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Abstract 

The problem of 5)('('ch n'cogn i tion i~ o!\(' t.hel 1, I('n<ls i t.s('1f 1 () pa r,tlld i",II, iOIl ,\ (011 1 

mon method llsed for speech recognit.ion i' t.lH' Vit('rhi ,llgol'illllll. lfllfol'llllI,II<-I\', Illi;-. 
method is com putationcl.lly ('xpcllsi v(' for la rg(' voc cl hllléll i('s. A !WW 1 Wo pas~ 11)('1 hod 

has bl'C1l propose'd, lISillg tlh' ViU'rbi cllgoril.hlll cUi t.ll<' ri!sl. p,,~s alld t.!w A + ,111-\0 
rithm as the second, lI1akillg 1I~(, of tlH' n's,dt.s of t.l1<' Vikrbl ,dgorit hili. HoUI t III's(' 
algorithms can 1)(' llleUI(' fa~t<'! by pclralklit:illg 111('111 . 

This thcsis report. (l<-s(,I'1I)('s the' (ksigll and Illlpl('IIIC'lIt.tI,ioll of fi p,II,tll(,1 V('I';-.IOIl 

of thesc algorit.hms 011 a BBN Bllt.I.('rfly 1JI111t.i-pI<J( ('~~()r 1II<1('lIir)(', and II. ,"~() )lI (,~C'lIt s 

the m.tcOIlH' of the pdralklit:ation. ft. wa~ ob:-.('rV<'d th"t. I.IIC' par,lI!c'l V('I~IO!l of III«' 

Vit.erbi algorithrn l'an 8 tillH'S fast.('! thall t.!1<' s('(l'l<'nl l,II v('r:-.iorl. This W.I:-' ol,~('rv('d 
for the recognition of both short WOIds dnd IOllg word~. 'l'II«' J\+ aigolll.hlll, lIo\\'('V('I, 

displaycd dif[el'cnt lH'havio'lr fOI short words as (,olliparc'd 1,010111-', wOlds. WiI,11 ri slHII'I. 

ward, t.he parellie! v('rsioll of the' A'" (11':;01 itlllll )',111 slrglll,ly :-.Iowl'/ t.hel/I tilt' :-,('qll<'lIt.i," 

version; for a long word, il. raB (,o/lsidC'l'clbly fas\.c'/ I.helll 1.11(' ~('qll('111 i,tI VI'I SIO!l il 
was observed to l'lin as n1uch clS I!iO I.IIII('S fcl~I.('/ 

This thcsis cOlllments OB the ['('slllt~ thus obt(tirwd, alld .11 1.('/11 pts 1.0 ('Xpl.1I11 t.!1C' 
behaviour oÏ the different paral!pl illlpl('lIl<'lltat.io/ls . 
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Résumé 

L(· pl'<Jhli'lIl(' de la 1'<'( Ollndl~sallce de' la parole' peut facilcmcnt (·trc n"solu ('Il prlr­

'1IIi·lisélllt. L' 'dp,orit.hlllc le plus fréquemfllent. utilis~ ('st c<'lui de Viterbi mais, lIlal­
} ll'U l'('\ls('n 1<'11 t, ('('U(' Ill~thode pl'e'nd tlOp de t.emps pOUl' \ln vocabulaire' étalé, Pour 
y )('IJ)(~d\(,l, let Ilu',thode à "dollbl(' passe" a (~té propo~é, A son premier pas~agc, 

l'alp,ol'it.hllH' Vite'll)) ('st. ut.ilis<' <,1, rlU deuxième t.om, l'algorithme A * utilise les résultats 
Oht.(·III1S ail pa~selgl' P)(~('(~(Jc.nt. Les tcmps d'exé('uti')1l des deux proccssus peut être 
(ollsidére,bJc.llwnt. rt"duits s'ils SOIlt. parallélisés, 

Cettc' t.hi·~(· de~(')'it. la conception ct l'irnplentatioll d'ulle version parallèle de ces 

éligorithlllt's SUI' la machine BBN But.t.(·rfly t.out. en pré~('ntant les résultats de la par­
ctll(~lis<ltioll Lcs tc'·sultat.s oht('lllls ont mOlltré <lm' la \'('I:-,ion parallèle' de l'algorithme 
Vit.e·rhi ('st. S fois plus rapid(', t.ant pour les lllots longs 011 ('0 lII't s , que sa version 
~(~qlJ('nti('lk, Par ('ont.re, let v('rsion paralJNe de' l'algorithme A * est légèrement plus 

I<,nt.(· pOI\l' Il's lJlots court.s qUI' sa version séquentielle t.andis que pOIll' Ull Illot long, 
la v('r~ioll paralli'I(' ('st JilO fois plus rapide, 

lA' but de' ('('ttt' t h;·s(' ('sI. d'expliquer les divers comportements des différelltc>s 
l'xI~(,lI t.iolls pa rcdl<'ks, 
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Cllapter 1 

Introduction 

ln t.he last. t.wo decad('s, attplllpt.s have bccn made t.o aut.Olllat.(' the recognit.ion of 
hlllllaTl s[>f'('ch, Th(, tcnll "spf'f'ch rf'cognit.ion" is olle that ('OV('IS many diffcl'('I1t. ap­

proadH's t.o t.l1<' prohlf'1Il of rf'coglli:,.:ing humall spcf'ch, It ranges from isolaU'd word 

n'cognition 1.0 (,olll.inllolll'l sp('('ch I('cognition, frolll sp('akf'l-dqwlldcllt recogllition to 

s(><,ak('r-illdq)(,lIdellt recogllition, and flOm a "mali votabulary 1.0 ét lalgC' yocahu­

lary. 'J'IJ(' silllpl('s!' s«'lIcHio is a ~!)('akcr-dcpcndcll!', i!'.olated word lecognitioll on a 

slIlall \'OC(\I>" l,II y alld the IllOSt. (olllplex is ct spcclke'r-illdq)('!l<lellt., contlllllOliS s!)('('cl1 

r(·cogllit.ion on .1 bllg(' \'ocahulary, In any cas(', tht· s!)('('ch !f'cognition plOL/eIll, d~ 

d('\,f'lo!)('d 0\/('1' UH' years, i::. a hig"ly computation-intellsive' prohlf'lll; il. rf'qllires fast 

pr()('('S~OI s, alld large amollllb of IIH'll1ory. Mally attell1pts hc\ve, tlt('rcfol'(', b<'(,11 made 

1.0 try c\lul sp('t'd IIp t.1H' PIO('('l-\S millg various technique~, In this th('sis, we attf'lllpt 

t.o l'lilI a S!)('('ch rc('()gllit iOIl algorithm in parallf'l on a multiproCf'ssor ll1rlchiIlC, alld 

wc 1)I('S('lIt t!w n'sults of dJ(' parall('li:,.:atioll of the algorithm. 

