"".1 MI' OIIlI'Xo:ililtor~'I""l'r''''''lltnlloy ,·ird,.,.) ;tm1111l'

l>l,.'cn adjustl"t.1 stich llml "It'lIt'umns .VI ,111,1 :\·:!.,·all "lIl.\·lir.' ",llI'l1lo"tll ils

N:\ will fin' \\'h,·t1t'~','r :lll.~· UlIl' of ils inputs is m·li\"\·. TIll' input 1I,'lImliS

(NI .. _. I.V·I "n'lIs,'1! ill tIll' illl'llt li,y,·r.llwsl1li111 "irdl's :<1l<)\\·ill.~ in~"'rlillj.!,

illpnlllelll'UIiS. TIt,-slllndilrdlll'llr<>tl" NI.N'!;'nd N:liI""II.~",1 ill 1,111' "'·'·',n,1

(collllllonlyrl'f'-I·t,·\1 tU,lS tJwilidrlrlllrl!l'I')lIn,lllw"ntpntl;IY"r,

fig. ;).·1 slll'\\'" till- .~illl'II"li"11 "f tlli" ,.jl·'·'lit rur :'illlliis wil,1t illl'UI.S "rill

illld II. Fr,r ill pilLS ur ll.I'''ll. lh':"lIlI'UL~'-'U1I,,·s"'1l1,,1... 'I.''f''. 1'"," illp..L~

of 01 h.J\\ ver. tl,.. "UlI"'L ill I '1ll.1 th,~ ,:ulIlpilti",m \Or l'1ll.SI·; ,,1,,1 IISI'U'E

outputs ,,11 w lhal th,-y ,ItO..: i,I,-uti.·al cX"c-pl roll" a slip,ht ,mr,·...·u...· ill tillliu.l1"

ill case or lill' first 11lltJlllt /'nl....•.

This ,Iifft·rcn...• illlimillJJ;(r"rt!t,-litlil 1'"1<;00) i.~,hl"l.I' ,. "l'ik.· LhiLt al'lwilr"

i1.t lhe ClllllmL "f tIl<' inpllt 1I"lImns wlll'lI tlll'y stilr~ tir;uJ;. l'lJl.SE lI''J:,~'''L<;

tllil.l spiko' \\'Ill'rc'a.~ IISPI('E l"k."S tlMl illto, ;.'·.·.'lIut. (hlll'rwi",', ,'IJISE is

il.~ accuril~~ ,LS IISI'IC:E III·n·.

The fir.~t o:hiJ.llml was I.llilt I,~' us <:lHlsisl, ..1,.f llll' rll'llmll all,1 tlll'"ylllll'''''

~tandard c:r.lJs. Thl: ""-:011,1 !'Ilill illll'l"IlWlIl,',1 il Imll"rll .-Ilissilj'·r r"lI"w.·,1 f,y

In till: lll'xt s,'rti',n w,· will "illllllal," tlt;.t r:irc'l1ilIISiIIA I'III.SE.
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figure 5.4: Outputs or the, XOR circuit as predicted by PULSE and HSPICE
{or inputs 0(01 and II.
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5.3 Simulation of CAM

The .'OnL,'nt·;ul.lll"s""hl,· IlIt11111r}" «'AM) drnlil i... "II"",,, in Vi):, :•.f._ rill'

1l111"'r !lalf of llll' ,'in"uit is a pall.om d;lssili.>f. TIlt" ".tWI" h•• tr ,,( lll<' "in"lIit

is a h<lnk of inhibitnry syllaps.'S 111.1L i'llpl"IIl,onl 1111' .\I.\XN E'I'.

The MAXNET part ,';111 hl- swildlt'd ill alld "lit "f 1.11,· "ir'"lIil 1>,\' 1ll;l!;ill.1!,

lilt' ('XT hit J "I'll II"l,i<'ll "II,,\\'.~ ll... IIt'Untll Olllj'llts 1.. 1"'s.~ 111""'11:,11 lIlt' .\NII

~i\ll.."l. If tlw Il<'UruU <lOlII"l! pas..;,.,. till' ANI) )!..Ilt· (1';,,/'1'=11. II,,· iulliloil"r.\'

synapso'l'o' n'n'ivl' inl'llt", [II lilill ..."l...... Ilsill~ tl"",,· illhil,il"ry "'.\"""1''''''', .'11

Thi",-i'Tllil pr,""-""'·" [iv"\,il, !'itlLooms. 1111'11/ ,,,unll' (1111·•..-I;II,l1, ;'110111l111

iUV'-rlilll,) IllItl'"l,; ;In' illl'll!" I" llii... dlil" ";,tlnlls ;,n' sl"n·,1 iI' " 1';'I,I\\'in~1

Ulllllpillg <'lIar"" M tIl" SIlI'llrlil',I!; illl>llt "t llll' lll'unon (II~ llll' 11.11. ill"I";~"'~'

parlil'11lar n,lullw), If tl .. , llu'llll,r;'llI' \"llil);!," ";,, "f a ""'Inm '·1 ......... .,., till'

thrl!ShoM \'OIt1l,l;I:, it fin'S 1.11I1 id'!lllili,~ tiro' input l.. I... ,-Ius,' t" tIl" ~l"r,.. l

pallenl ill ils .....Illlim. \Vll"1l (:;-3'1'=1, lIS tIll' IlI'llflH\ fin-s, it 1,ls', ,Indus

rlmrg"fromSlll1llllillll;ll",I"lJr"tll"r lro:llfllllS LlJllsillhil,;l.lrrll,llll'lIl,



Figure 5.5: Schematic diagram of Lhe CAM. The synapses arc shown as
coin-shapes whereas neurons are the Lrapezoids a.L tile cenLer.
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Figure 5.6; HSPICE simulation of CAM showing the activation and outputs
of neuron Nt, N6 and N7 respectively.
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Figure 5.7: PULSE simulation of the CAM circuit showing the activation
and outputs of the same neUTons.
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Fig. .').(i sllows th.: IISrICF: simula.lioll results of this willlwr-tah'-,dr cir·

';lIit \Vitll il pr<'S"nkrlllilul'rn ,If 01100. whi ...h is clo5e.~t t" tIll' S10rl't1 pilt

tern 00100. Fij!,. ri.T sh(Jw.~ tIlt' .~illlllla.li(Jn results fOI'lhe 5;1I11e circuit !Ising

PilLSI-:. COHljlilring the PULSE <tllli l-ISPICE outputs for the giver. input

pattern "lU~ ...all o/lly Sl~' minute rlifferellces in their pl'rrorlllann·s.

Thl' pill.l.:rns .~torr~d in I.his chip i1re (10000, I III I, 11110. 10101, 01010.

([JIIIJO) an' UOIlIlH (NI). 11111l(:\':t) ;!lId UII1l0l:Yi)) whi"h ill"l' all ILl). "f1

illlilrl (Will lllllUJ. All "tIlt,!" )0;111"I"I1S art' rllrtlWr ,'part (H. D.>:!).

TIll' Sitlllllilloioll H'slll1.s sh()\1" IllcmlHallc vollagl'S <llId uutpnts or tIll""

1II'lIl'OIiS N I, N6 ,111,[ NT. Thl;' pillterll corresponding to neuron N6 hcillg

till' dosr'sl, it tin-s HllIl dn,·s 1lot allow any other neuron to fin' illthollgll <lilt'

Vol1;llI;I' (which is l.liV in]>ut. n,rrt'spollrlillg to I..-.;V in WI!' IWllI'un Illud,dj

sll~g,'Stilll!.l.hat it is tl", III'X1 dos,,,,t 1'i1lt.em.

Fig. ri.,'i ,'ml Ii.!) .,!lOlI·S tll<' simll"ltion of theSlIllll'l network witll all input of

IIlIOI whi"h is II ston',ll'ill.tl'1'll. Ap;aill the PULSE illld HSPICE silllulatioll

["('suits ,'0111 h,' SI"~ll to he' t'los('. Tit" 01ltrlllts O:t 0'1 itllll OU are prt'(liclt·d hy

PliLSE as accllfittdy ilS IJY HSPICE. Snnll'l!ilf'"1"I'II""S ill tlll' pr,-,Iir-tiull of Llw

l1ll'l1lhralW vultagl' ,'illl I... S'~'II Lhat aris,'s uwing to 1I1inor liming ,liffen'lll~'s

pft"~"llt in till' 1.11'(1 .~imillill,,,rs. TIll' Ill'xl raragrilph will elalJOfilt.t, ull L1HLl..
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Figure 5.8: HSPICE simulation of CAM for input 10101 showing the activa
tion and outputs of neuron N2, N4 and N6 respectively.
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Figure 5.9: PULSE simulation of the CAM circuit showing the activation
and outputs of the same neurons.
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(a)

(b)

Pigure 5.10: Output of CAM chip in response to input 10101 (a) Neuron N4,
(b) Nellron N2
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Looking al lhe IIwmhranc vollage, one call see some differe\lces in the

PULSE and H5PICE predicted waveforms just after the Ileuron firing. This

occurs owing to a minor liming difference in lhc PULSE allli HSPICE pre

,lidl:,1 output plllsl:S. PULSE pre,lkts till" output pulse olle or LWO nanoscc

owls hdorc, lllmcl' lhl' <lisdll\1'ge pulse corresponding lo lhe neuron oUlput

pillsi' also mub n rfJW lIiUlOSCCOllds before the HSP(C8 predicted discharge

pulsl-. III'm:!.', J-1SPICE pn'di"tl'.l v,,, goes dOWll again to zero arter a small

ris(' ,llII! Lo llll' PrllSl'llce of the discharge pulse, the risc in V;" being ,llle 1.0 lhe

illlJIILll1llsf's itt thl' l'xdl.1I.tllry .~ynilI'SI~.~ whcre,ls PULSE pr~li(:LI~d waveform

P;O'"S ,Iown (tilly lilll'arly .hw lo the leakage (since Lhe disdl,trge pulsc has

Illrclu(y g"m'down) afl"I·I.IIl'I·is,'.

predictioll as <,all hl" ,;,'Cll ,:olllpnrillg Fig. 5.8 and 5.9, PULSE prooicted wave

forllls l:an hl's.:t'll to IJc <IS iln:urate as the HSP!CE predicted waveforms. Tilt:

CAM chip hall hl"lm tt-stf't] and the rC~lllts obtaint:d Me shown ill Fig. 5.10.

TIll' Tl'I<lLive I'al.., oflirillg nl'the two llI'UTOIIS N.I and N2 in the CAM rhip can

Ill' f'Omparerl to FiJ;. !i.,s allfl rig. .'U) to justify the vali(lily or the simulations.

5.4 Matrix Associative Memory

Givell all nssociat.',1 p,lil' of paU"r11 (x, y), wlj(~rc x is 11. M bit input pattern

and y is n N hit 01llll11l [HlLtcrlJ, one ran rorln <In associative memory by

(">Ulll'fting the N neuroll.~ lo tIll' j\/ inpuls by synapses whose \\'~ighls are



,~iWIl hy matrix T = yx l [Pan Y, 11 .. I!lS:']. TIll' llWlllllry ,lIl1s bllill is

colllmolll.\' known as tIlt' .I/all'i.t "l.<.~QI'iali!'" ,\{I'III"I'!!.

5.4.1 Implementation

Our aim is t\l build this Im~mor)' l'lr eight S·hit input I'al,tl'rlls. ,'adl Ilalll·

millg DisL,lun' of ., 01\\',1)' rrolll t',u:h othcr. Thn't' ,WllrOIiS will I.t' 11,<;(',]

tu l,llt:Otll' tIll' ulltplll, pa1.l.l·I"II.~. Tal>[,· !j.1 sh<>ll's tIll' inplIt uutl'ilt I,airs,

INPUTS OUTPUTS

-[ [ [ -[ [ [ [ -[ [ -[ -[

-[ -[ [ [ -[ [ [ [ -[ -[ [

[ [ -[ [ I -[ [ [ -[ [ -[

[ -, -[ -[ I [ [ [ -[ [ [

-[ -[ -, -[ -[ -, , -[ [ -[ -[

-[ -[ -[ [ [ , -, -[ [ -[ ,
-[ [ -[ -, -[ [ -, , [ [ -[

-[ -[ [ -, [ -, -, [ , [ [

Tilblt~ !j.I: Input·Output [lilttl~rlls fnr 1Jlillrix assot:iativp tllt'lllt,r.v

For thl;'l;e gin'lL illjlllt'lJtltplit pairs, tliC llIittrix 'I' ,',Ul I,.. l"illnilaLI',] iL'i

--,
-" -Ii_., -:! .,

T
-"

_.,
= -"

-" -:!
-Ii -" -"
-"

\Vhrm ,Ill iuput jJitUt'nt X i.~ lJ1"I'''I'lIt,'t1 tr, this lJlt'll1"ry, l"tml,ribliticoll fnull

]-lcllcc,

!HI



I If till' ~nd I,it "f X is + 1. t.11l· ,:ollt.rihuliull is (+1 )x(.2}=<L

~. If 1.11,· ~lId bit "f X i~ ·1. 1.11<: (Ilntrilllltioll i~ (·1) x(-2}=+2.

N"w. ill ullr puis,'" "lIalog illlpl,'m"lItlllioli th~' +1 inpuh are ,jV. whereas

1.111'·1 inpuLs an' tlV. TII<-.~,' iJlPIII.~ i1r(' l'ilss,'d through the ilJPlltIlCUroll.~ to

I:l"lll'mt" Lho: illput )luls'<s thaI. ,lri\"< til<' corresponding synilllSf'l; titus dumping

illl,liti'lll "f ,'llar~,· I" till' 11"llnll1 ilipUI, whf:'n th,- input is +1 IIn,1 1"I'ln,>v,,1 of

..h;~I"j;'· fr"lIl I.h,' ""\11"011 illlllll. wlll'll Lhe illPllt i~ -I.

Tlti.~ .~II~,'sLs il n''1uifl'lI11'lIt "f ;111 i<n{lmgylloll.~ SY!liLPS'~ that will .• milch

l"'l\\"~'ll "",·i1.alo,ry aud 1IlIlihitory sl.'lt,!S oIep"I:lling ou till' input pn'sl'IlLI'd to

il. In ,",ml.r;,sl lou that. 0111' syll,'1'S"S an' .strir.t1y llou-llndrogYI1('llS. BI'!lh'tlI·

wh"n' Lllis swit"hill,l!; I'r"n'Ss is ~ill\ply ;~ IllU1LipJiC1\lioll. 1\I~u thet'l~ is n"

'1'" itllpl"IlU'lll this cirrnit.. I!IlI' ,',1Il get arolHlIl tillS problem hy using till'

1II",11l1,'.s S]"'\\'II I",jml' to huild til" wd~hts in l1Iitl.rix T,

(.) (b)

Fi.t(IIW :i,ll: (;in'l1it Ils"'ll ttl ilnpl'-Illt~nt (a) Po~iti\'e weights ;lud (b) Negative
\\'l'ip;hLs



111 Fig. rl.ll(a), til<: triallJ!,l,o:; shuw tilt' inpill 11"llnlll,~ wll,'r"as till' ,'irrl,·s

sllow tlw sYliapscs. \VIII'II all input "f I i.e. .'"IV ,,,',·Ilrs. 1.11<' "1'1','r III'UI""11

of Fig. ,U I(a) is adi\'(' thlls adding ..Ilarg': lo 1.Ilt' 1II'limll inpllt. WlwlI tilt,

ill]Jlll is·1 i.l'. nv. til,' inw,'r 1Il'lIroil is ao'tiw, tllll,~ :l,'li\'atin,~ til<' illllil,i1."ry

synapse lo dr,\in rharge, IIc'I1I"c' n. pusili\'e' '\'l'i~hl ill IlHtI.rix r is dr,~·ti\·d.\"

impll'lIl,'n1.1·11 h.v this "irl'lIit. FiJ!,. ii.II{h) C:ltl I", ,:xl'l;,ill<'d ill tit" salll<' r"slt·

iUIi

Tin' illll,lc'lllelllilli'ln ,,fdlis II<'tw.!rk issl,,!wll in Fil?,. r,.I:.!. '1'"s"\,,, "I"<'a "II

Sit1tl,~ input hils, The "',:ighl vlllla~,'s lIs,'d f"r tlll~ "x"iLlt"l"y ;11\1\ 11I11,loilol'.\'

SYliapses to illlpl"lIl1'lll llw \\,,'ighl.~ of'1 al,,1 (i ,In~ l;\h,tla1.c·,j Ill·r"W.

