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Abstract
hi Ibis /mpf r, wc (xplon lh( possibilily of l!KAN(Vnivcr- 

sally construclablc A rlijifial N( in(il-n( Iirork) VLSI chip 
for sprtch r(('()tiHilion. URAN. a n( <rhj d< v(loped analog
digital hybrid lie lira I chip, is (liscus>i(d in rtsperfs to its 
inp»/. ouli)ul, and ir('it)hl acftii-ary a))(l ih( ir irlalions to 
/厶 /;( tforiiuinct on sp((ik(r tmh /)( tub nl ncognituiv. 
MulH-lay( i- i)crctplron(MlJ}) i)( inrhidiiig(i Mr//f fnnne 
nipvf lay( r arc us(d Io co()mz( a (ligil stjlldblt at a for
ward v(lri( val. Thr simuhihoii nsul/s using Hit full and 
liniihd Jhxiliug prf cision c()nii>itl(iHons [or lh( input, oui- 
put.(iml w( iijhl ruriffblt s of lh( n( I irork t/ivc thc compa- 
rabh elassiji,cation })( rfonn(nif< . A ii MU' with pi(r< wise 
linear hi(hl(n (nnl oulpul iimls is also f rniiifd ^itccf ssfully 
usin(] lotr (K-citracy coni/)ulalion.

1 Introduction
As the n(、nr시 n('tworks hav(、the ability to learn from 

experience a.tid of gen('raliz<i1 ion to new data, t hey provide 

a, promising approach t(j t lie r('시 world probk'nis such as 
마)ee시] recogiiiticHi tasks that have v;uiabiliti('s between 
example's of th(' same class. Nziral 科"w이 also ofh'rs 

potential a(]vanlagt1 over cxisl ing approaclit's hy providing 

highly p시？丨I시 arcliitc'd urcs. I hc large computational rc- 

qiiiix'inciit.s of Dt'iiral riel works and I heir massiv시y parallel 

arcliilt'cl me have k 시 to <i numlx'r of bard ware iinpleinen- 

tations. Though lianhvarc implement at ion of 나!(' neural 
iK'tworks lias m시】y advantages, it involves practical difH- 

in 마"'d, scale, and accuracy iinpk'nicntatioii. In 
addition. I h(' ('id in1 systc'iii inusl l)c engineered, consid- 

ering such issues as t('st 치“I(I시ntg, memory h치idwidth 

and bitciicy, coininunicalioii between proc('ssors, 1/0, and 

software for real syst,('ins[|]. \V(* iire now developing a re

al time spei'di reeognit ion s_ysl('i)i using iH'iiral network 

VLSI clii|»s.

In this I)시)(、r, UK AN, I hr n('\v analog-tligilal hybrid 

VLSI ix'invil nt'lwork, is (IvscrilK'd with digital interface 

to convcid ional coinpul.i'rs. Thr iinpIrmcHtritioii of the 

Back PropagatiotifBP) algorithm employing limited ac

curacy available、to UH AN cliip is r()nsid(T(시 and 시)plied 
to spt'aker ii)(.l('p('iidei)t digit recognition, riiough'various 

kinds of nrural in'twork nuxh'ls have been proposed and 

showed distinct perfornuincf' in sp(kcdi n'cognition areas, 

we exainine simple MLPs Io find 나H、ir adaptability to re
duced prt'cision of the network paiinncters and the linear 

output fuix tioii which an* available Io VHAN.

'I he simulalion results show that 1 Ik1 ijcrformauce()( s- 

p(*ak('r in(l('p('ii(l<'iit. di前 r('<()gjiiti()n is n()t degraded for 

the limit('<] floating |)oinl pn-cision c(|i)ivalent, to 8 bit ac- 

cm acy for input, oiilput. and weight as in the pr(、vi()나s 

\vorks[3]. Tile MU* nsetl in our simulalions lias a. large 

numlx'r of input units to allow even t Ih1 largest input pat

tern to b(' applied Io input neurons at onc<' as a wh시('. 
The Lt'iiiporal acousl ic conl<'xls a re mod시(시 inh(、r(、ntly 
without time norinalizatioii l\y padding zeros to tli(' input 

units without input data, which yields (he investigation 

of the fundamental issues rdated io Bl1 impk'inentation 

on UK AN Hiip.