1.1 Speech Recognition 

!Il t./w l'('('cnt. past, mally sp('('ch l'ccognition strategies have been proposed and imple­

llH'nl<·d [B.Jl\ll~;l, LHS83]. 1'he8(, strat.egies span many sciences, including signal pro­

('(\ssing, pattt'I'II \('cognitioll, artificial int.clligence, statistics, informat.ion theOl'y, prob­

abilit.y t.ht'ory, (,OIllJ>tlt(·1' algont.hms, J>sychology, !inguistics, and biology [Lce89], Of 

tlJ('se st lategi('s, the' prohahility theOl'Y method using hidden l\'Ialkov 1l10d('!s (II1\1Ms) 

1 
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18 most widcly used. An 111\11\1 is il paramd ric mode! t h.11 is pelrt jcul.lr" ~l\it.Ij,lt' 

for describing speech ('V('lIts 1I1\11\1s (S('(' St'clio" ~ 1) ha\'t' 1\\'0 ~Il>dlclslit pIOlt,~.,t·~ 

which enable the' Illodding of r\coll-;t.ic pht·IIOII\(·".1 as \\'(·11 cl~ 1 ill\!' St .dt· di~lol 1 i\lll~ 

Furthcrmorc, dficit'nl aigoritlllll" ('\.isl for c\CCUI.\lt· t'~tilll.lli()11 of 111\\1\\ pdl.lll1t'1t'IS, 

finally, IIM1\1s aI(' a succincl [('pr('!'>('nl al 1011 of !'>P('('( h ('\'('lIls and t 11t'1 doit, It'(plilt' 

less storage than 11\,lllY ot 11('( st rc\tq.!,\('s. 

Isolaü'd word r('cogllit ion lIsing IIl\nh, IS 1l~lIally l' 01 Il III la It'd ,IS (JIJ(' of lilltllll/-', 

the path in an IIl\1M whos(' !>osLt'riol proh.lbilily (!!,i\'('11 t.1\(' .H Ollstl!' ohsl'l \'.11 hl(l~) 

is maximal [l\lIG+~)J J. TIl(' (,elsi('st. way of <loing t.hi~ IS h~' 1I1('all~ of 1 Il(' Vlktlll 

algorithm (s('(' sectlOll '2.2.2). This algol'll hlll i~ cl t.ill\(' s\'I\('hl'()1I01l~ ~('art h .dgol il 11111 

that complddy 1)\'OC(,3~('S tin\(' 1 1)('101'(' going on 10 1 illl(' t -1 1. FOI t.llltt' /. ('cil h ~I clic' 

of the IIMM IS 1IJ>.lclkd hy t ht' I)('~t ~('()I(' 1'10111 ~I at('~ cd 1 illl<' 1 -- 1 FIOItI 1 lm,. 1 lit' 

most probable .sIal" .'(ljllnu·( (,\Il b(' \'('( m'('n'cl .t!, tll<' ('lId (JI 1 1\1' ~('all h 

A full Viterbi ~('c\,ch is quil<' dficiell( for IIIOcl('1 .d,(· t.,I~ks; hm\'('v('I, fOI lal!!,(' f.M.ks. 

it caB be very tillle (,oll~lIllling. Ânot1wl dl'.l\vh,\(·j.; of t.llI' VII('I hi alp,ol'it.lllll is t.I11' 1',11 t 

that it reports ollly the hc~t l('cognit.lOn hypotlwsls, Wlt(·I('.I .... in 1I1,IIIY (cI~I'~, \V(' woltlcl 

likc to investigat(· tlIL N-hc~t hypotlf('~('s. Tlws(' dlclWhél< ks ""V(' 1)('('11 cldd((,;-,~( d h.v 

mcans of a new approi'tch ill whiciJ tif(' Vil<'rhi (t1p,ol'itlllll i~ ('oltp!t'd wi!.h t.11I' At 
scarch. 

1.1.1 The A * Algorithm 

The A* algorithm was dCv<>loped in an artificial inl,(·IIIp,(·n('" (·nvilOlIlIlI'IIt., ,11111 il 

belongs to a class of a!gorithllls known as graph sl'ardl idp,OI il hlll ... h('I' ('1..1(1('1 :1), 

which are widcly llsed in AI application~. Tlf('~(' ,11(' ,1Ip,OI it.hlll~ t.Ilcd liltd il p,d,11 

through a graph frolll a st.art not!" t.o ,t (SI'I, of) p,IJcllnodl'("') Cldph ~I'clllii ... llilt(·p,,\,'" 

may be of h\-o tyP(':;' lllllllfo/'llt((f and, IIfo/'/Iu dl) nlnlol Il wei ~I'" 1 ( Il ... t 1 cd l'/!,II· ... 1111 Illcll' 

the depllt-fi/'sL and bn ad/ii-fini "'('.t! (III'~ TIII'~I' cil (' l'Xllcllhl i\'I' IIlf't II/JI 1 ... lOI 1111tllll/!, 

paths to a goal node. For Il1,Uly trl~k;-" Il I~ p()~ ... t1)1c t 0 Il ... 1' t d~k-dl'J)I'II!I('rJf, 1III011lltll.l011 

to help l'educc the se,Hch [NiI80]. 1111'01111,11 iOIl (Jf 1.1.1;-' ;-'(JI t I~ 11~llcdly (dll('c1 l,fI/II,.,11f 

informatzon, and sealciJ I)fOL'_,dllJ('~ lI~lIIg il. élll' call( d II( /l11 . .,11f ,,1 (1/ (l, fIIllllOtI., '/ III' 

A * algorithm is one /lU(" IWIlI i~tic ~('cII'('h IIl1'tllod. It rll(tk('~ Il ... /' of t.wo IIIII( 11011'" 

the cost funcizoll and the hClll'lslz(' f/lnction to aid il, ill ~('al (Ililt!!, t /)(' !!,I ilplt lor IIH' 

goal nodcs. 
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1.1.2 The A *-Viterbi Algorithm 