Tahlc' .j,2: \·V,:i~h1. vollap;t'S llsc'd in tlll~ asslj,:i"ti ...,' 1lll'Illilry

The nil('r;oll :;s,'rl til ndclllal"l.1w weight "Illla).!;,o:; is ,IS f"ll"ws, TIH' l1Iax·

imum eurn:lI1. (say I) is ,h'li~'~'n',1 !,y tilt' ";':"ilalury Syll;l[ll;" with" w,'ip,ltt

age or :i.fiV deliwr,s ,'urt'cnt of ll1agnii,1Hle , (l ;,l llll' lhr,~hIJI.1 v"ltilW~ or

I.OV. Hence tltat WilS Ils.,1 tl' illll'lc'llll,tlt all weight "I' ~ (I /:lr,1 of Ii) rill' tilt'

eXt.:ilatory sY1WIIS"S,



t
r- ,--

~._---

-. I

I~ -,:.·-n [;- c=<z G'"~ :~'t..-. :-=r
f ~ .. ~?~

j-' I I !rz' FI
-J'L ~ .~ - ...... '-'-I

.'- .~.- ;jI~
~

I L.-
SOZ FZ r;'~

~ 3-]l
"-'- - •• j

SOZ FiI ~...,

~:-::]:. -u.. 1:-'-~.

~.-
I~ J--.,- II rz '*Z ~

'L r.-=- ~

r ~--:::j:... 1- SOZ SOZ sozlJ--.,-I
'L b-'O I..-r

~-II FZ FZ .soz
t;=

'--0 ~ -u.. "-'-

.-----r::::..~ I =<z' C=<Z ""Z

'L= ~

Figure 5.12: Schematic diagram of the Ma~rix Associative Memory
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Pigure 5.13: Layout of tile associative memory obtained by auto place and
roule routines (only Metal I layers are shown).

95



5.4.2 Simulation

The silllulatillil r,'slills fill' Ihis ndwtll'k IIsing I'ULSE 1I1111lSl'll'E iln' shown

ill Fig, 5.1·1 ;In,l :>,I.'i. 'rill' lirst Sill1111.ItiOll (["ig. ii. [.1) sh"ws till' tlln~' tWIIl'tlll

outputs for a stored illjlut of looor [I I (heft· . r\; arc wl,rl'S('III",j as U's f,,1'

COnVeniellCe) whose rurrl'spull,ling tllltpllL is 011. DoLh 1)IILSE an.1 IISP[(:E

Sillllll',liOllSI'I'O."'tmrr<'nnpl'rat.iOlI ufthis .. in·llit.

The sl,,'uud sinllllilti"l1 (Fi.~. rl.l;j) shuws lilt' (,hn',· tl('ll1"UII "'t1]>III,s for il

Ilislu!'t",1 input p;,tl,'rll"1' 101111111 (,~Ios",~t 1.u 1.1I1'stul"<·,II",u'·1"II"r lmlUllll).

TIl<' r()t1L,·nL,'l(ldn·~~ilJ,il;t ..\· I IJI'ulll'rLy "f 111is 1ll"1Il0r~' is rdl""b'd ill LllI' Ollt,

pUls wllich is ,Igaill Oil, i,,'. t.h,: m,'mul'y respoudl'd nlrn"'lly "\"'11 wl1l'1l ~iv'~11

a distort,~d jliIU,'rn.

Dilfcrellres ill Ill'l'ful"I));III("I' of PlILSE and IlSl'lCE is 110ti,.""l.l,· lll'n'

thollgh they hoth pr,-die! till' ~"Il1l' "1I1.1'"1.S. This ,IiIC'-f"IlO' will [IO' !'l~'''~lliz''d

and dis("u,~s,'d ill tIll' tll'X1. ,,,·,·I,j"ll.

'This prol't:t1y of I""n'l/ri •.,; n'f"r~ t" ~JH:ir ,~hility Lo rl'sl'owl cQrr'·r.Lly whil.. J;iwlI "
l·artialCIIl'.
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Figure 5.14: PULSE and HSPICE simulation ohhe Matrix Associ;ot.;ve Mem
ory for input 10001111 showing the outputs of the circuit. For all three neu
rons, the first output is pre<lic~.ed by PULSE and the second one is predicted
by HSPICE..
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Figure 5.15: PULSE and HSPICE simulation of the Matrix Associative Mem
ory for distorted input 10011111 showing the outputs of the circuit.
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5.5 Discussion

PULSE is Imilt ror sill1ul;ttion of pulsed analog nt"llral net\\·orks. lienee to

j1lflgc lilt· pCrrOrlllallct: or this simulator, oue has LO Lake into ;U:OOllllt the

,..:culiarilil.'8 or tlu: iutcl1tl, ...1 network ami the user expeetatiol1l;. Th.~ infor

Illation ill ;~ pulsl.'(l nctwork is in the form of pUI.it.~, both <'\t the input or

"ulput "f till' lwtll'''rk. Th,' llSl'r is inlN,ostal in knowing whf'Llll~r tIll' r.ircllil

ulltpuL i~ lirill,!!; 'If n',I. allli ir 11'1') OlllP'lls arc firillg thell al what n·li1tivI' rate,

(:lIIt,~id"fill~ LIlI's,- (;Il'LS, Olll' might sllgg"sL LllI" pussihilil.\· of stiLlldard,

inlwrtmtly f"Stl~I'lugk lIil11lllaliou for tlll'SI! 1I,·tworks since the inputs atltl alit·

1'111.:< "r.,I .. 'll. di,l!,ill,II",I.~I's. I]',l a lllixI,J·mode simulation becalllt's IIcc.:ssary

l.t!t:itIlSl" lh')ll~h tlll~ inlllll·uutput informations are digilal IJulse:; in puhwd

aualug o:irl:uiL'i, till' illl,'rnal proa-s.'iing is analog. Hence circuit simulation

1",'('OllleS 1l1....''S.~i1r_)' for ""lilt" pilrts of the circuit, whereas di~ital simula.tion

is "llflir~'lIt fflr uther parh.

TIll' pfl"Ci.~iotl 'Jfl~'ll~ in I-ISPICE ~o silllulatr.a~ivell rircllit C'OIILrih'ltt>S La

tilt' !lrll,'m/ilyprup,orty or that simulator. In contrl\:it, the a.cCllracy constraint

is mun' relaxt..1ill o:i~s,' "r PULSE t<;ince it only anll.lyze5 puls.>d /l ..tlVorks. The

USN is sali:"lit"l1 in knowitl,l!; wheth..r tht' output is firing or 110t rather than

knowing ,:xal'tly at whnt linw point tIll· pul:-e occurs,

Also, exact prt~liction of lht" pulse timings S('l'1!l to be impossible from

(JIll' l'SIll'ri"lll":o Thill [;..-1. is i1lustratl'tl ill Fig. :3.16 ~ha~ sholYs HSPICE

.~illllllaLiull uutputs \lr lilt' XOll circuit wi~h all illput of 01.
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Figure 5.16: HSPICE I>redicted outpu~ for XOR circuit wilh input 01 (a.)
Prediction with Ins time step, (b) Prediction with 211S time step ilud (I;)
Prediction with 2n5 time step with NMOS conductance 1% rcdurlld.
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Fig..~.16 shows tJlaL varying the Lirnestep from Ins to 211s completely

dlang,~s ~JI<' pub" tilllillgs, alld with :lIlS timestep I-ISPICE olily predicts 2

ouLllut pU!!;I:s in :jlJlllis "f time perioJ as COlllp,ll'cd to :\ pulses predicted with

Ins Lillwstl~ll. III Fig. !i.lfi(I·), the NMOS Lransistor cunductalKI> is rl..'duC(..J

by uuly 1%. Tlw [lulse t.i1l1iugs ViLl·Y again t'Vl'1I wiLli such a Snlil!l chnngc ill

till' tril.llsisLur pilrol.lIll'LI'r.~ whkli (:<111 hiIPI)(~ll dllring chip fahrication. This is

n,,~ a I'rol,I"l1l r.. lal.,~1 Ln this sl",,..i1i<: circllit bllt is gt~llerilllo allllll' rircllits

hnilLIlSill,l;l1l1r LOIJ<lloI!;Y.

This illl(llllaly ill IISP1CE "nLpllts ran Ill' explainl':<! as follows. Assllming

thaL the illl'ut voltage r.o il Iwnroll is close to its thn~shold volta::!",', lilt" firing

of that 1U'llroli dCJl,~nds 011 whether the next input Imlse to ~he f"xo,;it'ltory

sYllap,~,' '·UllIW,·tl'd L" tIll' !l<'uroll will b~ ahle to carry ~li(~ IWIIl"llll's inp1lt

v"lt;,g" 1." III,,)\"<, its 1,11I"l'S1101,1 or 1I0t. If ~hc input voltage is r"rri ..d to ,l

point wall)' dmw (hill. still Il'ss than) i~s ~hr('Sho[d, ~he neuron wonld not

fin'.

Comparillg ontl)llL.~ or tll'lI.~illl1dC\.~ors simulating the ~ame puls'~Il cin:llit,

IIIII' ~() il slIlilllnllllHlnlf "IT"r p1"t~st"nt ill lln'~ of ~1lt'IW simulators. SilY a. III'uran

wllirh is SIII'I'0s"II ttl tiro' ill)1 .c,iWIL linw [loil\~ didn't fire. From ~h,~t tillll'

11lIiut o\Lwimls ~llI' two siltlllliltul" olltpnls arc bound to bchavI' diffcrell~ly,

This di/fen'lll:" in 1",11il1"i"1' is prl'spl11. in HSP1CE even when lIH~ .'iilllulation

TilliS UII,' ('illl ~,~' I.hilt pn'tli"tiug tht' I'Xac.~ timing of the pulscs secms La

101



be impossible in this class of 11l'tworks. Ont'shuultl fI'ally aim t.l pfl"li.·t tl".

I'dati,",,' r"lt~ of firint; tlf tilt' outputs. or whetl,..r till' output i:ol lirinli: til' lLut.

than bothering about the exact timing of the 1'1I1s<~ which is inlp.,s.,.ihlo'. TIU'

simplifications in PULSE models allows it lo prl.. lid that infoflnatiun f"r .ml'

topoloro' in "ollsidcrallly n'(lm"{'<1 time iL~ n'lIll'arc.J ttl tl,,· 1I111\·1IIILo..1o'X,lI'L

allli till1<'-mll.~lIll1illJ1: .,,,.,I.wis of !'lSPICE. Ill'''ft~ PIJJ.SE is Ullin' dlki,'nL f"r

5.6 Conclusion

This <"Imptcl' hill' ''Slillolis!ll'd PULSE as il n·li,,"!.' illid dliri"llt silllul"t"r' for

pllls<..-'<.1 ilnalup; lII't\w.rks II.\' l"'lwlling it i1gilillst IlSI'ICE ;1Il,1 n"·Il1!."i1.ill1!. its

ahility t'l ,'xploitlh!' Jl''''uliariri,,,,, "f till' pll],;o .. IIIl'Lw"rks ttl ,·111,111I...• it-" sl ...... !.

TIlt' .1t':'(1 ..1I.1.I)t,·1' will r,wlls "" tllis "\)0'",1 illll'rol"'mt'llt il-~IH ..·t "f I'III.SI': ,,,,,1

will st:1);tr.tIt' <1111 the coillrilmtiuns uf ,Iilf':rcllt fa"llll'll rl':'i!'ulI ... i1.l.. fill' it.



Chapter 6

Results

'I'll" th"ltlt' ,If Llli.~ tllt'sis is iJU' r1,~vdopr11tmt of PULSE and illlph·nwlltat.ioll

"I' new lH~lIral I1dWOl'k~ Ilsing Pf1LSE as the tool for verification. O"\'l'lop

m'~lIt or PULSE "ll'l ib l"pli<ihility alld df,>r:tivcnc:;s in sillllllatifJlI IIf pulspd

lu'urill lIt'lwllrks [lad b"'l1 lIlt' fonls of disr:us-"iull ill the Irrc~viulls twu r:hap-

lhat way II )lilrt lIr L1u· n'sllits llave already heen presenl,·,L To slim Ill'

1,11t: l"l'Slllts. ill this dlapt,cr, Wt~ will discuss the spf'ed illlprO\lCl11el1~ ill:hievcd

ill PULSE O\'l'r nll1lJJwrciill c:irc:uit simulators like HSPICE ilud lh,~ various

[;u'lOl",'i rt~:<pnTlsihh' for lhe <'usl of PULSE sil11ulation.

6.1 Cost of PULSE simulation

,\s .1,'s'Tilll'd in lh,~ Silt/ullll",. Drsi!J1l chapter, PULSE simulation 111'11'$ lwo

ikrilli<lll Inops. 011<' of llit'lli is lhc out<.lr G;Ulss-Scitld iteration loop. All the

HIltI,- \"oltag,·s round hy Ilsill).,!; till' macrolllodds and the 1l0d,·-t'flllil.tiollli an'
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iterated ull~il l'OI1Vl."rgenc<' ill this ],lOp.

illlplellwlIt" the flllldiol\,,1 it.l,ratioll .,Igorit,hm 11""11 r'lr Llw 1~\",dllal.i'.11l "f lIlt'

nellron input node voltilgl'~. r\ typical fode gC'lwral,'d by PULSE illll~lr.,lc·"

~his point.

do
{ t-+-delt;

V[OJ ·stddepulse(10. 2 ,0,13,0,2),
V[1] =stddcpulse{10. 2 ,0,13,0.0);

do
{

temp=Vlast2 [12] -+0. S.{store1 (2J+ C(exsynapse(V[15] ,v(a] ,V [11 ,
V(r) ,V(12] )+exsynapse(V(14J ,V(SJ ,V(ll ,V(7] ,V(12J) }.delt.
le-09}/(2*0.lSe-12»;

)

IIhile( (fabs{temp-V [12) »0 .oool) ,
V(12J=temp;
if (flag2 ' =20) for Ci=0;i<20;i++) if CCfabs(V[i]·Vlast(i]»
<o.oooll flllg2++;

}

while «flag2<20) II (flagl!=t)},

Here llw ollter dQ loop i" lll!' (:itll"",S,'idd luop wlll~I'C';I..~ llll' illlll'l" rtf! 1'1011

is the Fill/cliO/lid 1f~ml.i/)lIlo<)p (ro!"ulleofthc ncurons pwsc'nl inlll<' rircuilJ.