In addil ion. \vc [XTform a siiimhil ion of on-cliip learning 

by employing a piecewise lincrif fun( f ion for bidden and 

output 'mil s instead of sigmoidal ad i val ion funct ion. Th(' 

BP siimilations using linear hidden and output units gave 

similar pc'rforniaiH(* to those using sigmoidal units, onc(' 

training is 门)mpkTrd with sigmoid시 “nils. In addition, 

an MLP with picci'wisc lin('ar hidden and outjiut units is 

train(시 successfully and shows coniparablc perforniance 
to the oik's trained with sigmoidal units.

Section 2(l('scrib('s the URAN chip iuchit.ccttire. The 

critical issiu's r시aled with BP impleiiK'niations arc p- 

res('nted in secti(m 3 witIi the n('lwork ar니iit,(、(lur(? and 
learning algorithm. S('(t ion I includes the s|)('ak('r inde- 

pond(、nt digit rccognil ion ('xprriHH'iil.s and perfonnancc 

figure's a( < ordii)g to the input, <)ul put. and w(、ight accu
racy. Pr('liininary inv('st igal ion of on-chi])k'arning using 

a pico'wisc linear function is(l(*s< ribed in section 5.

2 URAN-Universally Reconstructable Artificial 
Neural-network

2.1 Chip Architecture
In gt'neral. most of digit시. analog, or analog-digital 

mixed ii<、ur()T，hi])$ are c()n너.rain(시 in accuracy, speed, size 
or flexibility. There has b('cn made nt*w advancement 

in those aspects with th(' sngg('이，(나 analog-digital hybrid 
neural network circuit. Th(> accuracy is improved by the 

linear voltage-controlled MOS J*'KT liix'ar resistance cir

cuit for tlx* synapse eniulalion. Th. speed is increased by 

나)。digital n(?utal state. The gi'iieral (Jrxibility is realized 

by the inhcreiit elect rical characteristic of each synapse 

cell and moilular architectun' <if chip.

Chip feat I ires are siimmariz(이 in Table 1. As in Ta

ble 1, the 사lip performs under the fh'xible control, that 

is, the various mofle of synaptic contiection per neuron, 

the extentlible weight accuracy and the unlimited asyn-
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clii()n()iis/(lirc( t iiitcu liip ('Xpansion in size and sp('('<l. In 

fact., 16 lully(()nti('< t<'<l Hiodiile is seh'dctl from ext('in;d 

and iii<lcp('i!(k'ii11\- - ci I her oih1 by t)n(* sek'd ion or all at, 

oii(' sclt'clioii is possildr ;is shown in Eig. 1. Additional

ly. tli(' spet'd or modiiliitity ul ('；icli module is imptoved 

by int i o(lii< i))g 1 he indix idiuil cxh'i iial weight input. 1 he 

lu'ural hartlwarc of huge sizt1 and high speed is st raight- 

forwardly in)])lrm('iit.；il)le wit h cliips in I he same way as 

t hr chi|)is wit li iikxIiiIc.

('onsidcriiig t.li(* op('r;il ion of I lie( ircuit itsc'lf. all ('irciiit- 

s over \ he chip cxcf'pl digit al decodf'f unit are operated 

in analog. And as I li('y ;ir(' alinosl \ iri nally si a tic exccpl 

switching t raiisistor cont rollc(I by iu'iu;il the com- 

putalion s[)ec(.l is high and cjn l»c sulistan-

tiall V wit li the advaiirc()l dk'iikxy |)r(>(lu('t ion I('cli]i(i]()gy. 

As ;i b?isic r('||. 9 t ransistors aie usc(| per cell including 

weight ineitiory. The (('II size hh liniiiig intcicoiinccl ion 

area, for I RAN I is irtliK'i'd I(> less Ilian 1() //mi in dianic- 

tcr.