'l'lI<' A *-Vit('rhi algorithrn 1I('('ds a IcxicaJ trec () and its correspollding quotiellt graph 
n*, d('scribed ill spctioll 1.1. Thp l('xical trt'e contains nodcs, which are lab('l('d by 

phorwuws, ,'l/ld arc~ (or tranSI tiolls) 1)('1, WCPII t./wse llotles. Each worel in the lexicoll 
lJIay 1)(' ('xtl',Lct('d f,olll tl\(' tn'(' by traversing the tran~it iOll!-> b<'tW(,t'Il 1I0d('s, and 

lIotmg t.ht' pIlOI(('II(('S tllat appml' along the path from t II<' root of the graph to the 
Ic·aL 'l'1lC' lIode'!"! of tll<' quot.iellt graph have an equivalellce lelatiollship with those of 
tliC' I('xical 1,1('(', ,l.lId rl~ ct rt·sult., the quot.iellt graph i!-> !>Illall('r than tlH' lexical tree 

(S('(' :-'/'ctioll ·1 1). 

'1'11C' algollt.h III COIlSlstS of t.'NO pclsses, the first one ll~C:' the quotient graph, and 
Ut<' S('l"OIHI t.!w I('xical tr/,('. It is (i<'scril)('d in d('t.iil in Section 4.:1. A brier description 

of t.Il<' algorit.lrlll follows : 

Pass 1 'l'II(' Vit('rbi tlctvel'sal of the quotient graph G*. This pass glves us 
1.h(' hclCkw,t( cl pl'obabiliti('s, or ji-values (d('scribed in section 2.2.1), and 

1.1)(' forwiud probabilit.it's, or Q-vailles (dcscribt'd ill sectIOn 2.2.1) for the 
cOlllpld.(· o!>S('rVcttioll :-,<'qU('IIC(' YI, ... , } 1'. 

Pass II Tlw (\'- cllld ;1-vc\hl('s lct!culctt<'d in the Plcvious pass are used by the 

A *-algol'i1.llIll ,tS it. :-,cal'c!ws the lexical trce, lookillg for a word that best 

lIIat.c1ws t.he given obtwrvat.ion sequence. 

1.2 Speeding Up the Algorithm 

Th(· ult.imate p,odl of sp(·peh recognit.ion is to achleve l'cal time recognition of continu­

OtiS hUllIall sp(·('('h. In this thesis, we study how the parallelization of the A*-Viterbi 
algori1.hlll h('lps i'l sp('('dillg up the proc('ss of speech recognition. 

III eVN)' plOgl'alll. t!J<'('(' aH' sOIllC parts that. do not. depend on the eXt'cut.ion of 
ot.her part.s; in ot h('l words, th('l'p is no d('p( ndclIcy l)('t.w(·(,ll these diffcrl'llt parts of th/' 
progr.lIl1. Such port iOlls of t II<' code which show no dq)clldcllcy lllay he exccuted in 

parclll(·I, allowillp, t!1(' progralll to 1'1111 faster as a W1101{'. In th/' Celse of tht' A*-Vitelhi 

a!p,orithlll for isolated WOI'(\ l'l'cognition. there are larg(' purtion~ of the program that 
show suc h a lark of dcpcndellcy. alld which lTlay thercfore bl' llln ill parall(·1. lIence, 
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there is a potential for the program to mn signiflci\1\tly fastl'I whl'II it is p,lIédlt'lizt'd 

than when it is purely scqlwlltial. 

1.2.1 Parallei Conlputer Architecture 

Under the clas:.ification proposed by Flynn (s('e [Fly6ti, Il P!)Oj), (Olllp"tI'l ~ Ill,'.\, hl' 

eategorized as : 

1. SISD - Single Instruct.ion, Single Dat.a Sb't'él1\\. 

2. SIMD Singlc' Instruction, Mu1t.iple DClt.a st.n·all\. 

3. MIMD -- Multiple Inst.ruct.io1\, Mult.iple Dctl.iI St.I(·,III\' 

These categorif's are discll~s('d in gl<'itlt'r det.ail iu sectlOlI :'.1. III t.ltis t.1\(,sl~, \V(' dll' 

int.erestcd in pardllel l>l'()('('ssing, sin('(' W(' wi:-;It 1.0 dt·sigll alld illlpl(·III1'Ilt. a pel 1 ,1111,1 

version of the A *- Vitcrbi algol'it.hlll. Ali IMl'alf<.1 I>lO( ('ssillg 11I"c1I1II1'S 1H'loll)!, t.o 1.11(' 

MIMD categol'y bccause f'ac!r pro('e!-.~ol' lIle'Y wOl'k 011 (\ dilf('I('llt portioll or t,lw (0.1(" 

and may opc'rate ou difft'Il'Ilt dat.a. 'l'II(' r(,~IIIt.s of tilt' Vclll()II~: PIO(('~!-oOIS Ilav(' to 

be collectee! al. sont<' pO\llt ill tillll' cllld d('('isioll~ IllllSt Iw Illcld(· 1111 LI,(· I(·!-olllt.s t.lrll~ 

obtained. Such an event., wh('J(' 0)(, variolls 1>10(,('SSOI'S \ c'~(' tlJ('11' wOl'k dlld Slrdll' t.!1t'11' 

results with ot.her processors, is rd('!Te:! 1,0 ilS .~.tJII(·II/·()/lI-;(/1 /0/1. 

The two important. issu(s iu a pat'all('J prO('('ss()r l'>'ysl.(·1lI cll't· : 

• Memory latcncy· The time t.akclI bdw(·(·tI t.!)(' isslI(, of {, 1111'11101 Y 1'<'1,( Ir, <llId 

ret.urn of the value to the )))'()('('ssillg \Il1it. 

• Synchronization -- The pro( e~s hy whicll t.he VéU·IOII:-. pl (J( ('~lSill~ IIlIib ('(';I~(' t.u 

work on the code, and shan' t.heir rcsults wit.h 01 1(('1 plo('(·:-.siJl~ IIllit. ... 