III lhis way every Ileuron nJlltribtltes ont: [!luetiou..l iLeratiuli loop willlill til<'

01llN Gauss-Seidf'lloop.
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/fence if TIl is till: tolld Ilillulwr of Gauss-Seidel iterat.ions al II gi\'('l1 Lime-

jlllillL Ill),I/1 i.~ t.1ll' aV")'Il1\(' uUlIIlwr of fUllctional il,'rat.ions n'(I'Ii1'l'd in every

(;IlIl.~s·Scidf'i itf~ratiOl'. tile simulation of a circuit cOlltainillg N 1It'lIl"OnS has

;LtoLnllil1lt'l:(,stuf

1I1'11I'OIi illl'lIt 1l001,' durin/!; II .~illJ;II' [ullftiollal ikrati"n .~t,·p lind TI is till'

illlllll, 11,"ks Illlrill~ 11 (;;IIIS.~-S,'icld it.l~rntjOl1,

"1'1 "nly il1\'(,I\'{':; 1,114' tiu1I' fI'<lllir,,-1 to perform tIlt' logk ('~'illtllLti(Jlls to

,'alrlllltl,~ till' )H'III'OIl OI1t.put lIod,' volliLgCS, III l"f>lltl"ilst to lhat, Tl involves

l'vllll1llLi01l of atl lh,' S!I'I/II!.'!' IIIfIt'I"OIl, ',[ds fnlllJeclerl to LllI~ 1ll'III'OIl. Siuce

wmk), I,ll<' (')Wcl ('IllIaLioll !i. I ('illl h(~ approximate{l illl

(6.2)

Silln~ PULSE 11.<1'1l lilwd til1U'Slt'P. (the tillll~pt:riod h,~ing a.1l illtcgrillllllll

I,ipl(' uf LIlt' t.illwstt·p), PPLSE sllHlllilLinll time as a first ord"r illlpmxil11atiotl

rail he s,s·l1 Lo Ill' Lh'~ I'I'(Jllud tlf tim',· rac~ol's. AllY r.hallg{~ in llllt' of th~st'

radon~ will lIfr,'(l tilt' ~i1Htil.,t.iO)lI till1P proportionally. 1\t.'eIJing this ill mimI,

1,llt'~" t"l'ms ilild th"ir rl"lwlld"lll"" 011 the network pal'lLllll'lers \"ill he dis

"USs,'dllt'xl.
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6.1.1 Evaluation of Neuron Input Voltages

This refers to the (NT,) t.mll in Eqn. 6.2. Rcnwmber that Tl Wi~ tlcfincd

to be the avcr,Lgc time required 1.0 eViLluatt' 11 neuron input nodt'. This term

(NT,) call be more exactly represelLted as

N

NT, = f;tExNSXi + t/,vNlNi ('.:1)

where lsx (tIN) is tho: time taken to ('va[uale tl1l' L'xcitatory (inhihitory)

synapse macl"omodel and NEX, (NIN,l is the Ilnllll:ll'l"tlf excilll.to.'y (inhihitol'y)

synapses connected to the j·th neuron. Eqll. 6.:) rcllects the scale of the IId

work and hence the onler of the wmputation cost to simulate a given network

can be found by studying this term.

The magnitude of tillle factor lEX (lIN) present in Eqn. 6.3 varies at

different time points depending on whether a particular synapse is rc':eivill,l!;

pulsed input at that given p:Jint or not, At the time point whcn the synapse

is not receiving any activation, the time required t.o evaluate that synapse

macromodel is much less, as Table 6.1 shows.

Table 6.L: Time required to evaluate syunl/SC mi.tcrotllodels

Since it is compl",x to find out tilt' proportion of synapSt:s tha.t are activ(~

at a given point of time, OIJ'~ call see that it is difficult. Lo predict. the ordl~r of
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the total simulatioll time taken by PULse (while simulating a given /Ieural

network). The simulation time from Eqn. G,a depell{ls strongly 011 the activity

of tIle circuit and the collnectivity of the circuit (the number or neurons

present and how the synapses are connected to it). However f!"Olll Eqn, 6.:!,

one can intuitively predict that the time taken for regular networks I under

stro".!i i{cLivittioll (t exoN and i lNON dominating over texoFF and t'NOFF)

will have it close to linear dependence on $, where $ is the tolalllumber of

synapses (e:tcitCllory + inhibitory) present ill a circuit.

2OO,---,--,--,----r-.-----,--,--,.--,
'80

''0
1<0
120

'00
80
80

"20
oo><:-'-_--'---'~---'-_~---'-_ _'_-'-----'

o 100 200 300 400 500 lSOO 700 800 iOO

rigure 5.2: Dependence of PULf,E: simulation time on the number of synapses
prC1>enl in it CAM circuit

To verify this intuition, a netlist generator program was written to gener

ate the netlist (circuit connectivity) of a MAXNET, a regular network with

N number of stored patterns each Hamming Distance of N/2 away from the

IRegular ne~works refer to those type of ne~works where tile number of exci~atory and
inhibitory synapsel eonllec~ed ~o diffcren~ neurons remain tbe nme. Many a.rtificia.l neural
networhf:r.llullrlerLlliscategory.
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otlier. A stored paUern WilS pllt ;1.; input .lIlt! the run tiuw of PULSE WilS

measured. This experillK'llt lVas repeated for N= 2. ·1. S. (~, 16 alltl 20.

Figure 6.2 sholVs the results obta.ined whidl ratilit:ll 0111' intuitiou.

Henct': though the ancl order of simulation time of PULSE illVoJlVl'S "Yal-

u,lting Eqn. 6.3, 11. first order approximation of PULSE simulation tiull' for

regular networks under strong activdioll c.an be estimate.1 as 0(.,;'). whcrll S

is the Illlmber ofsynil.pses I)resent in the network.

6.1.2 Number of Functional Iterations

This refers to the term }J in E(]Il. 6.2. The number (If ;i.eratious fl~llired in

the functional iteration loop depends strongly on the convergence criterion

and hence 011 the accuracy required by the user. As the accuracy rCI!UirClllclll

increases, the simulaLioJl time increa.~ nonlinearly, as Fig. 6.3 shows.

Figure 6.3: Dependence of PULSE simulation time Oil the CUJlYUrgl:n(l: r:ri
terion of the functional iteration loop
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III PULSE. the cOllvcrr;ellu criterion is 0.0001 Le. the loop is exited when

the last calculated voltage and the present voltar;e differs only by a.ooolV

And this criterion hu been sd to conform to HSPICE: results.

Once the convergence criterion is set, the number of functiollal iterations

required to 6nd the input voltage of neuron X depends on the input acti

vation and firing rate of neuron X. This variation is shown for the output

neuron of XOR circuit in Fig. 6.4.

$Oa lOOn l50n 200n 25011 300n 3:1On 40011 450n ~OOn

Figure 6.4: Dependence of number of functional iterations on circuit activity

Wilen the discharge pulse arrives, a greater number of iterations are re

quired to calculate the neuron input voltage owinll: to the sudden drop in

membrane voltage. This cor~ponds to the period right after the neurOD

Iirint and corresponds to the large spikes in Fig. 6.4. The small spikes corre-

spond to the sharp rises in neuron input voltages and occur due to the arrival

of input pulses to the input synapses connectec; to the neuron.
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One has to r(!("O!:n;ze the (art thM F;g:. 6 .... "orl'\,:,pullds to 1111" 1lt"lLrolll ill

the gi~ocn ndwork ;111,1 tlw....• are many oLhcl"!I that ar,· nut IiriTl~ OIL Lh,' Jl:l\'I'1\

point of time. Sinn~ " is i\\ocrilgt'll U\"I'r illllwl1rt1ns. I' 11l'\~'r ro';,,'!"'s tilt' IM'ak

~'illllc of 9 as shown "hO\"t!. A L)'pir.al \-ahll' of I' '1I'II"'Ir.! lu I... :! fur hi~III.\·

i\cti\'ated nelwork:l uf llWtlillm s".,lt'.

6.1.3 Number of Gauss-Seidel Iterations

This rcft'rs tu tIll' ll'nll '" ill I"::q1l. Ii,:!. TIll' G,'lIss-S,'i,ld it"rill.ioll prll"IOS:l

::!,l:1 -;\,1:1'"" -:i

.l'l + J:1'"" !j
(liA)

atcd from thc first ",,'lIltian as.'iumillr; ;r1 to Iw. const"nt iut.1 lL..ill~ this III'W

\'l\luc of or .. J:'l is CAlcll!atl~1 frolll the SCCOIHJ CClllatioli. Thi:l it<-rativ"IIr<Wl'SN

is tlLen reIJol·a.to>l:\ until t·onv,·rgcll"l·.

Now considerilll; f'ircllit I\ut!f" vnllag<'S to b,: L111: vari"hlc.s, if r1 i'i .II~·

pcmlCIIl 011 rl 1111(1 r. j:'i iwl",K-lIll,mt of .£1 thllll Ollly ,/It,' ,·\';,1"1It;,," will I...

rl.·qui~1 to solvc the 11.\'0\'1: set of ('''I1.mtiolls. This will ,W.:llr Wll':ll lIll'systc'"

of ~uatiol1s ;.'1 sparse It.g. the codfici(,lIt of 7.1 in til,: first L'ItIH.tiuro is 1A'ru.

III circuit simulation, the set of l"llllittions g':/1I:ral.l~.1 i1r.: illhl'fl'l1~ly "~IJ<LrSI~"

That suggests that Lhe .~I!'1l1eIlCe in which tht: cquatitlils anl W~I\.:r"lt~oI ill ;•

.~jmulntor is impOtlilllt. lr tlw sf'cQlld 1!(lllatioli W1LS t:llc""lll,:ro~d lirsl 1\1111 was
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of e<11l1l.tiolis. lienee from E(ln. 6.2, the simulator time would be doubled.

E:<lcnding this logic, for II. circuit with n noues, incorrect ordering can lead

to II. n-fold illcrel\.Sc in simulation time in the worst case.

1{1~I:ping this ill lIlind alii! laking advall~,lge of the fact th'it the SyStl"ll

of CIllliltiollS !ll~lll:rMI:d is vl:ry Spill'SC, PULSE l'eduCeS the Ulllnber or (;auss

Seidd ill·rations drM~li<'...lly. \-Vhile or<leriug the set of c<luations, PULSE

puts tit" input (ill,I"IlClld"nl) node eqllntiolls hdol'c the otllt:r nodp.s. Among

tltl: tl'lO t'!;ISS"S of r1':rwndeut 1I0d,' l'fluiltions, the neuron input node volt

ilgCS <J"Jwnd 011 otllt'l' rWlll"Oll OIltputS. Hence, neuron Olltput node eqlliltions

arc also eVil.hlilt.l~d hd01'l~ Ill'lll'OI\ input Ilollt~ l~qull.LioliS in PULSE to l'nsure

mrrcct ol'tlcriu/,\ ofLhe t·'1I1od,iollS.

Tflkillg tilt: ahovl' nll~olsun·s. PULSE brings dOl'll! m to" value t)f 1. An

other it"mtioll is III'1'formcd "her the first iteration just to guarautee the

<:(}IlV(~rg(,llcfl of tIlt-' Gallss-Seidd loop and also to update the statll~ of the

IWllrOllS for which il~ input hilS rrn~sf'<1 1.hl' thrC5hold at this point of time.

I\.~ slatl~d in the 11Ist parngraph, neuron illlillts arf' t~vil.lllated "ftcl" the nell

TIm tllltPlitS in PUI.SE 1I1HI IWlll'" during till: first iterlll.ioll i~ is iIllJlos~ihll'

Lo know this changl' III status.

This cuucllldl's tlw mmlytio: study of the cost of PULSE simulation. The

three major fartor~ l'espollsihk' have br.en described and their effects have

bCf!1I <,;vll.lllated. Exploiting till' network pl'O!l<';rties, tile elfp.ct of olle of those

factors has ht:en dilllilli~h('li t() SI'et',lllp the simulator. The following section

III



will present the statistics of PULSE and HSPICE simulations for somc com

mon networks to show the speed improvement that has bL'C1l lu:hicI'cd m'el'

HSPICE.

6.2 Speed Improvement in PULSE

PULSE has bl?' already proven to be a reliable simulator for p\ll~ed lIlla-

log networks bu,lt using our topology, This section discllssc~ 011 ~hc :;pccd

improvement that has been achieved in PULSE.

Here, the speed improvement of PULSE is presented by comparing it wilh

HSPICE as is the standard in the circuit simulation literature. The rationale

behind this is simple. SPICE is the most widely available simulator and

thus is a good benchmark. Although it would have bt'Co nice lo I:OmpIlfC

PULSE with some of the third generation simulators, ~lie implcmclltation or
our macromodels in a third generation simulator is so time-consuming lhat

it was actually one of our motivations behind building PULSE.

The speed improvement in PULSE. is difficult to present in an Ilnillyticl\l

framework owing to the constraint that though PULSE simulation time call

be found to be close to Eqn. 6.1, there is no way to predict the I-ISPICE: sim·

ulation time, This problem is common and hence simulator spf.:ed improve·

ments are always repcrted by citing the improvements achieved ill typkal

circuits, Following the same track, Table 6.2 shows the statistics of PULSE

and HSPICE simulation for common neural networks simulated in Chap. 5.
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A~ rdl~ctl:d in the table, HSPICE gels slower as the number of neurons

(input alld slandil.T<l) illcn~a.~cs in 11. circuit. For example in thl~ lIvo circuits

where the nllmber of nelirOllS dominate, i.e, the XOR and the associative

memory circuit, HSPICE is rnuch slower than PULSE. In the other two cases,

:ii,ICC the circuit contains fewer number of neurons, HSPICE speed improves

(tlll~ circuits sil11ulal('11 hcill,l!; ll~vojd of input lWlIrons). But still i\ two order

of speed (HlrerCllcl' l:iUI II(' .~l'l'lI in the perfonwlIlce of the two simllllltors.

The ahoV\' obsl~rvati{)ll can he readily explaincd. The neurons in PULSE

i1rl~ Illodebl as logic. blocks. III contrast to that HSPICE pc/forms circuit

simulatioll for tlH~ whole neuron circuit to predict its output. The neuron

dl'l:uit being IJIIJ[<y, cons\I!"mbll' tillll~ is wasted by HSPIC~ in simulating

that circuit aJl([ Iwllt:l' it ~(·ts slower with incn~Mil1g number of ncurons.

Also n-rl~rrillg to t1w Iill'l'alllrl' review section, HSPICE sillluld.tion time

is i~ IlOlllill'~IU' fundioll of II, where /I :;;;; 110. of nodes present ill tIll' rircuil.

This skillS from HSPICE 1I!;;illg sparse matrix solution 1l1ethofts for solving

the t'q1l1llinns gcncl'at('d from Newton-Ritphson steps. To avoi.J this, PULSE

uses Gauss-Seidel iLeration methods (as in Third Generation Simulators)

wllith takl:s 0(11) tinw til soh'f' a seL of II linear equations. Though the

illllividuill cOlllributioll or this algorithm can not be separated Ollt in the

spOOI[ improvement iLchi.'ved in this simulator, its effectiveness in keeping

th.~ PULSE simulatiolJ t.illle down while simulating large networks can be

llt'kIlOW!I'llgctl llH.·orl'tical1y.
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PULSE STATISTICS FOR THE CIRCUITS
SIt"IULATED IN CHAPTER 5

• Sim/I/c SClmri Sdll'''''~'

Simulated for trJOns
S/flmimTi.\'(·ruvll· I
SYr1il/I$C:;.:J (2 Ex, L [n)

HSPICE PULSE
CPU Timc [ill SHOIIt)SJ ·17 0.·1

Speed Impl'ovel1l~lll - 117 tilllc~

.~

Sitllu)ntedror!"JOOII.'i
$lmICI,ItTI ;\'1:111"<)11·:1
S!j/WiMC••. f) (<i Ex)
illflUI S('II'.... I1.• ··1 (1 St,!.:.! [11'1)

HSPICE PULSE
CPU Time (in ~l'collds) GOO 1.56

Speed Improvement. 384 times

• COIII'"IArMI'I.'",,,liJlc .Iln'l/Il'1/
Silll11later!forallUlls
SlmuItmlNClIlTJ/l·7
SYr1Il/J,.cs- 77 (;J;j E:'(. ·11 Ill)

HSPICE PULSE
CPU Time (in 51'(OHds) 7:J·I (i.56

Speed Improvement - ll2 times

• AIlSocilllivcMcmfJI'Y
SilllUI"Ll'dfor:lOOIlS
StalldclITl.vcWVIl· :J
SYTlnJ"'c". 4:-l ("N LX, 1·1 1111
11l1JIIINclJl'01l:;- [()(!'!Sld,Rluv)

HSPICE PULSE
CPU Time (ill secolllJ.~) 1!")71 (j.n

Speed Improvemellt _ 428 times

Table 6.2: Compilrillg" PliL$8 all(1 HSPICE spee<L (on a DECStation
';000/200)
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From T;t.hlc 6.:l, the sp,lt.'fl impro\-ement adlicved can be lit!ell 10 vary from

100 tu 400 timC!i which ShOWl' PUI.SE to be all~ilSt two orflcrs fa.'ilt"f than

IISPICE wllil~ liill111laLing 11IIIlIed lIelworks buill usinS our topo]os,y. This

order of illllJrOvClIlClIl in .~imllratioll time was a ma.jor goal in ltuil<ling this

simulator and the re>lIlts presented in this section and the prcvious chapter

shows lhaL lhili gOi\1 hllli been achieved.