\Vi111 I lie linear v()|l,agc-ci)nl n)lie<l bipolar( ui rrnt sonrcc 

of ('acli syikipsc (('II, I lie synnpl ic I'iiih'Ijoh of iiniitipli- 

catioi) is doin' wit.li tin1 switching 11 ansifstor. i.c. half-in- 

rinalog <tnd liall-iii-digil al. Th「use of bipolar pulse im

proved si iviy ('ffect from swil i hing. Pulse of i)eur;i.| input 

for swit rlniig a rc not limit'd in si vie. I iidc a 11 < I iiunilicrs. 

that is. t licv aie fully in<l<'|)('ii(l('i)l from <'；ic]i otlii'r.

I lie linearily is on I lie coinprnsat('(1 < hamicl r('sis- 

tance of balaiicf'd conligiirat ion in I lie I rioik* region, ati<l 

prove*] t()have in()r(' I ban S bil if necessary. I'Ik1 accu

racy ('xlendibilily and llexilile iiKnliilarily are inlicrcnl in 

electrical wircd-OK chat acl erisl ics from eacli i)i(k'p('ii(lent 

bipolar ciiri'eul source. XO clocking or any syiicliroiious 

op('r;it i(>)i is iircih'd in I his case, while it is indispensable 

in mosl of convent ion al digit al iirnr;il hardware of analog- 

digital neural cliip. Awy size of network can lx* intx'grated 
of implciiK'Jiled b\_ merely placing I In* cell in 2 (liineiisioiial 

array without considc'i ing t lie l iming r('(|iiircin('iit, of dig

it al or 1 h(i load elFect of ;in;ilo^. In I hr case of I'RAN-1, 

tin1 (h'lay of ciinl rol signjil is coiisiilcreil in ([('signing the 

logic ijiterliicc(hi(' Io 1 lie long pat li on t li(i 시tip. OILdiip 

digital inl(,rfac(, is depicl(*<1 in Fig. 2.

fable 1: U K/\N-I fral iir<^

Speed 2(MI x 11):，ct)iiiiect.i()ns/s

Sy napt ic ctimux lions 145,421

VVciglit accuracy 8 bit

(>rgainziit tini ')J x n. ii— 1 to 16

(syiiapses/iiEiirori) (elecIric.illY prograiiniiable)

|' ini( lion (if inlcrchip 1' iillv a.-viif h ronoiis anti direct

expa iision elect riral wiicd-OH al oill put

Supply voltage .! V, -3 V

('liip size 13 x 13 mm2

Tf'ch imlogy l.Op digital CMOS

P(；A package 257 pin

2.2 The Critical Issues of BP Implementations on 
URAN Chip

A fiin<lainciital limit al ion of I lie use of the BP iti the 

training of an MJJ* is t he high(l('grc(' of r(、quir('d con나)u~ 
tational a( curacy. Chrcc critical issu(*s must be addressed 

in the parall시 inipleinentHt ion of BP on efficient hard- 

war('[2]. Th(似' are availability of w('ight values for back 
propagating the(*rror, f he scaling and prc'cision of compu* 

tations. and the eKicient iinplenicnlalion of output tnms- 

fer fiincl ion. Among tliem vv<*ight accuracy and output 

function are coiisidt'red. l l{AN can be iis(시 for r('tri('val 

if low w('iglit ;h'( iiiricy <nnl lin('<ir output Itinction arc al

lowed.

riticc ( ritical issues niitsl Ik1 addirsscd in llic pciralicl 

iinplcmciilal ion of BP on ('llirieiit li;irdwart', Th(、s(、int1 

a\7iil；il)ility of weight values for back propagat ing the t'r- 

ror, t Ik1 waling h.ii(| [decision of coinpiitations, and tlu1 ef- 

ficient ation of out put trai)sf('r fuiicti<)n[ ]. And

1 (i bit integer w('i»ltts an* ktiown to l)(、suflicicnt for BP 

training and tmu h lower v;ilti('s a(|c(puit(' lor us(* after 

training] |. VW can use「KAN for retri(ival only if low 

weight ;ic( iir;i( v anil liut'ar out put fund ion is allow(시 for 
retrieval. Because t lie input and out pul accuracy of U- 

H/Wupon 1 li<* I lot k

l'h(' wcighl accitracy of chi 卩 is S bit. To iierfor- 

in HP siiiHikiliotis using I hr weight accuracy availabk1 to 

I'H AN chip, wc lirst do ret ricval tests using t he "du以시 
float.ing point weight, wilues which aic savrd a Iler normal 

training phase. Wc alsu cvalual c an (ixt retncly('llicici)t. 