These two issues are t.ightly (oupl(~d in ail illvel sc' f(·lat.ioll. Bc'duel,ioll of Il)('1I10IY 

lateney inereases the cost of sync1l1onizatiofl, illld ((·dll( tioll ill th(' ('0:-'1, of :-'ylJC'hl'o­

nization increase~ rnemory lat('ncy [AI87]. 

Parallel procc~sillg machines lIlay he of t.wo tyP('s : ."hU1'f'd-IfI(1f/o/'y PHU IrilH'S (01 

multiprocessors), and messagt-pa;,."mg machilles ({JI 7Hultu:omplllr ,..,». 'J'hi:-. di~t.ilJC'­

tion is crcated on the basi:-. of a diff('J'(·tlce in the Ilwt/wd (Jf syllc1l1ollizal.lo!l III il 
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IJIllltipr()n~ss()r, the various procesl>ing llnits cOI1llTIunicate with each other hy means 
of setti/lg varÎabl{'1> in a COIJIJlwn pool of rnemory referrcd to as the shurcd mcmo/'y 
of the machine. On the' 1)t}H'r haml, in a mlllti( ornpllter, t})(' variotls procf'ssing units 

COlllHlllllical,(' by s('JlClinp, IIH'I>Sctg('~ 1,0 OIH' anot,})('r. 

TIIf' lIliichi'll' lhat WctS ll~('d for tlli.., thesis was the BBN-Butterfly machine. lt 
is a IJllllt.lproc('~s()r wi th ;t~ pro< ('ssillg 11 lit.s, ill which sYllchronization hetween the 

variOllS pwn's.,illp; IInib is achi('W'd b)' llIeans of a sharcd IlICIJ1ory. 

1.2.2 Parallelization of the .AlgorithlTI 

Bot.h, the' Vil,('rhi and tll<' A * al,g,orithms have the capafity 1.0 be parallelizcd, and 

made' 1.0 1'1111 fast.n on ;:1 IIIldti-PIOcf'ssor machilJ(' [I\CSI\87, J\HW~8]. In the Vitcrbi 

portioll of the «)d(~, the C'ë,dCllldl.ioll of lIw trctlwitioll ~I:ore~ for the )J'-values i~ highly 
par.dl{'llz<lld". :11\<1 W(' hh,>uld {'XPI'ct to !!,l't. a ~:pt'edllp Pl()poltioual 1.0 the Illlmlwr of 
pro( ('hSOI h worhllll! 011 t.h,'~ çal( ulcd iOIl. Filldillg t.h{· l '('ht p<lLh cali l'dso 1)(' péU éllleli,wd, 
but WI' <"<III (')qw('1, II'~h bP('l'dIIP lJ('re, I)t'calls(' [If sYllchrolliz.üIOP, and S,)JII(' ~eqllclI­
l.i .. t1izat.ioll of t.!w ("Oeil' CaklllcltioJ1 of 'I-\'ahl<'s IS parallcli,~oIbl(· fétldy cclsily, \VIth ('aeh 

JHo("('ssor WUI klll,!!, 011 d diffeJ('1I1, phou{'( IC. Till' A" a.lg()l'itIIJ1l is abo pdl"all('li;t"lhlc 
alld W(' ("ol\ld ('XP(·ct lim'nl 1,0 SIlJl~'I-liJIPélf sJ,ecdl\p (kp<'lIding 011 tlte word 1,0 he rcc­

oglliz<'d. '1'11(')'(' I~ 0111' (aveal, III Ill<' par,~Il('lizati()1l of the A * éllg,orithm, howcv('l', and 

toilaI, is the pcll'clll('1 A * algOl il hlll could giv(' non-optilllal an~w('rs. Wc' shollld takc' 
car<' 1,0 disUHd cilly ('1 rOlwous c\lI~,w('rs fr'JIll Ai 

III t.!({' paralll'Iized,ion of t Il(' VitL'rbi port.ioll, wc COIllP U!> agaillst the faet that 

the BBN Butl<'I"rIy IlIdChlIH' is li dIstrilJ1\t,ed s lan·d llI('I1lory machille. Wc thercfal'c 
haVI' to dis1 rihl\t(, tlll' pholldÎc graph 0\,('1' ail t1le praccssors in ordel' 1,0 balance the 

i\1ll01l1tt of rOllllmt.illg dOlw hy ('aell p1'o«'s:,or. \V(' will also have to ("(m~idcr the fael. 
t.hat. wc' IIlIISt. k('l'p t.he IlIlIlllwr of l'('mote me'nlory acœss('s 1,0 a minimum if wc wisll 

10 gd good sp<'('du!> n'sults. 

ln tlw p,lrallt'liz,lI.ioll of 1.11<' A;: algol'ithm, we rnay follow different strategies: 

• centraliz(·d stratel~Y - gaod far large granularity prablems, simple to imple-
111<'111.. 

• distributed strategy - good for :imall grallularity problems, more complicated 
than t.he n'ntrc\lized sI rateg,y. 
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In our case, we use the Ct.'ntralized stratt'gy })('caww of ils ('as(' of iIII plt'Il1t'1It.11 1011 ,lIld 
because our problem has large granularity. 

1.3 Main Results and Interpretation 

The results of our pc\ralldi2;ltioll ,l\'(' v('ry informai iVI'. 'l'Ill' par.dll'Iillal iOIl of tilt' 

Viterbi portion of tl\(' cod(' gc\Y<' 1I~ a sp('('dup of ,dHlut K t illH'~ wil Il l'OII/!,Itly (:1 plO 
cessors. With a l.trge\' Ill\lllbt'1 of p\,(,('cssors, the sl)('(,dllp did ilOt. iII(T('.I~(, .Ipp\'('('iilhl~· 

This is due 1.0 t.he following n'MiOIlS ' 

• The quol.if'llt. graph WdS dcslglwd III Sl\c!t il w<ly as 1.0 ()(' 1I~('d dlil'\('lIt Iy il.\' 

a scqucntial mach ille. Th is g<'lH' l'a ted COllstra i III.s OJ\ how t'asi l.v i t ('(11\ Id 1)(' 
distribut('d among the variol\s pron'ssol'S of cl pmall('1 Il 1 clC'hi lit' . 

• As a result of the design of the quotient graph, I.h('r(' W('J(' a lal'pp 1I1111t1H'1 (II 

remote Tllemory accesses. Tlw~(' could Ilot 1)(' l'C'dll('('d wit.llOllt. \'(,dl'sigllillg 1 III' 

quotient graph. 