6.3 Concluding Remarks

This .:hapL,'r Pf' vi,I"J! an illllLlyLi..:al study of PULSE Jjil\lu!i1tiol1 LillW. The

sl'I.'(~1 of tlw two silliulalorll IISPICE and PULSE hl\.S h~ll cOlllJlil.red. PULSE

is SlS!IL lo Ill' III 1'"/lsL two ur.I.1TS f;u;l("r Lhilll HSPICE whilc providing tlw sam."

;u:Cllrllt"y liS in HSPICE. This illcrt"ilscos dt'signf'r l'f1ki.'lIl:y 11ll.1 lUil.k<"li .~xhi\.us-

liv.~ silHlIlaLiulI of;t Iwtwork IlUssil.lf".
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Chapter 7

Conclusions

order of lIlilgllillldl-' SIH'C11 illl]lroVf'lIlent over IUiP1CE ror llllT plllllL~1 OInaluJl;

lopology. Thi~ ~p':l~l·up a,~hil'vt!(l recluc'!lI tlw simllla~ivll till'" frum d;lyS t"

minllLt'..!i which makc'S l'xlmllslivc silllulation or largl! "'·llralll'~tw"rL:.s)l ~"''1ihll'.

Whik- building thi.~ Sillllll;llor, both sel:Olltl allli thinl t;"lwratiult silllUhl

lioll techniqucs llaw 110.",,1 lIStoO. W",.",!on" (,'ft".~·Scjdrl, a tllir,1 1.t·ut·fativll

tt'dmiqllc has 1_11 lllit.~llo tk~{lIIplc the circuit cquO\Liolls rorllll,1 (I.y llll~ sim·

ulator) whereas f"'lclioFlnl iZeluliorl 111\5 been uSNI to solve tIJIISl: ,I,:nllll'~sl

l"qllations. Functional iteration, an oM Ll.'dllliqllc in circuit Sillllllil.1iulI, ill nul

commonly used in Ilrl:lieul 11;IY circuit Silllll!;,WrlI lIinr.c it illll'tJSl'li liIl1ol'Slt:I'

limit in transient anillysis. As argued ill til is ~lit:sb. Ulis is Hul ;1 St~rilllls

cons~raint in our topology 1L1I,1 hCll':{' lhis sill1pl.~ alltl a...·llral'- alp;orilllJll

llits heell used to r(;'plncl~ two Idajor ste".~ in cOllvl:nLion.L! .;ir';tlil SillJllll1tiulI,

llumerical illlegraLiolllUl,1 Nil iterillirm.
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Dy proper ordering of the circuit e<luations and exploi~a~ion of the pe~

<:Illiaritil~s of pulsed imalog topology, the number of Gauss-Seidel iteratiolls

I.lL~ becli re~lllccd to olle ill this simulator. Al:.o llccurate macromodel:. have

hl!Cll llsed for the ,;;yllapses thus rL'(lucing the computation time signi~cantly

;L~ compared to lIJC triLJlsislor ll!vd simulatiolJ performed in auy circuit silll-

HlatoL

Th,~ aim ur hllil.lillg PULSE: was rast aud accurate silllulat,jllil of largf'

neLwllrl,s hllilt IIsiug our top"logy ,uHI exploratiun uf new neural lletworks.

Tllough lI\ost 'l( tl]l~ n'SI!1Lr"h period was spent ill huilding and v,llid.ltiug the

SiHlllliltor, the advantage of having this lool is already evidcnt ill implemcn·

tiltioll uf a lT1i~trix aswciative memory. Extensive simulation of this network

WiL~ only pllssihlc because we hi\d this simulator. Doing the SiLme number or

simulations with HSPICE: would have taken months; they WI"H' dollt~ ill OIl\"

day IIsiug /'11LSE.

Alsu ill C,I:;C or /lllillog Ilcur.llncLs the circuit ontput information is prC:;"nt

ill tllt' 1"I11ll1illg i~vemge of the p,Ii:;!':) in contrast to tile presf'llce or absence of

1'"lsl~N at the O'ltput ,loS in digilalnetworkl>. To calculate the running average.

llne has to simulate the nt>twllrk for significant (Iuration (say, 2000ns) whir-h

amoulils to II (lay's sirnilliltioll with HSPICE for even small lwtworks. Henrt'

for Sillllll1ltioIJ uf ilnalog IlI'tworl,s, HSPICE is tuo l;'xpellsivl~.

Some interestiug points llil\'t· been observed during the whole work. As

dcst:rihctl ill Chaptf'r 5, till' Iltedictioll of the exact timing or the output
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pulses in this kind of networks ~llt!1lI to lH'i imlHlSsiblt\ i.t'. thi~ plwnulIll'lloll

looks inherently ch<1Otk.. Sin,:c this IlhcrlOlllCIiOn set'IlIS II<' illl illlll.'t"C'UI. <'Illl1"

aclcristic of ollr pnlsclltopology, it is required 10 be formally ill\"''1<l.i~at,',lt\l

make ollr lI11derstandilig of the topology clearer.

Also, though this simulator has been experimentally Sl'CI] ttl lw ablc to

simulate larger drruits thall it is possibl(l to huild llsing our slal\,IM,1 f.e1ls

and CMOS:JDLM 1II'''''''SS. th" ~il" or til., <'luI,' !:\"lll'fl,t.,',1 hy llll' sillllll;~l" ..

t1lun~ alld 1Il0l'<' 11I1'111(1r)" t"!'fillin'ml'nt as WI' wililhiuk or I>llildilt~ IIU'g,'!" ,lIftl

I<ll"gcr circuits ,~pallllitlg say a set of chips, At that point uf tillf(', 1I1l!' has

to really tak~ a hard look itt. the circuit representation in this sitlllllal.ur. A

linked list r~preselltatioll of the circllit f.ontJf~divity Sf~'tl1S to IJl~ 011I' "r tl1l'

choices lo dccrcllse the memory rCflllil't~nwllt of lliis sillllilalur lb<Jllj.',h tilt'

best solution S""~l1lS to he IIlld,~ar at this 1J10IlU'lil.

How{~v~r a .. this poinl or time, PULSE provides tlt,~ cir(~lIit d"si~lIc~r wiLlI

a significant t'dg~, Armed with a 5in1111ator that is tWfl urclf~rs ra.<;tl'r limn

the circuit simulators availallil', a flcsigner now has the pnwc~r 1." l~xplun~ llt~W

network topologies i.f~, he is nllW ahk' tu f'Xillllini' tilt' itllpliriLti"l1s uf Olll'

circuit desigu approach all liU·g.. s';ldc t1'~lw{)rks thil.t WIL~ illlp"S.~ibl.· II.~ill~

HSPICE. III that WilY, d,~\'('lfll'tI\t'llt or tIl is simlllalor IIp''IlC''! Of ""w ,I""r ill

implemcnlation of plllsc'(llIlIlLlog ndwnrks lISill~ ollr tUlJ(jlo~y.
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Appendix A

Minimum Time-Step for
Predictor-Corrector Method

This appendix refers to..OUf discussion in Chapter 4 about the worst-clUe

time-step tbat can be used in PULSE while using the predictor-corrector

algorithm. The maximum timestep that can be used with our predictor

corrector algorithm is (Chua and Lin, 1975)

h< 18f:Ozl (A.i)

Hence, the worst-case time-step will occur at the maximum absolute value

of 18f/8xl. To explain the method of finding this worst case value, we wiJI

refer to Fig. 4.8.

Let the sum of the currents at the neuron input node of Fig. 4.8 be I,

hence I = /1 +1, -13, A comparison or Eqn. 4.6 and Eqo. 4.7 reveals that

in our case, ollax is (1/2C)8I/oV....

Hence, the worst case time-step will oorre:!lpond to the maximum value of
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181/8V".I- From definition of f, one can write Eqn. A.l as

h< Im~':.~Yl (A.2)

where, m and n are respectively the number of excitatory and inhibitory

synapses connected to the neuron input node and ;z: and yare such values of

ofjav... for excitatory and inhibitory synapses that Imx - nyl is maximum

at a given Vm •

Equation A.2 can also be written as

h < Ix ~Cpyl (A.3)

where, p=;;. trom equation A.3 the word-case time values were calcu

lated which are tabulated below (this table is repeated in Chapter 4).

Ratio of excitatory
and inhibitory syn

3
2
1

1/2
1/3

1.6ns
1.6ns
1.2ns

0.73n5
0.52n5

Table A.I: Worst-case time step
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Appendix B

Source Code of the Simulator

B.! Data Flow Diagram of PULSE
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Graphical Output
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B.2 PULSE Source Code

'include <stdio .h>
'include <string.h>
'include <math.h>
'include <time.h>
'include <ctype .h>

,* nus 15 TIlE SOURCE CODE FOR SIMULATOR PULSE. TO RUN THIS
SIMULATOR, USER FIRST PROVIDES fOUR INPUT FILES -
i) THE CIRCUIT CONNECTIVITY DESCRIPTION, CALLED notlist.
ii) A FILE DEFINING THE INPUTS TO THE CIRCUIT. CALLED pUlse. inp.
iii) A FILE DEFINING THE TIME-PERIOD AND TIMESTEP OF TRANSIENT
ANALYSIS, CALLED pulse. sim.
1") A FILE DEFINING THE OUTPUTS THAT THE USER \.IANTS, CALLED contr

01.

AftER READING THESE FILES, THIS PROGRAM GOES THROUGH SOME INTERHED
!ATE

STEPS BEFORE WRITING TaE FINAL CUSTOMIZED FILE SIMULATE.C FOR THE
GIVEN

CIRCUIT. THIS FILE SIMULATE.C IS .. C PROGRAM DEFINING THE NODE EQU
ATrOnS

OF THE CIRCUIT AND THE ALGORITHMS REQUIRED TO SOLVE THOSE EQUATION
s.

TIllS FILE (simulate . .:) IS FINALLY COMPILED BY THIS PROGRAM AI.ONGWI
TH TWO

MORE FILES -
i) MOOEL2.C (the file defining the table lookup synapse models an

d tho
neuron models)
AND
ii) EXTRY1.C (the file defining the waveforms required by the sinm

lator, till now only PULSE waveform is defined)
TO RUN THE SIMULATION.

HE

EN

AT THE END OF THE SIMULATION RUN, GRAPHIC OUTPUT IS PRODUCED FOR T

USER-REQUESTED NODE VOLTAGES USING GNUPLOT. TEXTUAL OUTPUT IS ALSO
PRODUCED AND SAVED IN THE FILE pulse.out. FINALLY THE CPU TIHE TAK
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IN THE SIMULATION RUN AND THE BREAKDOWN OF THAT TIME IN SIMULATOR
SETUP

TIME AND SIMULATOR RUN TIME IS DISPLAYED IN THE OUTPUT. */

int not"'O,stdno"O,llIin-l000j
float timeperiod"O.;

1* net = THE TOTAL Nt. IBER OF NODES PRESENT IN THE CIRCUIT
stdno " TOTAL NUMBER OF STANDARD NEURONS PRESENT
ain ,. IN THE NETLIST, Std Neuron's ARE FOLLOWED BY ARBITRARY NO.

'so THIS
VARIABLE STORES THE LOWEST OF THOSE NUMBERS.

void check_netlistO;
void get_labeled_names () ;
void define_fan.insO;
int *def.silll.outsO;
void gen.inter.code(int *);
void gen.final.codeO;
void do_displayC);

mainO
{ char response;

clock.t start,start2,end;

start=clockO; 1* Mark the starting time point *1

chec.k.netlistO j

get.labeled.namesO; 1* Go through the intermediate steps betor.-/
define.fan.insO; 1* vr:!.ting the final file simulate.c.
-/
gen.intQr.codQ{def_sim.ouu(» ;
gen.final.codeO;

printf("Oo you want to run it (yIn) ? ") ;scanf("'l.c" ,.It:responsQ);
if (response"'-'y')

1* Compile thQ £ilQ simulate.c alongwith tvo other files, remove the
intermediate files and the output file of the last simulation r

un */
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{ systelll("gcc -0 extry waveforlll.o lIlodel2.Q silllulate.c -1111 ") ;/"rlll la
bel. int;

nn fanin.int;rm inter.c;rm pulse.Qut ... /

stan2=clockO; /. Mark the end of simulator setup tilll

• -f
system("extry > pulse.out");
endo:c.lockO; / .. Mark the end of simulator run timA

-f

printf( "\nCPU time taken is i:gs\n", (end-start).le-06) ;
print:f( "\nSetup time is :':gs\n", (stll.rt2-stll.rt).le-06) ;
printf("Simulator run time is 7.gs\n", (end-stut2)" 1e-06) ;

do_displayO;
lot ... /

)
)

/ ... Display the outputs using gnup

/ ............... /
/. if_file_err

-/
f-

-f
/ .. If the input file is not present in the current directory, this fun
ction .. /
/. detects that, prints an error message and exits the program. All th. -/
/ .. modules in this program uses this function before opening any file
for ./
/. reading.

-f
/ .............../

void if_file_err(FILE *flptr,char filenaJlle(lOO)
{

if (!flptr)
{ printf(" .... ERROR: Can't open file:':s ....\n\n", filenaJlle);

exit(O) ;



)
)

/ .. "''''++++ ++ .. ++ ''' "' .

syntax_check (used by function chllck_netlist)

This function checks the syntax of the Conne<::tivity description of a
given

element. The inputs to this function are as follows
*5 = the connectivity description of an element,
no_of _at'g .. the numb'll' of nodes present in the element
line_no" The line number of "netlist" tile 'oIhere s occurs

This function first checks whether the string entirely consists of A
Ipha-

numeric characters and a single; or not. Presence of two continuous
blanks
is an error. Also if no_oCarg doesn't tally with the no. of nodes p

resent
in the element description, an error is raised. In all cases, the li

" no. of the natlist ....here the error occurs is indicated in the error
~essage.

.............................................................................................,
void syntax_check(char *5, int no_of_arg, int line_no)
{ int i=O,j=O,flag=l; ,* flag is set to ° in case of an error *,

for (i=2;i<=(strlen(s)-3);iH) '.The first tllO characters define the
element.'

{ if (lisspace(s(i]» {if (!isdigit(s(i]» {flag=O;}}
if «isspace(s(i]» U (lisspace(s(i"l]») {jH;} '.j=no of blanks

in line.'
if «isspace(s(i]» .t& (isspace(s(i+l]»){flag=O;)

)

~ ~ ~j f~{~:~~;~a;~~~f)D~~ag=o ;

if (!flag) {printf("\n\n •• ERROR: Element format at line Y,i of net
list file is .... rong u\n\n", line_no); exiteD);}
)

I:.JI



1·············**..··..***·· ..···..* · ***··············· .*·*···*11* check_net list
-/

/-
-/

I. This function checks the validity of the input netlist, The netlist
file_I

I. is assumed to be of tho following form

II Netlist Generated by PULSE Netlister II <--- The first line is
assumed

to be a comment a
nd is

ignol'ed (this line cannot start witll string
_net),

·netO"/Il

·net<no>../netname
t of

mbers.
·net19=/I6

Followed by a lis

node names and nu

and a list of eJ.em.mt connectivity descriptions. This description i

different for each elements and is described below. The first line
of the

description is a comment in each case as is evident from the leadin
g • and

can be left out.

(a) *neuron«index»=/I<instance no.>
SN<index> <nl> <n2> <n3> <n4> <nS> :

This description refers to a neuron with <nl> and <n2> as its in
put and

threshold nodes. <n3> refers to its bias voltage. <n4> and <nS> ref
ersto

its diSCharge and output pulse nodes respectively,

(b) .inNeuronl«index»=/I<in!ltanc:e no.>
SI<index> <n1> <n2> <n3> <n4>

l:l:l



This description refers to a standard input neuron Ilith <nl> and
<.n2> 11.5

its input and threshold nodes. <n3> refers to its bias voltage. <n4
> refers

to its output node.