I(*atnrc v('( for lor input. p('；ik-weighted binary spectrum, 

to <'xploit fully UR/\N chip arcliilccl.urrf lj.

As the exact analysis of I he iioii-lincar output transfer 

ruiict.ioii on I hr annlog h;irdware is i)ol possible, the out

put of t hr in'iiroti chip is dt^jsed to pr()vi(l(' linear hn)c- 

t ion. V\(1 second pcrloi'iii id ri('v;il l(ist s with t,h(、linear 

out put I'tiiicl ion lor I he synapse t rained with ii()n-lin(、ar 

output luiict ion.

Finally. \v(* pci lorm siiiinkd ions of t raining weight s and 

retricving using t he piecewise linear fiinctioii for th(* learn

ing (Icrivtxl from t li(* sigmoid output function. It

was iitipossihlf to training wcighls with pure liiK'ar fiiiic- 

tioiis. I'lioiigli wciglil np<l;it(' prrcisioi] slioukl be consid- 

cr('(l also (hr tlir on-chip leai iiing to b<' possible, ckiborate 

oul put pr('cisi()ii using I lie hi니 clock frt'qiiciiey a.tid effi- 

cieul w('ight update iiiccliiiiiisin using t lie off-cliip synapst- 

incmorv could io r<ializ(it ion of t Ik* on-cliip Iciiniing 

witli 1.1k1 [)i<'(-('\visc lineal1 mil put iK'iH'on <is described in 

section 2.

3 Simulations Using Low Accuracy Computation
3.1 Speech Database and Preprocessing

Th(' simuLitioiis wen* pel lot incd I o rt'cognize isolated 

1() Korean digit* Tlic dalaltase was r('<()r(l('(l in a silent 

offic(' room from I() male and 1() fciiiiile speakers. Ea(、h 
digit was |)roii()ii!i<'('(l 10 t iiiies by ca( li sp<'aker. Th(、r(' 
were thus 2000 tokens in (()1;il. Among t hem 5 repeti- 

tioiis of eacli digit from 5 tnalc and 5 f('nialc 이)(、ak(、rs ( 

5 v( p( titioiis x 10 difftts x I (1 s/k(ik( rs = 50() lokots ) 
wer<1 list'd |bf 1 raining, and 1 Ik* ot her <l;it a set ( 500 tokeii- 

s ) from the training 이zakrrs was iised lor mulli-speaker 
rrcognit ion lest. and I lit* reituiinitig 10 sp(，시dat.a ( 

10 r( p( lilions x I (I x I () s})((ik( rs = 1000 tokens} 
w('rc used h)r spi'fikfi ijidi'peiHk'iit test.

Each ill t('l anct* was low-pass fillcn'd up Io 1.7 kHz, IIkhi 

digitized at. a 10 kHz sampling i<H<■ with 12 bit quantiza

tion. Manually cudp()int('(l speech data wcr<' precmjrlia- 

siz(이 with a transfer fiin( t ion //(.:) = 1 一 0.98.厂’ . After 
passing through a 20 ins lhii)inii)ig window at, a rate of 

10 nis, 17-channel crit ical-hand (ilt t'r bank analysis was 

perfornM'il to g(、L a 17 diiiK'iisioiial feat ure v('ct，()r for each 

fram(\ Th(、1 crit i( al-baiid lilt('rJ)<ink was sim

ulated by 512 point I'. Th(' data pr(、w1‘(시 to tli(' net
works situply scaled so I hat I lx' rangt* of t he largest 

was approxiiniitcl.y Irom - I to I.