If the graph (and the software) had heell de~igll('d for optilllal II~(' hy t.lt(, lMI,dl(·1 III" 

chine in question, wc could have' achicved far gn'at(·1' Sp(·('<lI\(> tltall wltat. W(' ()h~I'1 VI'd. 

The parallel A* code gave us very large sl)('cdllP reslllt~ for a Ic\l'g(' wOld, bill, VC'I y 

little specdup for a. sIIlall word. This is lIudel'standahlt-, I)l'caus(' fOI SI Il cil 1 words, 1.11<' 
A * aJgorithm takes very litt.Je tillle to process, éllld parall(·liz.tI.ioll ill ~1I( h ('as,'~ do('s 
not help. 

The most importaut COJl(llISiOll t.h.lI, was dlcLWII lrolll titis 1 Il('sis i~ <lS lollo\Vs . If} 

gel the besl pOI;.o;zble pCljol'maunf/'om f1 p(lf'{lllfl /It(l('hlllf, flu' ('o(ff IU/.~ 10 1)( df'.~lyllfd 

10 Lake full adualltage of th( ('afJalJ/ltlu'.~ of Ihal fl/fU·/III/(. rll t.lJi~ (cl~(', 1,\1(' 1 ('~1\lb 

obtained were good, but they cOlt1d havI' beell 11111< II bdl.<·1 IIMI t\J(' (ocl,· 1 )('('11 d('siglwd 

for the parallel machine starti Ilg 1'1'0111 Ut<' d('~igll ~ Iwei fica tlOIl!-> Oll wa 1 d. 

1.4 Related Work 

Fettweis and Meyr discusB hardware implementatioll:' of a parall(·1 VitN(,i df'(,(HI('1 

in [FM89] and [FM91]. The cclltral unit of a Viterhi d('UJ(J<:r i~ a dat.a-dcpf'lI fh·IIt. 
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b'dhack loo}> which perforrIlh an add-compare-selcct (ACS) operation. This Bonlin­
('ar recun;ion is a bottlcrwck for a high-specd par allcl implcmentation. ThC'ir paper 
IHf'S('nb il solution 1,0 impl('HH'nt the Viterbi algol'ithm by parallcl hardwarC" for high 
dat.a I,LI,(·h. 

1{ i III bail ,lIld asso( iatcs dihClISS L!H' paralld i m pleOlcntittion of the Vi tcrbi algo­
l it.11I1I fOI COIlt.lIlUOllh S,)c('ch recognition in [KCSK87]. The algorithm was dcvcloped 
for t!J(' B B N Bu H('I fly llI<1ch i 11<', and tlsed COllte'xt dep{'l\d('n t Il 1\1M3 to achi('ve high 
)(·('ognit.loll é\< (llntCy. 

1\. A. W{'lI ,llld .1. Y Lpp discuss the parallel ill1pl(,lllelltcltioll of the Vit('rhi al­
gorithlll in [WL~~]. TI)('y j>rl~SCl1t é\ dual·dilllf'llsionai pa.rallclizat.ioJl for the Vitcrbi 
aigorithlll, 1.('., jMrall(·llzat.ioll of the dpcoding pl'ocedur<':-; within ('ach stage of tllC' 
1.r<·1I1h ,tlld par,t11t'!rzal ion of" t)J(' decodillg procf'dures ov(')" consecutive stagps. 

Y. F. Zh,Ulg and P. Csillag discllss a parall(·l archit.c>dul'(' for Vitcrbi decoding in 
[ZC~!)] . 

Austin, SchwdI"tz and Placeway discuss a ncw technique to spced up time-synchrollous 
I)('alll s('arches in [ASP!Jl]. TI\('y ('ail il, the FOl'ward-l3ackward Seal'ch, and il, is mat.h­
('lIlitt.ically rplal,{'d 1,0 the BaulII- Wdch forward-backward training algorithrn [BE6ï]. 

Black élnd M<'ng dis( IISS il paralll'l Vit(lrhi d(·codillg ~("h('me in which the rC<JlIired 
hardware (\)lllpl(·xit.y approaches Ut(' hjwcdup fdcLor ill(kp('lIdf'llt of tll(· number of 

:-.tal.<'s in [BM90J. Tht·irs i~ il blork bas(·d parall<'\ lI11pl<'lllClltation of the Vitcrhi 
algorit.hlll ill which (OIlCIIIT('nt decoding of imkpcllckJlt blocks ih achi('v('d by using, 
the self s)'nchrollizing prop<,rly of the Vi L(ll bi algorithlll. 

1\lIlIIar and ILlO dihCIISS 1.11<' pélr,tll('li:~al.ioll of the A" algorit hlll in [111\87, 1\1187]. 
1\lImar, Hao and Ham('sh dihclIss diffclcIll. parallcl fornntldt'ons of the A * algorithm 
and tIlt' )"('hults of t.!J('s(' forlllulal i()ll~ fOI the Tl"ilwlillg S,'lksl1l an Prohlem, the Vertcx­
('ovcr Ptobl('lll, and t.he IG-puzzle in [Kn ItS8j. 

1.5 Outline of Thesis 

'l'II<' n'porl is orgalliz('d as follows. Chapter 2 illtroduccs t.he hidden Markov model 
(II MM). and ho\\' il is appli<'d to speech l'<,cognit.ion. The Vitcrbi algorithm is ex­
plaillct\ in chapter ~.~.~; this section will describe the forwalcl and backward Viterbi 
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algorithms (section 2.2.1), and also the block Vikrhi ,dp,urit hlll (M'ct 1011 1 :!). ('lt.IIl 

ter 3 discussf'S SOIlle aspects of art i fleinl intell ige·lIet· l't'l,II t'd \Vi 1 h 1 ht' A ~ ,dp,ol i t 11111. 
Chapter 4 discusse's the' A*-Viterbi algorithlll. Chaptt'r!) will d('Hniht' Iht' BUN 
Butterfly multiproCt·ssor machin(', and how W(' C,tI\ \I!">t' il. to IMr,\llt'li',w 1 lit' t odt' 
Chapter 6 will describe' ho\\' the rllgorithms an' P,II ,dldiz('d, \Vil h 1'('( 1 iOIl li.:! dt'!">( rih 
ing the parallelizatioll of the back\vard Vilerhi .\Ilcl t.\w hlot k Vilt'I hi alp,O! il 111111', "lId 

section 6.3 describing t.he parallc'Iizdtion of t.1H' A"" c\1p,orit.h,". (,h.\pl(·, 7 illtt'I'JII('(.., 
the results of the paralldization and chapt.c·r S draws 1 he' final COII( I"sioll:-' 
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Chapter 2 

Hidden Markov Models and the 
Viterbi Algorithm 

III t}w l'en·lIt. past, hiddell Markov moùcls (I1MMs) have been used ext(,ll~ivcly in 
ilutollmt.ic sl)('('ch n'cognition. In this chapter, we will first dcfine hiddc'l1 Markov 
models and pres(,llt rligorit.hllls for evaluating, anù decoding, with HMMs. 