(c) ""inNeuronO«index»=/I<jnstance na.>
II<index> <nl> <n2> <n3> <n4> :

This description refers to a inverting input neuron with <nl> an
d ~n2> as

its input and threshold nodes. <n3> refers ta its bias voltage. <n4
> refers

to its output node.

(d) ""synapsel«index»-II<instance no.>
ES<index> <nl> <n2> <n3> <n4> <n5> ;

This description refers to an excitatary synapse lJith <nl> and <
n2> as

its input and discharge nad'!s. <n3> refers to its veight voltage.
<n4> and

<n5> refers to its leakage and output node respectively.

(e) ""synapsein«index» "/I<instance na. >
IS<index> <nl> <n2> <n3> i

This description refers to an inhibitory synapse with <n1> and <
n2> as

its input anc. weight nodes. <n3> refers to its output node.

/"" The checks performed are nov described in sequenCe. First this func
tion */
/. checks whether a list of nets exist in the netlist or not. Then it
checks"/
/. uhether the elements present in the netlist are known ta the simula
tor */
/* or not. If the element is known, then the correctness of the syntax
is ""/

/. checked "ith the help of function syntax_check. Finally.it checks w
hether·1
I. a net appearing in the list of nets appears also in the connectivit
y -/



/* description or n<lt and vice versa ../
/. ./
/* In case of the first two errors, the errors are fatal and this func
tion */
/* prints an error message and exits the program. In the last case,it
issues*/
/" an warning And continues execution

./
/. DEFINE EXACT NET LIST

./
/" " " ......../

void check_netlistO
{ FILE .flptr;

int .buf,i,n;
char 5[100] ,scopy(100] ,51(8];

flptr:fopen("netlist" ,"r") ;
if _tile_errCflptr. "netlist"};

while (fgets(s,lOO,flptr» /- Calculates no. of nets pr
esent "/

{ if (I (strncrnp(s,"*net",4») net.. ;}; /. in the given netlist
./

rellind(flptr);

if (!net) { print:t("\n\n ..... ERROR - A list ot the nets not pre:;len
t in neUist .... \n\n",s1[2]); exiteD);} /. If no nets are present,
it's an error */

but-{int *) malloc{net"sizeof(int»;
for (i"'O;i<net; i .... ) .(bufti)",O;

fgets(s,lOO,flptr) ;i"l;
while (tgets(s, 100 ,flptr»
{ i++;

strcpy(scopy,s) ;
if (strncmp(s,"*",l»
{ strcpy(sl,strtok(s," "»;

if ( (!(strncmp(sl,"SN",2») II (!(strncmp(sl,"SI",2») 11
(!(strncmp(sl,"I1",2») II (!(strncmp(sl,"ES",2») II

l:H



(!(strncmp(sl,"IS",2))) /. checks whether the element i
s known ./

{ if «(!(strncJllp(sl,"5N" ,2) ) II (! (strncmp(sl, "E5",2»))
syntu_check(scopy.5,i)

if «! (strnclllp(sl,"U" ,2) ) II (!(strncmp(sl, "51",2))))
syntiU_check(scopy,4,i)

if (!(strncmp(sl,"IS",2)
syntiU_chack(scopy.3,i)

strcpy(sl,strtok(O," "»;
while(strncllp(sl,";",l))
{ if (n>=net) printf("\n\:\ .. WARNING - Net No. Xi does not ap
pear in the list of nets u\n\n",i);

n"atoiCsl);
·(buf+n)=l;
strcpy(sl.strtok(O," "));

)
else { printf("\n\n ..... ERROR - Unknown Element Y.s present in

netlist ...... \n\n",sl); exit(O);}
)

)

for (i=O;i<net;i++) {if (!('(buf+i))) printf("\n\n •• ....ARNING - /let
No. %i does not appear in the connectivity description u\n\n",i);}
)

/ w ....... ,/
/-

-/
/-

-/
/. Assulling a v4lid netlist, this function finds out the user-labeled
teni-*/
/* nab from the neUist and maps their nan.es to corresponding node nu
r.lbers.'/
/. This lapping is written down in a tile label.tnt.

-/
/-

-/
/* The node-natles are of '~hree types -

1:15



(i) Vdd! and gnd!
(ii) User labeled node names (doesn't contain a or a ! and are VII

ryfe;t
in number in a big circuit)

(iii)Other narnes (may be automatically generated and is of the fOflll

<substring1>.<substring2»

The user-labeled node names are found from the netl1st by detectln
g th~

absence of , or ! in the nodenaJne. The output file labeLint define
saIl

the labeled nodes in the network uSlng tuples of the fOrM

-/
/. 2=IN4;

-/
/. where 2 is the node number of the input and IN4 is its name.

-/
/ "' "'''' '''.''' ''' ''' "' .
"' "'./

void get_labeled_namesO
(

char oneline(80];
FILE .1Iptr,*flptr2;

flptr=fopen("netlist" ,"r"); /. READS THE NETLIST FILE ./
if.file.erdflptr, "netlist");
flptr2-fopen("label,int",";t"); /. WRITES liP HAPPING FILE·/

while (fgets(oMline,80,flptr»
{ if (!(strncmp(oneline,"*net",4))) /. checks start.ing of node~tn

et ./
{ 1* if no or! present in the node entry then it is I/P or othe

r user "I
I· named node
-/

if «lstrchr(oneline,' ,») kk (Istrchr{oneline,"'»))
{ strtok(oneline,"t");

fputs(strtok(O, "I") ,flptr2); I'" sl gets the node number
as 5"*1
fputs(strtok(O, "\n") ,flptr2); 1* s2 gets say IN4

-/



/ .. hence the entry is 5=IN4fprintf(flptr2,"j\n");
·1

}
}

)
free(oneline);
fclose(flptr);
fclose(flptr2);

printf("\n OUTPUT FILE label.int GENERATED SUCCESSFULLY !!\n\n");

/ ') .
•••• .. ·1/.. define_fan_ins

·1
I'

'1
/. Here we are trying to write dOlln the fan-ins present at every node
ot the./
I. network in file fanin.int. In simulation, the fan-in of a node is t
he ./
I" set of all inputs that drive that node, therefore defining its volt
age. ./
I" The nodes present in the circuit are only or three types.

·1
I'

'1
I" They are i) inputs to the circuit (including weights, thresholds, a
nd */
1* bias voltages, ii) neuron input nodes and iii) neuron output nodes.

'1
I'

·1
I· In case of neuron input nodes, \Ill viII eat several entries in our a
utput .1
1* file (tanin.int) due to the presence ot several synapses. For neuro
n .1
I. o/p nodes, we will get single entries which is either NPULSE or DCP
ULSE ./
I" output ot a given neuron.

'1
I·

'1

1:\7



/* This function raises a \larning if a node is present in pulse. inp an
d not *1
/* present in label.int ../
/.

The entries in the file pulse.inp are only of tvo forms

Vnodename node-voltage;
or Vnodename pulse(delay ,rise, on ,fall) ;

-/

1* Algorithm
-/

/- ---------
./

1* i) Read the value or type (currently only pulse) of all inputs from
./

/* pulse.inp.
-/

/-
-/

1* ii) Open the net list file. If Vdd! and gnd! nodes are present in th
e net *1
1* list, then map Vdd! and gnd! to 5'1 and 0'1 respectIvely.

*11*
-/

1* ii) Sweep through the netlist. ignoring comment lines. (Everything
else */
1* is an element connectivity description.) Ouring the sweep

./
/-

-/
1* (a) Count the number of neurons since they have to be identified to
keep *1

/* track of their firing sequence.
-/

/-
-/

1* (b) Call function elmnt_descr for each element entry which writes i
n the *1
1* file fanin. int ~

-/
/-



-/
/.. for neuron entries: 2 entries, of the form
<no> stdnpulse(V[<nl>], V[<n2>] ,delay, rise ,on,fall, <nUlll
»;
<nd> stddcpulseCdelay. rise,on, fall, <nulll» ;
where <no> and <nd> are the node numbers of the neuron output

'"'discharge output respectively, <n1> and <n2> are the neuron in
put and
threshold node nos. respect ively. delay ,rise ,on, and fall are t
h.
corresponding times for the pulse being defined. and <nlllll> is
tho
number of the neuron. All other characters are exactly as type
d.

For ilp neuron entries: 1 entry of the form
<os> stdinnrn(V[<nl>],V[<n2»); (tor standard ilp neur

or <oi> invinnrn(V[<nl>],V[<n2»); (for inverting ilp neu
ron)

IIhere <os> and <Ili> are the output node numbers of the standar
d and

inverting input neurons respectively. <n1> and <n2> are the ne

input and threshold node nos. respectively.

For excitatory synapse entries: 1 entry of the form
<no> exsynapse(V[<nl>] ,V[<n2>] ,V[<n3>] ,V[<n4>] ,V [<no>]

);
where <no> is the node number of the excitatory synapse output

. <nl>
and <n2> are the node numbers of the excitation and weight inp

the excitatory synapse, whereas <n3> and <n4> are the node nUIll
bers

of the discharge and leakage input to the excitatory synapse.

For inhibitory synapse entries: 1 entry of the form
( ..iO> insynapse(V[<nl>] ,V[<n2>] ,V[<no>]);

where <no> is the node number of the inhibitory synapse output
<nl>

and <n2> are ttlt node numbers of the inhibition and weight inp



the inhibitory synapse.
-/

/ .. The format of the entries in the output file ianll\. HIt (as descrIb
ed .. /
/ .. above) follows the model defined in modeI2.c.

-/
/-

-/
/ "' ............;
void almnt_descrCchar .,FILE .); ;. A declaratIon, defInition (ollows
later·;

void define_fan_Ins()
(

int i,m,flag;
char s (100) ,pinp (tOO) ,55(20] ,s2 [100] ,"flOdeno;
FILE "flptr, "flptr2, "flptr3, .flptr4;

flptr=fopen("label.int" ,"1',,);
i13ile_err(flptr, "label. int") ;
11ptr2=fopen("fanin.int" ,"101");
flptr3=fopen("pulse. inp", "r") ;
if_file_erdflptr3, "pulse. inp") ;
flptr4=fopen("netlist","r") ;
i13 i l.i!_err(flptr4,"netlist") ;

while (fgets (pinp, tOO, flptr3»
{ strcpy(s2,pinp);

while (fgets(s,lOO,flptr»
{ nodeno·strtok(s,"·");

strcat(strcpy(ss, "V") ,strtok(O,";"» ;
flag=O;
if(!strcmp(strtok(pil1p," ,,) ,55» break;
flag=l;

)
if (!flag) { 5trtok(s2," ,,);

fprintf(flptr2, "'los 7.5; \11" ,flodeno, strtok(O,"; ,,» ;
)

else printt("\n\fl ..... WARNING - Input l.s does hot appoar in the ne

HlI



tlist ••••\n\n".strtok(s2." ,,»;
rewind(flptr) ;

)

fclese(flptr) ;
fclose(flptr3) ;

fer (i=O;i<net;iH)
-/
{ fgets(s.100,flptr4);
-/

if (strchr(s,'! ,»
(

if (strchr(s.'g'))
£T ./

{strtok(s."t");
-/

fputs(strtek(O,"-"),flptr2);
fprintt(flptr2," 0; \n ");

)
if (strchr(s,'v')I=O)
{ strtok(s,"t");

fputs(strtok(O, ,,=,,) , flptr2);
fprintf(flptr2," 5;\n ,,);

)
)

)

/. IF NETLIST CONTAINS Vdd or GND

/ .. NET DECLRN TAKE CARE OF THAT

/. IF 'g' DOES NOT OCCUR IN THE N

/ .. THEN STRCHR RETURNS NULL

while (fgets(s,100,flptr4» / .. The SN's can have any number aft
er them"/

{ if (lstrncmp(s,"SN",2» / .. Idea is te find the minimum of t
he no,s"l

{ / .. so that, that can be subtracted
from ./

I" all those numbers, to make their
no .../

strtok(s,"N"); I" start from zero. Since array for
them .1

m=atoiCstrtok(O." "»; / .. is going to start from zero.
-f

if (/II<min) min=m;
}

)
rewind(flptr4) ;



while (fgets(s, 100, fiptr4» /* IN NETLIST F"IL.E, IF IT DOESN'T STAR
T WITH .. I

{ /. A ., THEN CAN BE VDD,GND OR ACTIVE
ELEME .1

if (strncmp(s,".",1» /. NT INFO, FIRST IS ALREADY TAKEN CA
RE OF. "I

elmnt_de"cr(1l,tlptr2); I. TAKE CARE OF THE SECOND POSSIBiL.IT
V,THAT "I
} I. IS-ACTIVE ELEM USING COMMON FUNCTI

ON. ABOVE .1
free(s); free(pinp); free(ss);
fclose(flptr2) ;
fclose(flptr4) ;

printf("\n OUTPUT FILE fanin.int GENERATED SUCCESSFUL.l.Y !!\n\n");
}

/ .
elmnt.descr (used by function define_tAn_ins)

It creates element description for each element connectivity descript
ion that
is input to it. The .:onnectivity description appears in the netli5t t

ile .............................................................................
• ..•••• .. ·1
void elmnt_descr<Char *5,FILE *flptr)
I. TAKE A STRING, PARSE IT AND PUT REQUIRED STRING Iii FANIN. INT ./
I. FOR AL.L VALID ACTIVE ELEMENTS, NOW ONLY S1 AND NEURONS *1

{
char .51,"s2,'s3,.54,·s5;
int n;

if (!strncmp(s,"SN",2»
(

stdno++;
strtok(s,"N") ;
n=atoi(strtok(O," "»;
sl"'strtok(O," "); s2=strtok(O," ");
s3=strtokCO," It); s3"strtokCO," "); s4=strtok(O," ,,);
fprintfCflptr, "Y.s stdnpu!se(VC'l.s), V(Xs) ,9.6,0.6,5,1.4, XU; \n" ,54 ,5
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1,s2,n-min);
fprintf(flptr, "ros stddcpulse(10. 2 ,0 ,13 ,0 ,XO ; \n", s3 ,n-min) ;

}
if (!strncmp(.s,"ES",2»
(

strtok(s," ,,);
sl-strtok(O," "); s2:strtok(O," ");
s3=strtok(O," "); s4:strtok(O," "); sS:strtok(O," ");
fprintf(flptr, "1.5 exsynapse(V[i:s], VU~s] ,V{1.s] ,V[Y.s] ,V{Xs]); \n" ,s5,

51,53,52,s4,s5) ;
}
if (!strncmp(s,"IS",2»
(

strtok(s," ,,);
sl=strtok(O," II); s2:strtok(O," "); s3=strtok(O," II);
fprintf(flptr, "y's insynapse(V{1.s], V[%s] ,V[y's]) ; \n", 53, 51,s2, s3);

}
if (!strncmp(s,"SI" ,2)
(

strtok(s," ,,);
sl"strtok(O," ,,); s2.:strtok(O," ");
s3=strtok(O," "); s3=strtok(O," ,,);
fprintf (flptr, "%5 stdinnrn(V[y's], V[y's]); \n" ,s3, s1, s2) ;

}
if (!strncmp(s,"II" ,2»
{

strtok(s," II);
sl-strtok(D," "); s2:strtok(O," ,,);
s3:strtok(0," 't); s3;strtok(O," ,,);
fprintf (flptr, "y's invinnrn(V[Y.s], V[Y.s] ) ; \n", 53,51,52) ;

}
}

/ ..........
Reads the user-requested outputs from the file control. The forillat

of the
control file is like this

.9; (-- User request for voltage at node 9
*10;
IN1; (-- User request for voltage at node named N1

143



i.e. the user can define the requested o/p's by node number or name

This function then builds a table of these node numbers. Finally it
put:;;

the number of o/ps requested by the user 0:1 top of the table and pa
sses

the pointer of the top of the table to the next function.

Consider the example that user requests o/p at node 23,45 and 64 i.
e. 3 o/ps.