A bin;iry feal tire v('< lor vvliicli is r()nsi이 (시 of only 17 bits 

for cadi fraine was also ns(시 for input. Th(' binary spec- 
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truni was obtained by t hr('sli()l(liiig I Ii(' second dcrivativt' 

of the n이inalizrd LP(- speclriiin, that is, by 시amping 
이)(、(IraI p('aks abov(' 1 hrcsliold as l's and the others as 

0's. We have not p('rf()nnc(l word length normalization so 

that variable nuuibcr of h、at nrc v('< lots ate appli('(l to the 
input layt'r as a whole

3.2 MLP Architecture and Training Algorithm
All MLPs Lrain(시 Irivc 17 x 7() inpiil neurons, a variable 

number of liiddcti neurons from 2() Io 50 and 10 output 

neurons. Th(、n이 w이* arcliitei I nrc 安(시 * illnstrat,(시 in 
Fig. 3.

In gzzral, M1J* consisl s of wt'i^lili'd-suin with signioidal 

output fiinctions. Tin1 net ival ioti value of output iicurou 

k is dt'fiiH'd as follows.

Ot = ⑴

wlicr(' (), is t in1 acl ivat it)n \%hi(、of liitkk'ii nt'iiton j, and 
u)kj is tilt* weight from hidden in'iiron j to output neuron 

k. 'I'he activation valu(' of hidden iH'iirou is also (h'fined 

by the sam(' luiiction using th。acl ivation value of input 

iK'uron and weights from tnpui to hidden nt'iirons.

During tli<1 training process of MLP. the errors delined 

in equation (2) to bt' propagalt'd bet\v<'('ii the* target and 

output values art' calculal('<1 alter evf'ry feedforward of in

put.

"=« Eall pallerns Ea( M -。『尸 ⑵

Changing tin* weights by a small aiiioimt. in tin' diit'c- 

tiou of steepest descent minimizes t.h(' error and adjusts 

the internal palaiiU'lc'is so ns Io better inotlcl the target 

input/out put pairs.

To acct'k'i at(' the k'iiruing spec'd a HioiiK'iit uni 7 is used 

in tlu1 weight changes.

가*}⑴ = "△対居 + 泌顽/ - I) (3)

where ?/ is the l('artiing rate, ami t is the learning step. 

The learning rat(' 7/ and tlic ni(H)i('ntiiiu 7 art' set to 0.1 

and 0.9, rf3iv 시 y.
Tlic inihi시 strength <>f tli(* weights ar(* disUihEed uni

formly and rainloiuly from -0.5 to 0.5. Th(、learning pro- 
ceclnrf1 was r('])('”,('d uni il t lie l<>tal-siiiir()f-s(|uar('d-(*rror 

of the n('twork r(、a이)(、s at ().01. 1'lie rc< i)gnil ion phase em

ploys a wiiin('r-lak('-all rule whicli allows the network to 

keep the most highly activnled neuron in output layer.

3.3 Speaker Independent Digit Recognition Results
First, w(、pt'rfoi nicd simulal ions of HP t raining and test

ing with r(、d니("d accuracy of I, 2, I decimal places for 

weight, input, and out]기it, using sigmoidal output func

tion. Each MIjP lias 30 hidden imils ami is the learning 

step was c()h미,rain(시 to I ()0. Tin' *)(、ak(、r intlcpt'ncirn- 
t digit n'cogBition n'sults for all of 1 he reduced floating 

point accuracy w('r(? around 97 %, while Lh(、result of bi

nary r('atur(' vector was SB. I %.

Sccotid, the above siiniilations \v('r(' r(、p前(이 in the recug- 
nitiot) phase using tl)(' liiu'ar output function as in eejua- 

tion (1). -

，=矶£，"皿) + 6, ~^<Y.k ^k；jOj < A (4)

The "suits were not s('nsiliv<' to ” and b if the domain 

of the liiu'ar function broadly covers the suni-of-weighted- 

iiiput distributions. Tlic simulalion results are listed in 

Table 2 지id Tabl。3, in which a — 0.1, b = 0.5)and 
A —
Each MLP output has 2 phu'es. Tin* MLP using

1 decimal place input has weight accuracy of i decimal 

place, tlu1 MLP using liiiiHry inpiil lias weight accuracy of

2 decimal plai t's. MLP using reduced (loal ing point input 

is train(시 until 200 learning slt'ps, and MLP using binary 
input until 500 steps.