2.1 Definition of the Hidden Markov Model 

A hidd(,11 Markov model is a collection of st.ates eOllllcded by transitions. Each 

transitioll carri('s two sets of plobahilities : a transition probability, whieh provides 
t.Jl(· prohability for takillg this transitioll, and an output probability d('Hsity functioll 
(pelf), which d(·filH's t.1H' con(l!tional probability of cmitting ('(le!. out put symbol from 

a linit,t' alphabt'l giw'll t hat rl transition is taken [Lee89]. 

A hiddt'll M,ll'ko\' Illodpl is ddined hy : 

A !'id of stat.es illclnding an initial state SI and a final statc 5'F. 

• {a,)} - A S(,t of tramitiolls whcre al) is the probability of taking a tra;lsition 
from st.at.{' 1 to stclt.e j. 

• {bIAk)} - - The output probability matrix : the probability of emit ting symbol 
k wh<'1l t.akillg a transition from state i to state j. 
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Figl\l'(' ~.I: Th(· Hiddel\ Mm ko\' l\dod('1 

J A O.X 1 
B () "­le 0.2 r 

Figure 2.1 shows an cxample of ct hidd('1\ Markov !llod(·1 \Vil.h I.hl'l·(· olll.pllt ~\'lItI)()h" 
A, Band C. A sequence of output sYllIbols is g(·ll<'rélt.('c! by " (01 J('~p()lIdilll!, 1.1 rlllsil.lUll 
from one HMM state to anothcl'. Fol' install(,(', t.o g('W'I'cl!'(' t.h(· S('qll('II('(' ABCA, t Ill' 
following transitions would have 1.0 \)(' ()(,l'fol'tlH'd :S, ---- .'-,'/, S/ -~ S/.', , .... ',. 

SF, SF ---- Sj.'. 

From Lhc definition, sincc bot.h (l élnd b clJ'(' (>lOhilhilist.I(, t.III'Y IIII1~t s,d,Isly tlw 
following propcl'ties [Lee89] : 

(~.I ) 

1, V, 

l, V,,} 

a and b can hc wl'ittclI as : 

1)(Xt+1 = J IX t = 1) (~ 1) 

P(}~ = klX t = l, X t+1 =}) ( ') ~) 
~." 

where X t = j means the Markov chain was in statp} al. t.illl(~ l, a/ld YI = k IIlf'rlll:-' Ut(' 
output symbol al. time t was k. "V(~ will ll~e t II<' randOl1l ViII iill)l(· Y 1.0 W/H(·,)(·lll. 1.111' 
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probahilist.ic fUf)ctioll of a stationary Markov chain X. Bot.h X alld }' are gellC'ra!('d 
by a hiddell Malkov Illodpl: however, V, the out.put. Sf'</II('IIC<', is dirf'ctly obsf'rw'd, 
whd(' X, the st.ate sequence, is huldu/" 

III ci, first-ordf'r I1MM, 1,1\(,1(' are two assumptions. The filst is the i\lal'kol' (JH81lIllp­

lion: 

(2.6 ) 

wlwr<' X; rC'I)/'('scnb t!J(' statC' sequence XIl X 1+1 , ••• , XJ' Equécltion 2.6 states that 
t11<' pro!Jahilit.y that t.hf' Markov chain is in a particular ~tate al. time t + 1 depends 
ollly 011 t11(' ~t.ak of tll(' Mal kov ehctill ct!, tillle i, and i~ cOllditiollally indc'pendent or 
t.lw past. 

TIl<' s('colld rl~SI"lIpti()1l is tif(' output-lIIdqJflldcl1Cf (t.~~llmptioll : 

I J(}? 1},'1-1 1-1 \'1+1 1+1) J)(}" 1 v \' ) 
1 :="'!JI 1 =.liI ,. 1 = ,Z:1 = t = !Jt ·'\t = .l't" 1+1 = .1:/+1 (2.7) 

wlH'n' }/ rt'pJ'('s('Ilt.s t.lw output sequence };, };+l,"" }'~. Equation 2.7 states that. 
t.h(, plobahility thal. a pétl!.Jeulal' symbol will bf' cmitted al. time t depends only 011 

tll<' t.ldnsit.ion ta].;('11 at. t.h,11. tillH' (from statC' ,rt to stat.c ./'t+I), and is condit.ionally 
illd('p('IIc!PIlt. of t.hl' past. 

2.2 The HMM Problems 

Giv('n t.1)(' definition of hiddcn Markov models, tlwre are t.hl'cc problems of intc'l'­
('st. [L('dm] : 

1. The Evaluation Problem -- Givcn a lIlodcl and a sequence of obs{'rvation~, 
wh al is t.he prolMbJlily that t.he ll10dcl gcncrated the observations? 

2. The Decoding Problem Givcn a model and a sequence of observat.ions, 
wh,lI. is 1 Il<' lIlos1 lik('I~ sl.at<' Sf'quence in the ll10dcl that produced the observa­
I ions'? 

:1. The Learlling Problem - Given a model and a set of observations, wha!. 
should t.ht' /lI0(!t'!'s paralllcters be so that il. has a high probability of gcnerating 
1 II(' observrlt iOlls'? 
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Ifw{> could solve the rvalllatlOl/ ploblt'lIl, Wt' \\'ollid h,\\ t' d \\,,\~ 01 :-l'lIllllp, 1 lit' 1l1,111 It 

between a model and an obs('rvat ion ~('qll('I1(,(" ",hit h IOIlIt! III' Il''I'd lUI l:-ul.l!t'd \\(11 d 
recognition. 