Table built .- > I 3 I --) Pointer to this entry is o/p of this fu
nction

I 23 I and is passed to the function gen.inter
.code

145 I
164 I

..."'''' ........ /

int .deLsim_outsO
utput ./
{ char s[100] ,ne....s(100] ,.sl,·s2;

FILE *flptr, .flptr2;
int .ptr,.buf,i=O;

flptr=fopen("control", "r") j

if3ile_erdflptr,"control") j

flptr2-fopen("netlist" ,"r");
if_file_erdflptr2, "netlist") ;

/. Reads user request for 0

while (fgets(s,100,flptr)) i++; /. counts no. of lines in con
trol ./

ptr'" (in1; .. ) malloc«++i).sizeof(int)) II· keep one more space to sto
ra countt/

buf"'ptr; / .. keep top of array in buf
.j

.ptr-i;
rewind(flptr) ;
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while (fgots(s, 100 ,flptr»)
{ if (!strncmp(s,".",l)) I. two types of nodes, by nod

ana. "I
.(Hptr)=atoi(strtok(strtok(s,".") ,";"»j

if (strncmp(s,"I",l)==O) j."r by name
./

{ sl"strtok(s,";")j
for (i=Oji<"net;i++)
{ fgets(news,100,flptr2);

if (strncmp(news,""",l)="O)
( s2" strtok(news,"t");

s2= strtok(O,"=");
if (strcmp(sl,strtok(O, "\n"))==O) .(Hptr)=atoi(s2);

)
rewind(flptr2);

)
rewind(flptr) j

free(s) ;frne(nl:lws);
fc1osa(flptr2) ;
fc1ose(flptr) ;
ptr;buf;

return(buf) :

I·"···"·,,·······················"'·····..··············· "'."'.."' .~ .
gen_inter_code

This function generates an intermediate C progralll inter.c which deti
nes the

node equations for the circuit to be simulated and illlplements the Ga
uss -

Seidel Relaxation algorithm used to solve those circuit equations. T
he node

equations are built by extensively using the fanin connections detin
ed in

the file fanin.int. The file inter.c also contains the data structur

required to simulate a given circuit. It's best to take a look at tb

heavily commented sample file inter_sarnple.c (a copy of a sample int

145



er.c )
present in this directory before peeping in this function.

The p58udo-code for the generated file is given balov ;-

do
{ increment time by a timestep;

store the node voltages calculated from last timepoint;
do
{ store the node voltages calculated in the last iteration:

calculate all neuron outputs from plug-in logic equations;
for all neuron inputs
do
{ if first iteration, use predictor to guess the node voltage;

store last iterated value:
calculate new iterated value;

}
vhile the tvo values do not converge;

}
while all the nodes haven't converged;

}
vhile (time <.. timeperiod);............................................................................. /

void gen_inter_codeOnt .lntptr)
(

FILE .flptr, -flptr2, -flptr3, .f1ptr4 j
char 5(80) ,.53;
int i ,j ,n, _count, count2 ,countex. ·buf;
float p,q;

flptr=fopcm("fanin. int". "r");
if_file_err(flptr, "fanin. int") ;
flptr2"'fopen("inter. c", "w");
flptr3=fopen ("pulse. sim" ,"r") ;
if3ile_err(flptr3, "pulse. sim");

fgets(s,80,flptr3) j /_ READS IN .SHI FILE PARAMETERS ./
if (!strcmp(strtok(s," ") ,·'.tran"»)
{ p;atof(strtok(O," ,,);

q=atof(strtok(O,"j")) ;

J.jG



",net) ;

/- WRITES !NTER.

ftlush(stdout);\n") ;
do\n (\n t."delt;j"'O;\n");

for(i-O;i<Y.i;iH) Vlut2[iJ"'V[i] ;\n" ,net);
flag2-0;f1agl-0;\n") ;
do\n ( j++;\n it (flag2!"1.i) :flag2-0;\n"

tilleperiod-q;
)
else {print.f(" •• ERROR : For-at. of .si_ tile is not correct!! "\n\

nN);
printf(" Exup18 tor-at tor PULSE. 51" file: .tran .5 200;\n\n
");
exit(O);

)
fprint.f(tlpt.r2, "'include <st.dio.h>\n\n");

C FILE .j
fprintf(flptr2,"fl:include <math.h>\n\n");
fprintf(flptr2, "double taO ,delt;Y.2 .3!, tmark[);i] ; \n\nint flagUiJ ;\n\

n",p,stdno,stdno);
fprintf(flptr2, "ex tern double pulse(double ondly,double riset ,double

ontime,double faIlt ,double off time) : \n\n");
fprintf(flptr2,"ex:tern double exsynapse(double aVex,double aVwt,doub

le lI.Vdc,double aVlk,doubh Vm) :\n\n");
fprintf(flpt.r2, "extern double insynapse(double aVin ,double aVwt ,doub

leVIll);\n\n");
fprintf(flpt.r2,"extern double stdnpuls8(double aVin,double aVth,doub

Ie ondly,double dIet ,double ontilile ,double fallt, int n); \n\n");
fprintf(flptr2, "extern double stddcpuIse(double ondly,double riset ,d

ouble onti.e,double faIlt,int n);\n\n");
tprintf(flptr2, Nutern double stdinnrn(doubllll aVc,double aVth); \n\n"

);
fprintf(flptr2, "extern double invinnrn(doublfl aVc,double aVth); \n\n"

);
fprintf(flptr2, ".illinO\n{\n");
fprintf(flptr2,N int i,j,tlagl,tlag2:\n");
fprintf(flptr2." double storel(Xi] ,store2 (Xi] • tecp, V[Xi] ,Vlut [Xi],

Vlast2 [Xi] ,sm.-O .0; \n" ,atdno ,stdno, net ,nlllt ,nlllt);]-~~~~:;;~ia~~~j~n" ::~~~)~: i<);i; i++) { tlDark(i] -0 i f1ag(i];0;storel [i

fprintf(flptr2," for (i"O;i<);i;i++) ( V[i]-0;Vlast[i)"'0;V1ast2[i)-0
;}\n",net);

fprintf(tlptr2,"
fprintf(tlptr2,"
fprintf(flptr2, "
fprintf (flptr2,"
fprintt (flptr2,"

,net);
fprintt(flptr2," for(i=O;i<Y.i;i++) Vlast[i]-v[i] ;\n
fprintt(tlptr2," ");
count;(int .. ) lI'Iallo..:(net*sizeof(int»;
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OCCURS IN FANIN.INT

I" COUNTS HOW MANY TIMES A PARTICULAR NODEfor (i=O;i<net;i++)
.j

... (count+i)=O; I~

'j

{h;::t~a:~:~~k~~:~1r.~)~)
~(count~n)a .(count+n)+t ;

)
rewind(flptr);
for (i=O;i<net;i++)
{ if (!(count+i» 1* COUNT=O MEANS NEITHER IT W

AS ~I

{ flptr4afopen("label. int", "r"); 1* MENTIONED IN PULSE.INP NOR AS
.j

if_fila_err(flptr4,"label.int");I* OUTPUT NET IN NETLIST. sa, IT

while (fgets(s,80,f1ptr4» 1* AN INPUT FOR SURE AND NOT
DEFI-*I

{ if (atoi(strtok(s,"="»==i) 1* NED IN PULSE.INP
.j

{ printf(" *. ERROR: Input i:s not defined in file pUlse.inp •
*\n\n",strtok(O,";"»;

printf(" Example format for PULSE.INP file: VIi'll 5;\n\n");
exit(O) ;

)
fclose(flptr4) ;

}

if (*(count+i)==l) 1* IF ONE OCCURRENCE THEN JUST TAKE THE STRING
AND PUT */

{ while (fgets(s,80,flptr» /. IN INT£R.C
.j

{ n"'atoi(strtok(s," "»;
H(n·an {fprintf(flptr2,"V[%i)a",i);

fputs(strcat(strtok(O,"; ") ,"; \n ") ,flptr2) ;

}
rewind(flptr) ;

}
)

for (i=O;i<net;i++)
{ if (*(count+i»1) /* IF COUNT> 1, FOR NOW WE ASSUME



1* TAKEN OUT, BUT NO C

NODE *1
{ count2"O; countex=O; /* IS ONLY MADE UP OF EX AND IN

SYN *1

{h~~:t~a:~ :~~k~~: :'lr.g~)
it (n--1) {count2H;

s3=strtok(0,";");
it (count2==1) fprintf(tlptr2, "V[Y.i] -Vlast2 [1,i] +( (

",i,i);
it (! strncmp(s3, "ex", 2» 1* IF NODE HAS EX SYN THE

11 NEEDS HI
{ if (count2==1l fputs(s3,tlptr2);/* SINCE ADDS CU

RRENT, ALSO *1
else { tputs("+", tlptr2); /- KEEP COUNT SINCE CAP

INCREASES -01
fputs(s3. flptr2); /* WITH IT PROPORTIONAL

LY */
}

countex++;
}
it (!strncmp(s3,"in",2» /* SAME AS ABOVE,PUT- FO

R CURRENT *1
{ fputs("-".flptr2);

AP INCREASE */
fputs(s3.tlptr2) ;

}
if (lstrnclllp(s3,"stdn",4)} 1* SAME AS ABOVE,PUT+FO

R STONPULS*/
{ fputs("+",flptr2);

strcat(s3,"*78e-06") ;
tputs(s3,flptr2) ;

}
if(count2"'''*(count+i»

fprintt(tlptr2, ")*delt*Ie-09)/(Y.i*O .15e-12); \n
" ,countex);

}
rewind(flptr) ;

}

fprintf(flptr2,"if (flag2!-1,i> for O-O;i<Y.i;i++) if ((tabs(V[i)-Vla
st [i]) )<0 ,001) flag2++; \n" ,net ,net) ;

fprintf(tlptr2," }\n while ((flag2<Y.O II (flag1!ZlI);\n",net)
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fprintf(flptr2," printH\"");
fprintf(flptr2,"Y.Xg ,,);
for (i"lii<-intptr;i++) fprintf(flptr2,"XXg ,,);

I· for (i-O;i<.intptr;i++) fprintf(flptr2,"XXf ");.1
fprintf(tlptr2, "\ \n\", (t_1e-09)"); but - iDtptr;
for (i-l; i<-buf; i++) fprintf(Uptr2,", V(Xi]",.( ++intptr» ;
fprintt(tlptr2, ,,) ;\n");
tprintt(flptr2," }\n vhile(t<%S.3f);\n}\n",q);
tree(s);
tcloso(tlptr};
fcloseUlptr2) ;
tclose(tlptr3) ;
printH"\n INTER.C CENERATED SUCCESSFUl-LV! !\n\n u

);

void gen.final_codeO
{ FILE: -tlptr, -flptr2;

char oneline(SOOOJ, twoline [5000J ,-but;
int nodeno,i;
tlptr=fop.n("inter.c" ,"r"); I-Reads the inter.ediate C file ./
if_file.err(tlptr, "inter .c"} ;
flptr2"'fopen("silllulate.c", "w"); /. Writes final file +/

while(fgeu(oneline, 5000, flptr»
{ if (strstr(oneline,")+(")}

{ str'tok(oneline,"("};
nodeno"atoi (strtok(O, ,,] ,,» ;
strtok(O,"+");
free(oneline} ;
s'trcpy(twoline,strtok(O,"; "»;
fprintt(flp'tr2," if 0":1) V(Xi)-Vlu't2(Xi]+O.S+(3_storet(Xi

] -s'tore2[Xi]) ;\n" ,nodeno,nodeno, i, i} ;
fprintf(tlptr2," i ..O; \n it (flag2<XiH do\n ( iH;

\n if (i!-I) V[Xi]-tellp;\n",net,nodeno);
fprintf(tlptr2," teDlp..Vlast2[i.i]+O. 5. (storel [7.0+", nodano,

0;
but-twolin.;
while (-buf!.'\O') fputc(-bufH,flptr2);
fprintt(flptr2,"} ;\n");
fprintf(tlptr2," if (i>10000) (tprinttCstderr,\"\\n\\n .....

No converg:~~~ (~) ~}\n~~ ~h smaller tilll8step .....\\II\\n\"); \n

fprintf(flptr2," }\n while( (fabs(temp-V[Xi] }}>O. 001) ;\n

].'ill



",nodeno) ;
fprintf (flptr2," V(y'i] -temp; }\n" ,nodeno) ;
fprintf (flptr2," if (flag2==Y.i) {store2(Y.i] -store1 (Y.i) ; \n" ,n

et,i,i);
fprintf(flptr2," store1 (Y.i)-(", i) ;
buf=twoline;
while (.buf!:'\O') fputc(.buf++,flptr2);
fprintf (flptr2, ,,) ; \n flag1"1; }\n") ;
iH;

)
ehe fputs(onelj"\e,flptr2);

)
free(oneline) ;free(tlJoline);
fclose(flptr);
fc1ose(flptr2) ;
printf("\n FINAL.C GENERATED SUCCESSFULLY! I\n\n"):

)

void do_displayO
{ FILE .f1ptrl, .flptr2:

int counter=l:
char oneline(80] ,tlJoline(80):

flptrl=fopen("control","r"); /_ READS THE CONTROL FILE TO KNOW
./

iCfile_err(flptrl, "control"); /. WHICH OUTPUTS ARE TO BE DISPLAYED
./

flptr2=fopen("pulsedis. input", "101");

fprintf(flptr2," set terminal Xl1\n set format xy \"Y.Y.g\"\n set xlab
e1 \"t(in s)\"\n set ylabel \"V\\\\\(in Volts\)\" \n plot [t-O:y'S.3fe
09] ", timeperi-.Jd);

while (fgets(oneline ,80 ,flptri»
{ jf «!(strncmp~oneline,"I",l») II (!(strncmp(oneline,".",1»»

{ strcpy(twoline, strtok(oneline,"; "» j

if (counter=-I) fprintf(flptr2," \"pulse.out\'· using 1:Y.i title
\"1.5\" with lines",++counter,ktwoline[l);

else fprintf(flptr2,", \"pulse.out\" using l:Y.i title \"1.5\" lI'it
h lines" ,++counter ,ltll'oline(1]) ;

)
)
fprintf(flptr2,"\n pause -1 \" Hit return to continue ... \"\n");
free(oneline) j free(tll'oline);
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fclose(flptr1) ;
fclose(flptr2) ;

B.3 The Macromodels

#include <math.h>

extern double t,delt,tmark(J; 1* Supposed to be defined in netlist4.c
-/

extern int nag[):

extern double pulse(double ondly,double riset,double ontime,double fal
lt,double off time):

extern double exsynapseCdouble aVex,double aVllt,double aVdc,doublo aVI
k,double Vrn) I*OUTPUT in A*I
(

int i,j;
double 11, Idc,sum, a(14) ,Vrnarray [14] ,Vlltarray [14) ;

static double leakcoeff(14]"{ -6. 603051934256143e-07, 1. 0271713577150
631'-05, -6. 963168316429258e-05, 2.6867392381066941'-04, -6.446822966975835
e-04, 9.6000990674033781'-04, -9.0 16468635105736e-04,4. 056735443102641e-0
4,3. 509327673376104e-05, -1. 282451851932237e-04 ,5. 516554485257316e-05,-
1. 615123804007882e-05, 8 .452632463713466e-06, ~2. 327727950646864e-10} ;

static double discoeft[14)= { -1.60128448675608'1e-06,2.4165241379361
21e-05 ,-1. 611046416958130e-04, 6 .257991711893582e-04, -I. 573562772290460
e-03,2. 692471056156958e-03, -3. 209451404119135e-03, 2. 682522438299104e-0
3, -1. 557765884323081e-03 ,6. 068197617998657e-04, -1.307471339332'192e-04,
-7. 5239'18155120020e-05, 2. 606179952161005e-04 ,4.966812190786698e-IO}:

static double casH (14) (14)={
{ -1. 031930954808331e-09, -2. 236835027325452e-08 ,4. 960705759973295e-07