Table 2: Mull pspenkrr digit. r('c()gnit ion results

hidden 

units H

lloating poinl input liinary input

2 decimal 1 (k'<iiiial 1 bit

2() 99.2 % 9M.6 96.6 %

3(1 98.8 % f)8.K "X 96.4 %

1(1 98.H '/ 98.M 'X 9(i.« %

5(1 'X 118.K 'X 95.4 %

Table 3: Speaker in(h、|”、nd<、nt digit ren)gnition results

liiddcii 

units B

IIoating poinl itq>ul hinary input，

2 decimal 1 시 1 l>i(

如 "4 '7\ 96.1 'X 89.2 %

30 97.()'X 97.3 % 89.3 %

1(1 f.Ki.11 % 'Ki.3 '/ 89.7 %

5() 96.2 'X MG.5 'X 87.8 %

We can시udc that f l)(i BP rd ric'val is not afR'U- 

ed from the accuracy of weiglil. input., and output, when 

training is(，()mpl(、l(시. In nddit ion. training was also possi

ble with 2 or 1 dccinuil plact's Ibr input and out j)ut, wjiicli 

are cciuivaleiit to 8 bit or I l)il pri'cisions.

Finally, we ]K'rforin('d t raining using linear output func

tions. As the t raining using I lie simple linear functions 

such as ('(jiiat.ion (/I) was not ^u(omplislu'd, we us('d pit'ce- 

wise linear functions (()nil>inc(l with 3 linear functions. 

By minimizing lh(、mean s(|iiar('(l('rn)r(MSE) b('twecn the 
sigmoid and piecewise linear fmict ions, a piecewise linear 

function is found as inion (5). The MSE becomes 

zero when we calculate it up to 3 decimal places.

1'lie rt'cognition resulls. of which MLPs am trained and 

tested using th。picccvvisr linear function with 2 decimal 

places of output rwohili이r are listed in Table 4. Ak 

1 MLPs ha ve 30 liidden lU'nrons. and lea riling ste'p was 

the same as t Ih1 pr('vious condit ions. TIh* inHucnce of the 

output precision was negligibic for all c<is('s as shown in 

the table. Th(' p<'rforniiHi((* of M1J1 using binary input 

was in(T(、as(시 to 92.5 'X. wit I)mor<' slow slope functi이). 
that is, the prrforniaticf' was not sensitive to the si이)(, of 
the piec('wis(' linear fun( Lion.

y — 0.0,
/ = 0.0087.r + ().()()().

자 = 0.20().r + ().5,

y = 0.0087t +0.931.
y = 1.0,

.r < —7.6

-7.fi < ,r < -2.2

-2.2 < ,r < 2,2 (5)

2.2 < ,r < 7.6

.r > 7.6

Table 4: Hecognitioii results of MLPs using piecewise linear 나nits

oiilput 

precisian

floiiling point input binary input

. 2 tlrt iinal 1 decimal 1 bit

floating 96.6 % *)6.3 % 90.1 %

2 decimal 96.6 % 90.0 %
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4 Con 이 usions
In this I)시)\vv <l('s( i'ib(xl siimilal ion results of the BP 

시gcrithins adapted for lT 1(；\X cliip. and 니i(w시 나lai, the 

reduced weight accuiacv using t hr liticar output fimct ion 

is enough to ol)1 ain high pci l()riii；inc(' in speaker iikk'- 

peiKlcnt digit rccogiiif ion ('Xprrinn'iits. oner I raining was 

coiitpk'lcd. also illnst ivites t hat. piecewise liiu'ar fimc- 

t ioiiN is useful for training vvlicn Iciirning c([iiatioiis d(>ri v(、d 
froni I Ik* sigmoidal unit s ace employed, using U1 (AN chip 

and I he simiilalt'd Bl* ;ilg(»ril Inns.
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