If we could solve the drcodlllfj prohl<'IIl, wc rould lillt! 1 lit' 1)(',,1 111.111 Itillp, ,,1. If l' 
sequence given ail ObSCl vatioll S<'qIWIJ('(" whidl ('0111<1 \)(' \I:-t·t! luI' \ 0111 111111111'- :-PI'I'I Il 
recognition. 

Ifwe could solve tht' leal'ltill!J prohl('Il1, w<, would h"v(' 1 lit' 1\l1'.lIIS lu "\III)llIdlll ,t1h 
learn the parameters givcn a sp!. of t.rainillg data, 

In this tltcsis, w(' an' only int,('rested ill t!J(' first two plohl('11I8, \V(' \\'ill (UIII ('IIII.1f l' 
therefore, on studying the evaluat.ion aud d('eoclin!!, pr()hklll~ ill titi" c11.1!'1('1 

2.2.1 The Evaluation Problem The Forward Aigorit.lllll 

The evaluation problem can be steÜt'd c\8 : glV('1l <t l\loc!(,I, 1\1, \\'11 Il 1'.11 <111\1'1 ('l', 

{s}, {a}, {b}, compute the pl'obahility tltal. il, will !!,C'llI'ldtl' <1 ~('qlll'lIlt' ,lit Till" III 

volves summing the probahilit,ies of [III paths of 1('lIgth '/' : 

T 'J' P(Y1 =.lIt) L p(X;r+1 = .r'r+I)PO/' = lItl \;"11 -
J '{'+1 

(:! S) 

In other words, 1,0 compute the prolJeLbility of t1H' S('qll('11( (' lit, W(' ('11111111'1,11(' .dl 

paths X[+l of length T that ge!l('l'étte Y{, éLnd SUIIl ,dl t!\('il pI<JlltIl)ilil i('", TI\(' plolld 

bIiity of each path xI'+1 is t.he product of t.11C' t.rallsitloll pl()I),dllllt.l('~ .1I1c! 1111' 111111" 11 
probabilities of each step in the' pat.h, 

The first factor (transitioll prohahility) in ('qlldtioll 2,X (ail 1)(' Il'WI it1l'11 I,~ "pplv 
ing the Markov assurnption : 

T 

II })(X1+1 - 11+IIX1 -- 1,) (2 Ij) 

1=1 

The second factor (output. prohability) in ('(l'laLloli 2,X ('(\11 Iw )l'Wllll"11 I)y 'Ipply 

ing the output-indcpendencc a~~urnpt.I()1l : 

T 
P( \/lT = y11'IXl1'+J = ,'r'lI'+I) = II }J( Y. - 1'1 1 v - l' v l') I. 1 - .1 t /\ t - , 1· ,,\ 1 t 1 ~ 1 t 1 (L 10) 

1=1 
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Sllbstitutillg ('(JIIS. 2.9 ano 2.10 into eqn. 2.8, we have: 

l' 

PO'"t = yi'> = L rr P(Xt+1 = Xt+11Xt = xt}P(yt = ytlXt = Xll X t+1 = .l·tH) 

(2.11) 
We can USe' tlJ(' UMM pararneters a and b to evaillate eqn. 2.11. This method is 
('xpolI('ntial silice il. !"('qllires (,f1lln1<'ration of ail paths with lcngth T. 

JIOW('WI, ~ill(,(' the probability of each individual quantity depcnos only on Yh .l't. 

and .:I·t+l, it is po~sihle 1.0 (ompul.(' pol = yn with recursioll on t. TIlC'refore, let us 

{ 

0 t = 0 & 1:1 8[ 
0'1(1) = 1 t = 0 & j = S[ 

L) O')(t - 1 )aJ,b),{yd t > 0 

(2.12) 

0'1(1) is the prohability t.hat the Markov process is in state having gencrated yI. 
Ckarly t!wn, 

(2.1:3 ) 

Figu('(' 2.2 illust.ratcs the computation of Q as a sweep through a trcllis using 

LIU' IIMM ill Fig. 2.\ and tl\(' obf1ervation sequence A C B A. Each cell indicates the 

cumulcttive prohahility dt a particuldl' state (row) and time (colurnn). An arrow iu 

Fig. 2.2 indical.('s that a transition frolll its origin state to ils dcstlllatioll statc is 

I(·gal. Cons('qll('ntly, arrows arc only alloweo between adjacent coluJllI1~. A~ eqn. 2.12 

indici\t.(·s, the WIl\pli tdt iOIl b('gins hy a~signiIlg 1.0 to the initial state and 0.0 to ail 
ot.h(·" sta\('~ ,ü tin\{' O. The ot.!H'r C(·I1~ ale computed flmh~yllcll/'fJllollsly from left to 

right. EMil COIIlIl1Il of states for lime t is completely comput<'d b('fore going 011 to 

tinlt" + \, tll(' Bexf col Il III Il. \Vhell tht' states in the last colurnn have been swcpt, thc 

filial stat(· ill the' filial colul11n contains t.he probablllty of generating the observation 
S('ql)('I1('(·. In t his caSt" th(' plobahility of gencrating tl\(' scquence ACBA if> 0.014. 

This al!!,orit hlll is ('ol\(·d the 10/'wa/'(1 algorithm. lt cnables us tü evaluate the 

prohrlhility t h"t rill observatioll S('qlwnce was gencrated by an Hl\11VL M, or P(yIAJ). 
lIow{'v('I" in speech recognition, \\'c necd to find P(Mly). By Bayes l'ule, wC' have 

P(Mly) = 
P(yIM)P(AI) 

P(y) 
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output = A output = C output = B outpUl = A 
l=O t = 1 l = 2 l =.' 1 = 4 

.ix5~ 
---- -~ 

Figure 2.2: A Tr<~11 is i Il t.he FOI \V,ml ('0111 plll il 1.1011 

Since P(y) is constant for a gi vell i Il pllt, 1, II(' t.ask of 1('("o~lIlzi Il)!, <III (JI ,~('r Vil t iOIl ~(' 

quence involves fillding the lIIodcl t.hat. IIIi1Xillliz('s /J(yIAl)/!(!lI). /!(yIAl) C<l1I Il«' 
evaluated by the forward algoL ithm, alld /)( AI) IS a Plobahility <I,->sil-',I)('<I l,v tilt' lal/­
guage mode!. In th<> case of a lclllguag(' Illo{kl wlwl"(' ail words ail' ('qllally Ilk(·ly (II ... 
P(m)s are equal for aIl 111 ), ollly the first fdCt.or 11('('<1 tH' ("(JtI~id(·I(·d. 