,-3. 69'1837598086475e-06, 1.477215757419324e-05, -3. 576816459453455e-05, 5
. 431890342467863e-05, -5 .108985080230358e-05, 2. 79603175320322ge-05, -7.6
4223881064194ge-06, 6 .841;1197749382061e-07 ,-2. 773217400575023e-08,2. 5667
06403239300e-08, -3. 791300627928867e-09},

{ 4. 44004641867888ge-08 ,5 .48944892564739ge-07 ,-1.487967849432084e-05



,1.1533552074269630-04. -4. 6962743379928960-04,1.1502467382579720-03,-1
.7621415212357760-03,1.6701357139739430-03, -9. 20850128909513ge-04, 2 .53
5196227673102e-04, -2. 266843493367775e-05, 7 .923082251947870e-07 ,-8.4033
614676012800-07,1. 251202622269522e-07},

{ -8. 105462818409834e-07 ,-5.0810684923856390-06 ,1.943957174260033e-04
,-1. 584079975106061e-03,6. 5904793664705400-03, -1. 635538627142836'1-02,2
· 530458994552041e-02 ,-2 .419139165686240'1-02 ,I. 345148424944125e-02, -3. 7
349975020610110-03,3.3372545435168430-04, -9.54283646233830211-06,1.2191
20141991981e-05, -1.827760249381630e-06},

{ 8 .393932300647426e-06, 1. 639490908029626fi1-05, -1.446709362374472e-03,
1.2580522164627290-02, -5.370970150215657e-02 ,1.353351675328465e-01, -2.
117577633216307e-Ol, 2. 044363222770373e-01, -1.147799814889808e-Ol,3. 219
20150522298ge-02,-2. 879810823108894e-03 ,6.119268220074650'1-05, -1.03149
3393400954e-04 ,I. 557496878175554e-05},

{ -5. 514837606026973e-05, 7 . 043725583151204e-05 ,6. 718447365060018e-03,
-6. 383901006951882e-02, 2 .813261471779898'1-01 ,-7.216925365912068'1-01,1.
143977149471640'1+00, -1 .1168820400260250+00,6 .340855960819900e-Ol, -1. 79
9698343517352e-Ol,1 . 616012319196882e-02, -2 .054747982962562e-04,5. 63474
44026037700-04, -8. 591909235406857e-05},

{ 2 .421682935146632e-04, -9.1989474623709940-04, -1. 994752843782460e-02
,2. 157884050222244e-Ol ,-9 .898667963442510e-01, 2. 594506304034621e+00,-4
· 175434535163080e+00 ,4 . 129710473597894e+00 ,-2.375002697115931e+00, 6.83
7285302111370e-Ol, -6 . 184583920359052e-02 ,I. 729447671487126e-O",-2 .0766
18069726012e-03,3. 220435793519317e-04},
{ -7. 265960603720162e-04,4. 237555259844561e-03,3. 67123614808537ge-02,

-4.910375904159711'1-01,2. 374693952049423e+00 ,-6 .390758375570652e+00 ,1.
047149745426328e+01, -1. 051482566798235e+Ol,6 .139101227823355e+00, -1. 79
7824596394723e+00, 1. 646680679910993e-01, 1.421124399101191e-03, 5.233224
234016207 e-03, -8. 375412758341282e-04} ,

{ 1.492253942574126e-03, -1. 121599475951268e-02, -3. 599961510538718e-02
,7. 418338204423325e-01, -3.861134250533759'1+00,1.074446183328351(1+01,-1
.7992605340894190:+01 , 1 . 839395064955905e+01 , -1. 093285246173577 e+Ol, 3.26
8942750307334e+00, -3. 055494122124450e-Ol, -6. 553975868594050e-03, -8.928
7847152008ti6e-03, 1. 51480448737319ge-03},

{ -2.064318579137274e-03,1.845860021479958Q-02,3 .586891551410636e-03,
-7 . 129076824972758e-Ol ,4.145410444790667'1+00, -1. 205626808511887e+Ol,2.
074257701586726e+Ol, -2 . 166812891376764e+Ol,I.315715991828990e+Ol ,-4.03
609220947974ge+00 ,3 .895775750639108'1-01,1.3618282326023850-02,9.948054
6335776990-03, -1. 874343620840948e-03},

{ 1.854440501264744e-03, -1 .886147175670775e-02,3. 265819341486776p-02
,3. 9653317304037'rS,.-0I, -2. 790358034921483e+00,8. 632616566586590e+00,-1
· 537748897332012e+Ol, 1. 649579765918335e+Ol, -1. 027942035014721e+01 ,3. 25
5639305582785e+00, -3.303817071015601e-01, -1.558642185827251e-02, -6.705
393913531543e-03, 1. 517519092082872e-03},



{ -1.012800101997430e-03, 1. 13916675750403ge-02 ,-3. 505633885438296e-0
2, -9 .907662543557520e-02, 1.072277245917127e+00, -3 .646158308783695e+00,
6.807026183122772&+00, -7 . 551087326942140e+00 ,4 .8576660384551646+00, -1.
601395475698781e+00, 1. 753190645273069&-01,9 .436884620712642e-03,2 .3493
0113388850ge-03, -7. 269535708620266e-04},

{ 2 .989916918412895e-04, -3 .648702134898104e-03, 1.488075324075222e~02,
-1.831337618716480e-03, -1. 96314655639289ge~01,7 .897707860686255e-Ol,-1
. 5786734836285241i1+00, 1.830042427652221e+00, ~1. 224699768577713e+00 ,4.24
3184999203852e-Ol ,~5 .17173616214171ge-02, -2.4869396066584068-03, -3.389
234070612998e-04, 1. 789515265103695e-04} ,

{ -3. 781696520599198e-05 ,4. 938988660455531e-04 ,-2 .3989413445209556-03
,3. 800521002841823e-03, 1. 090351858435061e-02, -6 .6319136026680450-02,1.
484477001324116e-Ol, -1.830032633818878e~01,1. 286518450902:641e-Ol, ~4.72
3314746818176e-02,6. 514737067812121e~03,2. 095309722803457e-04, 9.969171
851780565e~06,-1. 788340084439765e~05},

{ 1. 109328092375133e-06 , -1.535261972412140e-05 ,8.423859077776905e-05
,-2. 079586735152370e-04 ,6 .021594850196061e-05, 1 .017531908397153e-03,-2
. 913570801845314e-03,3. 968436909398971e~03,-2. 9809'18357'178795e-03, 1. 17
0387999465542e-03, - 1 .82934541095228ge-04, ~2 .316157248589141e-06, 2.9182
5267844176'1e-07 ,3 .931288593614648e-07},

};

Vmarray(O]"I;
for (i=l;i<1'1;i++) Vmarray(i]=V,"array[i~l]*Vm;

if (aVex="5)
{ Vwtarray(O]"I;

tor (i=l;i<t4ji++) Vwtarray(i]=Vwtarray(i·l.l*aVwt;

tor (i-0;i<14ji++)
{ sum-O;

fO~u~t~~~;~(H(;~*vmatraY(13_j];
a[i]=sum;

surn=Oj
for (i..0;i<t4;i++)

sUIll+=a(i]*Vwtarray[13-i] ;
It-sum;
if (11<0) 11=0;

}
else
{ sum=O;

for (i=O; i<14;i++)

Ui4



sum+= laakcoaff[i]*Vmarray[13-i);
11"' -sum;

}
if (aVde==5)
{ sum"'O;

for (i=0;i<14iiH)
sum+- diseoeff(i] *Vl\Jarray (13-i] ;

Ide= sum;
}
else Ide = 0;

return(II-Idc);

extern double insynapse(double aVir.,double aVloIt,double Vm)
{

int i,j;
double I ,sum,a(14) , Vmarray [14) , Vwtarray[14) ;
static double eoeff(14) (14)"{

{ 2.1774213976822810-08, -4 .099037523459378e-07 ,3 .3621958831981510-06
,-1.5821570383896520-05,4. 72642674960297ge-05, -9. 356127455272212e-05, 1
.2422835185346960-04 ,-1.094853416647668e-04,6. 2000515796578700-05, -2.1
32027684216276e-05,4 . 15259430264593ge-06 ,-4. 680534839874958e-07 ,3.7965
95226996644e-08, -3. 178326304227981e-12},

{ -6. 796058118414131e-07 ,1. 288'(16449999704e-05, -1.063660404904711e-04
,5. 032897840006304e-04, -1 . 5110 11487319583e-03, 3. 004936756274800e-03,-4
. 007104815718331e-03 ,3. 545559368096041e-03, -2.0145362002408326-03,6.94
0630118174520e-04, -1.3497845463793090-04,1. 514396271179674e-05, -1. 2484
39243622917e-06, 1.040438308199698e-l0},

{ 9 .328905586795263e-06, -1. 784370225202192e-04, 1.4835278251720879-03,
-7. 064368715389898e-03, 2. 133072197940125e-02, -4. 264369564776774e-02, 5 .
71440873920 )507,,-02, -5 . 078926846935329,,-02,2. 896743756243009ti1-02, -1. 00
0180147377283e-02, 1.941598155939491e-03, -2 . 165707029021997e-04 ,1.81822
2939255472e-00 ,-1. 508404815896006e-09},

{ -7 .403213377467971e-05, 1.430899516504552e-03, -1. 199979320213311e-02
,5.7566165252033549-02, -1. 749793233084323e-Ol,3 .5192913401544879-01,-4
. 742368188890835e-01 ,4. 236608865492772e-Ol,-2.426858718109301e-Ol,8 .40
0561302634316e-02, -I. 627219722037804e-02 ,I. 801548364710234e-03, -I. 5438
305103620610-04,1.2752959146455220-08 },

{ 3. 755032075643166e-04, -7 . 3515184237350879- )3,6. 229678676833955e-02,
-3. 015110062165590e-Ol, 9.2356457833807029-01, -1.870557758535991e+00 ,2.
536906456019610e+00, -2. 279745937717613e+00, 1.312496215078681e+00, -4.55
6760898117591e-0 1 ,8. 804841609660300e-02, -9. 652843315469180e-03, 8.46372
72423414130-04, -6 .9676478495806550-08 },



{ -1. 27039582956333ge-03, 2. 527788991064903e-02, -2 . 169647468559937e-Ol
,1. 061295957174184e+00, -3.2808181424132918+00,6.6995010305629528+00,-9
. 154334681399092e+00,8. 282928275113015e+00, -4. 796854370909696e+00, 1.67
1370484793371e+00, -3.2201490797768888-01,3 .484724049140217e-02 ,-3.1335
05873071273e-03,2. 576168530977180e-07},

{ 2 .903439724051806e-03,-5. 900403814017672e-02, 5 . 146744549836416e-Ol ,
-2. 550578940038298e+00,7. 972179387414515e+00 ,-1.6438349158338058+0 I, 2.
266045258468414e+Ol, -2. 066912921650463e+Ol, 1.205402368158606e+Ol, -4.21
8614756108000e+00 ,8.101120521197160e-Ol, -8.614213595059243e-02, 7.95679
1014982633e-03,-6.559935574866137e-07 },

{ -4. 440927695783746e-03,9. 287493500 154487e-02, -8. 272819858822575e-0 1
,4. 1675270155466368+00, -1.320375505639862e+Ol, 2.7546428730492800+01,-3
.8373953048488458+01,3. 533856501973460e+01, -2. 0783224597443068+01,7.31
4455112042512e+00, -1 . .399652647125268e+00, 1. 452843557073401e-01,-1 . 3778
41046135225e-02, 1.148592442094132e-06},

{ 4.402884530280746e-03, -9. 596645066192971e-02 ,8. 794812100712543e-Ol,
-4. 525814286928335e+00 ,1.458508732483426e+Ol ,-3. 086903227584012e+Ol ,4.
355248061121107e+Ol. -4 .057307218371277e+Ol, 2 .410827022541753e+01, -B.s4
6718467B26050e+00 ,I. 629917791162814e+00, -1. 63611609947205ge-Ol,l. 58378
1645682025e-02, -1.356844552314438e-06},

{ -2. 654965914687481e-03 ,6 . 176368976048895e-02 ,-5 .897098398563506e-Ol
,3. 123535849413030e+00, -1.029093393719300e+Ol, 2. 21779943282366ge+Ol,-3
. 17840714243936ge+Ol,3. 003065669596910e+01, -1.807312887821575e+Ol ,6.47
0041962827985e+00, -1. 231132026145507e+00, 1. 179991395857574e-01 ,-1. 1437
29929393002e-02, 1.039839463139946e-06},

{ 8. 602909526240915e-04, -2. 25434953934775ge-02, 2. 29624471149854ge-01,
-1. 267991742519216e+00 ,4. 30466.3782860188e+00 ,-9 .497186051680638e+00, 1.
38816065833772ge+Ol, -1.334780738645695e+Ol,8 .163077490316200e+00, -2.96
1804066460231e+00 ,5. 642658263843501e-01, -5. 094272731374962e-02,4. 70929
7260546332e-03, -4 .827354950876515e-07},
{-I .108721889084980e-04, 3. 904950299208463e-03, ~4. 480836263848028e-02,

2 .643546983829601e-Ol, -9.372202371689592e-Ol,2 . 134581776969955e+00 ,"3.
200699549073321e+00,3.14651550442861ge+00, ~1.963939437961037e+00,7 . 259
486872571945e-Ol, -1. 395542459808271e-Ol, 1. 186572844235746e-02 ,-9.71625
2172497211e-04 ,1. 20366964044735ge-07},
{-5 .636241407918107e-07 ,-2 .085030779649814e-04 ,3. 246102723209916e-03,

-2. 168923472020330e-02 ,8. 245219S01086713e-02 ,-1.9668761309014640-0 1 ,3.
052984676550778e-Ol, -3. 088129326923654e-Ol,I.97768067349491ge-Ol, -7 .49
15532655869060-02, 1.467992327546836e-02 ,-1. 197249791288621e-OJ ,8.02040
1812943790e-05, -1.2738?4375791981e-08},
{3. 599225218101810e-07 , -7 .481117709879855e-07 ,-3.594148073022414e-05,

3. 441221313974942e-04, -1. 508095048006624e-03, 3. 893692754426601e-03, -6.
3704814505019858-03,6. 705983831501377e-03. -4 .442443958801378e-03, 1 .737
108737727755e-03, -3.5057789127547300-04,2. 816079454029621e-05, -1.43162



if (aVth"'=O) aVth"S;
SLEM ./
if( (aVin<aVth)U(flll.g(n) --0»
(

return(O) ;
)
else

469 t5826818-06.3. 080S60298639292.-10},
);

if (aVin"'S)
( V.array(O]-I;

Vvtarray[O]-I;
for (i"l;i<14;i++) Vurray(i]"VlIarray(i-I]_VIR;
for (i"l; i<14; i++) Vlltauay(i) -Vvtarny(i-l] *aVloIt;
for (i-0;i<14;i")
( SUII-O;

fO~u~!:~~~;~td(;~.vllarraY(13-j) ;
a(i) ..sum;

)
sum-Oj
for (i-0;i<14;i++)

sum+-ll.(i)-Vlltll.rTay(13-i];
I-sum;
if (1)0) 1"0.;

)
else I "0;

re'turn(-I);

ex1;ern double insynapcll.p(double aVin,double aVwt,double VII)
{ insynapse(Il.Vin,aVwt,Va);} /- Since i"t just adds lIore cap. otherv
ise -/

/- sUle as insynapse -/

extern double stdnpulse(double llVin,double aVth,double ondly,double r
iset,double onti•• ,double fallt,int n)
{

/. COUNT THE NO. OF STONEUROH FROM .H£TLIST FILE AND -/
/. GENERATE ARRAYS \11TH REQO. NO. OF ELEHENTS -/
/* IN MAIN TO STORE TMARK AND FLAG ./

/* TO TAKE AWAY INITIAL ASSIGmlENT PRO

1.1;



(
if (llag[n].=O) {emark[n]=e:flag(n]"l;}
if «t-tmark[n])<=ondly)

return eo) :
if «(e-tmark(n] »ondly)&:&«t-tmark[n) <" (ondly+riset»)

return«5.0/riset)+(e-tlllark(n)-ondly}) j

if «(t-tmark[n] »(ondly+riset) ).t&:«t-tmark[n] )<=(ondly+riset+ontime
»)

return(5.0) :
if « (t-tmark (n]) >(ondly+riset+ont iJllB»U « t-tmark [n]) (= (ondly+ri set

+ontime+fall t»)
return(5.0-( (5. O/faUt). (t-tmark[n] -ondly-riset-ontime») :

if «t-tmark en] »(ondly+riset+ontime+fall e»
{ flag (n] =0;

return(O);
)

)
)

extern double stddcpulse(double cndly,double riset ,double ontime,doubl
e faUt,int n)
(

if{tmark[n]>O)
(

1£ «t-tmark (n] )<=andIy) return eO) ;
if ({ (t-tmark en] »ondly)U( (t-tmark[n]) <"(ondly+riset»)

returne(S. Q/riset) *(t-tmark en] -ondly»;
if « (t-t.rnark[n] »(ondly+riset) ).u:( (t-tmark[n] )<=(ondly+riset+onti

me») return(S.O);
if « (t-tmark (n]» (ondly+riset+ontime) )1:&1:( (t-tmark[n] )<=(ondly*ris

et+ontime+fallt» )
return(S .0-( (S. O/fall t)*(t-tmark(nJ -ondly-riset-ontime») ;

else {tmll.rk{n] ..O;return(O);}
)
else return(O);

)

extern double stdinnrn(double aVc;,double aVth)
{ aVc;*"'2;

if «ceil(aVc) -aVc» (aVc-floor(aVc») aVc;:O. S.floor(aVc;) :
else aVc"'O .5*ceil(aVc);
if(aVc"''' 5.0) return(pulse(17.3, 1. 5 ,4.2,1.3,24.2» :
if(aVc"= 4.5) return(pulse(76.5.1.6,3.3,2.3,22.7»:
if(aVc.... 4.0) return(pulse(76.4.1.7,4.1,1.3.24.S»;



if(aVc"~ 3.5) reo Irn(pulse(6S.2,l.7,3.9,1.7,27.»;
if (aVc.... 3.0) return(pulse(65. 2,2.4,3.6,1.9,29.6»;
if (aVc== 2.5) return(pulse(53.4, 1. 9,2.8,1.1,26.15» ;
if(aVc== 2.0) return(pulse(64.3, 2.5,3.2,2.3,49.9»;
if(aVc"= 1.5) return(pulse(62.,2.6,3.4,1.7,92.3»;
if(aVc." 1.0) return(pulse(323 .6, 1.5 ,4. 5 ,2. ,335.»;
if(aVc q .0) return (0) ;

extern double invinnrn(double aVc,double aVth)
{ aVe·"'2;

if «(cail(aVc) -aVc»(aVc-floor(aVc») aVc=O. S.floor(aVc);
else aVc-O.S-Cllil(aVc);
if (aVc""O .0) return(pulse(53 .1,2.5,4.1,1.3,22.5» ;
if(aVc="'O .5) return(pulse(55.6, 1. 4,4.1,2.1,24.2» ;
if(aVc==1.0) return(pulse(60.4, 1 .8,4.2,1.3,26.7» ;
if(aVc""=1.5) return(pulse(60.7,1.3,4.5,1.1,30.»;
if (aVc.==2 .0) return(pulse(69.8 ,1. 6,4. ,2. ,36.2» ;
if(aVc ..=2.5) return(pulse(90.8 ,1.4,4.4 ,I. 6,46 .6»;
i f(aVc=c3 .0) return(pulse(74.9,2.3,4. ,1.6,72.4» ;
if(aVc"''''3.5) return(pulse(63. 5 ,I. 9,3.2,2.5,150.5»;
if(aVc--4.0) return(pulse(143. 2, 1. 9,2.9,2. ,844.}) ;
if(aVc >4.0} return(O);

B.4 The Waveforms Used in PULSE

.include <stdio. h>
'include <math.h>

extern double t;

extern double pulse(doubh andly,doUble riset,double ontime,double fal
It,double offtime)
(

dout:le reqdl ,reqd2;
reqd2=ont ime-+offt ime+ri set+fall t;
if ("<ondly) return(O);
else
(

reqdl=t-ondly-floor( (t-ondly) /reqd2) .reqd2;
if «reqd1>(riset+ontime+fallt» II (reqd1<0. 0» return(O);

15!.!



else
{

if «reqdl>-O) U (reqdt<riset» return«S. O!riset) ·reqdl):

ifr;~~~~~~~~~(;~~/~~i~~~~(~eq~~~1~~~:~:~::~::»);)~+tallt»)
else return(S);

}
}

}

lfifJ



Appendix C

PULSE Input Files - An
Example

Ti,,'s,- w,~n' till' illput. ril,'S 1I~I~d to ~illllllate the XOR cirndt ill Ch.....pl,·r.'i.

C.l netlist
/I Netlil'lt Generated by PULSE Netlister II
'netOa/I 10. DCPULSE
'netl=/I 18. DCPULSE
*net2"/A
tnet3=/B
tnet4=/Vwtl
+net5=/V-
*net6,,/Vb
.net7=/Vlk
*net8=/Vwt2
tnet9=/OUT
*netlO=/I6.Vrn
tnetl1=/I8.VIlI
*netl2=/I16. Vm
tnetI3=/Il1.DCPULSE
*net14-/ItO. NPULSE
'netlS=!I 11. NPULSE
tnet16=/rO.INI0UT
·net17=/I1.INDOUr
+netlS-/I2.INlQUT
*net19-/l3.InDOUr

[fil



.neuron(O)-/I18;
SMO 1257 1 9 ;
'neuron(1)-/I11 ;
SN1 11 5 6 13 15 ;
·neuron(2)"'/I10;
SN2 1056 0 14 ;
.synapse1(3)-/I17 ;
ES3 15 1 8 7 12 ;
.synapse1(4)-/Il6;
ES4 14 1 8 7 12 ;
.synapsel(5)-/I9;
ES5 19 13 4 7 11 ;
tsynapsel(6)-/I8;
ES6 18 134 7 11 ;
*syna,pse1(7)-/I7 ;
ES7 1704 7 10 ;
tsynapsel(8)-/I6;
ES8 1604 7 10 ;
_inNeuronO(9)_/I3;
II9 2 5 6 19 ;
_inNeuronO( 10)-/II;
lIlO 356 17 ;
-inHeuronl(I1)-/I2;
SIll 356 18 ;
-inNeuronl(12)-/IO;
SIl2 256 16 ;

C.2 pulse.inp

VVlk 1.5;
VA 5;
VB 5;
VYlltl 3.6;
VVvt2 5;
VY- 1.65;
VVb 2;

C.3 pulse.sim

.tran 1.0300;

C.4 control

-9;

Hi:.:!



Appendix D

Output File Generated by
PULSE

From tlll' inpill Ii!,·s I'ruviol~.l (as ill Appendix C). puIs.' buil.l.~ an IIntl'lll
lil,- which ~,'Ls n!lll[>il.·d ,doll.;wHh lh.~ 1J1iICronl(hlds imt! tIll' w<lVl'fo1"m lilt'
III filii L1l1' sillllllalinlJ. 'I'll<' til,· SIUJ\\'ll IwlolV was gClIcrMI·t! while sil1l11lal.illg
tIll' XOrl cin'uiL, ;Illd 11C:1I1'(' il.•:urrcspoll.ls to t.he input till'S pn's"III,I'd ill
/\pp"lldix C.

Ilinc:lude<stdio.h>

"include <math.h>

double t=O ,del t=1.000, tmark(3] ;

int flag[3];

extern double pulse(double ondly,double riset,double ontime,double
fallt,double afftime);

ex:tern double exsynapse(double aVex,double aVwt,double aVdc,double
aVlk ,double Vm);

extern double insynapse(double aVin,double aVwt,double VIII);

e:o;tern double stdnpulse(double aVin ,double aVth ,double ondly,double
riset ,double ontime ,double taUt, int n);

extern double stddcpulse(double ondly,double riset,double ontime,



double fallt,int n);

extern double stdinnrn{double aVe,double aVth);

extern double invinnrn(double aVe,double aVth);

mainO
{

int i, j, flagl, flag2;
double store1 (3) ,store2 (3), temp, V(20) ,Vlast [20] ,Vlast2(20] ,sum=O.O;
for (i"O; i<3;i++) { tmark [i] =O;flag(i]=O ;storel [iJ "'0; store2(i] =O;}
for (i=:0;i<20;iH) { V(i]aO;Vlast(i]"0;Vlast2[i]=0;}
do
{

tt=delt;j=O;
printt(" ");
for(i-0;i<20; itt) Ylast2[i]=Y[i];
flag2 a O;flagl=0;
do
(jtt;

if (flag2!=20) flag2=0;
for(i=0;i<20;itt) Vlast[i]=V[i];
V[O)::stddepulse{IO. 2,0,13,0,2) ;
V[l]=stddcpulse(10. 2,0,13,0,0) ;
V(2]=5;
\1(3]=5;
V(4]::3.6;
V(5)=1.65;
V[6]=2;
V(7]-1.5;
V(8)=5;
V(9J =stdnpulse(V (12] ,V(5) ,9.8,0.8,5,1.4,0);
VC13] astddcpulse(lO. 2, 0,13,0,1) ;
V(14] =stdnpulse(V (10] ,V [5] ,9.8,0.8,5,1.4,2) ;
V( 15] =stdnpulse(V [11] ,V (5] ,9.8 ,0 .8,5, I. 4,1) ;
V( 16] =stdinnrn{V [2] ,V(5]) ;
V(17J -invinnrn{V [3] ,V[5]) ;
V(J8J "stdinnrn{V(3J ,V [5]) :
V( 19J "invinnrn{V (2J ,V(5]) :
if (ja"l) V(10]=Vlast2(10]tO. 5" (3.storel (0] -store2[0]);
i=O;
if (flag2<20) { do
{ i H ;

if (i!=I) V(10] .. terap;

Ili·1



temp"Vlast2[10] +0, 5.(storel [0] +( (exsynapse(V[17] •V(4] •v [0]
•v[7] ,V[lO] )+cxsynapse(V[16] ,V[4] ,V [0] ,V [7]. V[lO]) ).dElI t.le-09) /(2
*0.15e-12» ;

if (DIOOOO) {print:t'("\n\n No convergence - try \lith smaller
timestep\n\n");

exit(O);}
)
IIhile( (tabs (temp-V[IO]») >0, 000I);
Y(IO],.temp;}
if (flag2==20) {store2 [0] ·storel [0] ;
store 1 [0]=( «exsynapse(V (17] •V[4] •V[O] ,V[7] •V[IO] )+exsynapse(

V[16] ,V[4] •V(0), V[7] •V[10))) .delt.le-09)/(2*0. 15e-12)) ;
flagl"I:}
jf (j",=I) V[11]=Vlast2(1I) +0, 5* (3*storal [1] -store2[1]) ;
i-O;
if (flag2<20){ do
{ iH;

if 0!=1) V[11]=temp:
temp"Vlast2 [II] +0, 5*(storel [I] +( (exsynapse(V(l9] ,V(4] ,V[13]

,V[7] ,V[ll]) +exsynapse{V[18] ,V[4] ,V(13] •V[7] •V[11] ))*delt*le-09)/(2
*0.15e-12» :

if (i>IOOOO) {pnntt"("\n\n No convergence - try with smaller
timestep\n\n");

exit(O) ;}
)
while( {tabs (temp-V(ll] »>0 .oool) ;
V[ll]=temp;}
if (flag2=z20) {store2[1]"scorel[l]:
stot'al [1]-( ({exsynapse(V[19] •V[4] •V(13] J V [7J J V[ll] )+exsynapsa(

V[18] ,V[4] •V(13] ,V(7] J V(I 1] »*del t*1e-09) /(2*0. 15e-12» ;
flag1:1;}
if (j==l) V[12]=Vlast2(l2] "'0. 5'(3'storel [2] -store2[2]) ;
i"O;
if (flag2<2v){ do
{ i++;

if (i!=l) V[12]=temp;
temp·Ylast2 [121+0.5* (storel [2] +( (exsynapse(V (15) J vEs] J V(1) •V

[7] ,V(12) +exsynapse(V (14) •VES) ,V [1].V[n •V(12] ) )*delt*la-09) /(2.0 ,IS
0-12» ;

if (i>IOOOO) (printt"("\n\n No convergence - try with smaller
tilllest~p\n\n");

exit(O) ;}
)
while( (fabs(temp-V(12]» >0. 000l) :

J6fl



V(12]"'tnp;}
if (fb.g2aa20) {store2 (2] "'stol'8l(2] ;

[14] ,V(~}::~B~~gj~~[~~j);:~~f~~~~~g:~i~~~~:~~~~ i~i~7] )+exsynapse(Y
flagl-l;}
if (flag2!a20) for (i"0;i<20;iH) 1f «tabs(V[i]-Ylast[i]»<O.OO

01) flag2++;
}
while «flag2<20) II (flagl!al»;
printf("i.g Y.f \n" ,(t.le-09),Y[9]);

}
\;hile(e<300 .000);

Ilili



Appendix E

The N etlister

E.! S/SLG File to provide Formatting In
structions to FNL

; Haking the netlist representation properties editable
replaceRepProp.. t
; nlpglobals/pulse gets replaced by the design. \lhid tl,en gets netlis"ted.
; TheSE! lines below defines properties for nlpglobals/pulse Le. of the
; netlist.
defRepProp(n1h;!obals pUlse
: If length of a line in netlist is > 70, start another line llith prefix ..
NLPLineLength-70
NLPLinePrefix="+"
; While encountering each instance in the schelllatic, generate a comment
; like "neuron(l)=!IS
NLPs ingl aL ineComment St r ing="""
NLPElementComment=nlpExpr (". (<lIBlockNaroe] ([IDElementNumber)" [lOInstPathName] ;")
; generate a comment for each net as *net2=/OUT
NLPcreateNetString=nlpExpr{" .net [ClNodeNulIlber]" [ClNetPathName] \ \n")
: generate netlist for each instance by replacing the value of the property
; NLPElementPostamble frolll Appendix E. 2. Generate an error if the element
; format is not defined in the file in Appendix E. 2.
NLPcompleteElernentSt ring=nlpExpr(U [iDNLPElementPostambh: Yo: UNo elemen'c format

property found for element [iIIInstPathName]]\\n")
NLPnetlistHeader"nlpExpr("1I Netlist Generated by P'lLSE Netlister lI\\n")
)

liji



E.2 S/SLG File to Define Netlist Output of
Symbols

simRep( stdneuron sylUbol pulSE!

[I ~~)E(i~~]t(I~~j(j~~~~E~~r·1';~:~~~~]e7~)tComlle'1 t: Yo \Il) SN [(llElelielltNu~ber J
)
simRep( exsynapse symbol pulse

NLPElementPostamble=nlpExpr (" (lllNLPElementComlllent: Y.\n] ES (IllElelllentNuJ:lber]
[lVex ] CIVde] [IVvt] (lVlk] [lVm] ;,,)

)
silllRep( it.synaps6 symbol pulse

NLPElementPostamble=nlpExpr(" (IlINLPElementComment: Yo \n] IS [IllElementNulllber]
erVin) [IVwt] [IV",] ;,,)

)
simRep( sineuron symbol pulse

NLPElementPostamble=nlpExpr(" [IllNLPElementComment: 1,\n]51 [lllElementNullber]
[IVe] (Iv-] UVb] (IIN1QUr] ;,,)

)
simRep( iineuron symbol pulse

NLPElementPostamble=nlpExpr (" [«INLPElernentCollllllent : '/, \nl I I [lllElementNulIIbe r]
EIVe) [Iv-] [IVb] [IINOOur] ;")

For each of the three symbols in the symbol library, the value of the
variable NLPElementPostamble is the forInt which is to be used for their
netlist. The formats for each of the!Je symbols are defined in this file.
The value of th9 variable /!JSPElementComment is assigned in Appendix E.1.

Ifii')
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