The Backward Algorithm 

In eqn. 2.12 of the prcccding sectioIl, w<' defillC'd ni (l), 01 t t 1(' pl'obrt hi 1 i t Y 1 h;l1. ri Il Il M M 
M has generatcd yl and il'> ill l'>t.at.c' 1. We could (~qlliv(d('lIt.1y c!(,filw lb (Olllll('l'Jltll1., 

(3,(t) , or the probability lltat M i:-. iIl state l, illid will 1-',('111'1 <lt,I' !J/~I' Likl' 0, /i (<Ill 

be recursivcly computcd as followl'> : 

l =f S'v "" I:=: 'J' 
i = Sv "" 1 = 'J' 
O~/~'J' 

(~.I!;) 

Figure 2.3 iIlustrates the computation of (Jas il swcep through t.!J(' tmills lIsi IIg the 
HMM in Fig. 2.1. As wc can sce, the ct valuc!'> and the fi vailles giV<' HH! Sitl/J(' final 
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output = A output =c output = B output = A 
t=3 t=4 t=O t = 1 t = 2 

.3x.5 r::I 
~ 

~.Ox.8 

SF ~J-'----~_---, 

Figure 2.:J: A Trellis in the Backward Computation 

l'('sults for the saille observation, i.e., the probability of generating the observation 

sequen('{' ACBA is 0.014. 

2.2.2 The Decoding Problem : The Viterbi Algorithm 

Whil(, t.he forward algorithlll computes the probability that an IIMM gencrated an 

ohS('!·Vrtt.ioll sequcII(,(', it does not provide astate sequC'nce. In many application!), it 

lIIay \)(' (lC'sirable to have s\lch a sequence. 

1II1fort.ulJait'ly, by defillit.ioll, the statC' sequence is luddrll in an HMM. The be!'.t 

w(' cali do i~ 1'10<111('(' t,l\(' ",Ialc MqUf 1/('( Ihal ha .... Ihc highrsl jJI'obab1l1ly of bflllg Lakcn 
Il'Iulc !/l'lIt'/'allll!l Ill( o!J,o;(,/,l'aflOlI seque1lc[' '1'0 do that, wC' lIeed ollly Illo<lify thc 

forward pass slip,ht.1y. :'11 t.h(' fOI'\\'cU'd pass, wc SUIIlllwd the probabiliti('s that cam<> 

t.ogd.I\I'r. Now, W(' I1('~~d to choose and l'cmember the maximum. Eqn. 2.12 can 

t.!wr<'fol't' h(' rcwri t \ t'Il as : 

0.(1) = { 

0 L=O & z i= SI 
1 t = 0 & i = SI (2.16) 
max) ('fAt - 1 )a)lb.Jl(yd i>O 
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To uncover the most likely state scqUf>IlC(', W(' mllst rt'I1lt'lIIht'l' t.ht' l)('s!. pat" to ('M" 

cell, which is thf> concatenation of tilt' b('st. pat h to it.s pl't'dt'Ct,:-.sol' si att' .IIU\ 1\1<' h('-;I 
step to the celi. 

This algorithm is known as the l'ilc/'bl Ill!l()/,iI1!11I [FOI 7:l, \'IW7, LHS~:L \ t'('~!II. 
To be more specifie, W(' could 1"<>[<'1' 1,0 this as tht' fOI'II'lll'll l'tif ,.111 aly' l't/hlll If M i:-. ,1 
hidden Markov modcl, th(,\1 UH' Vit.('I'hi sco/'e of M, gi"('11 il :-'('«1"'11('(' of oh~('I'\'at lollS 
Yh ... ,YT is defined as follows: F(!lI, ... ,!lTIi\1) = IIIdx.o,d .... ) wht,I(, .... l'.tll~(':-' 0\'('1 

aIl the sink states. 

We have, equivalcnt.ly, a bockwll/'d \'tI('/'[JI a/!lo/'t/hm whiclt \W' oht.aill Il\, 1I1odif.vill,L!, 

eqn.2.15. The backward Viterhi algorit"m lIIay h(' ddillt'd ,l~ : 

1 = 'l' .\: 1 1- ...... /0' 

1 = 'l' .'1.; 1 = ...... /0' (~ 17) 

OS/<'J' 

The Viterbi score is this case is giv('n by V(!lIl ... ,lI'/'IAI) = IllilX./io( .... ) wl"'I ...... 
ranges over ail the start stat,l's. 

2.3 Using HMMs for Speech Recognition 

In this section, we will exallline how IIMMs ('élll he us('d for ~pt'('( Il Il'(·Op,lIit.IOII. \N(' 

will discuss how to con~truct modcls t,o !'('pre~;('nt 1111 i b 01 SI)('('cll, .tilt! how t () 1 ('( op, Il iz(' 

speech with HMMs [Lt'e89]. 

Hidden Markov modcls are a nat.ural repn'sPIlt.at.ioll of Sp('(·ch. 'l'III' Ol\t.pllt, di~ 
tribution modcls the parametric distrihutioll of s/)('(·('II ('V('llts, cllltI 1.111' tr,tIlSit.IOIl 

distribution modcls tht' duration of these CV<'lItS. Il M Ms (<Ill 1/1' IJ'i('cI t.o 1('1)/ l'~I'III 

any unit of speech. 

The most natural unit of speech i~ t.he wOId. Uut., whd(' wOllb dl(' wh;tf WI' Wtllit. 

to recognize, they are not a practical choin' for litlgro-vocablJlillY Il'(ogllltloll IH'(,IIJ'-,I' 

the amount. of trailling and storage i~ l'IIOI m()II~. IlIst.{·ad, ~()IIJ{' .... I!I'WI)/ d IJllit .... holdd 
be used. The subword unit of speech that is IJlO..,t, (,olll/Il(mly I\~(·d i~ t!t(' pllouf III ( . 

A phoneme is the fundarncntal \II1it of ~peech. Il i~ t!w ba~i~ 011 wllII h ;.11 ~ol\lld.., 

are made. Therc are approxirnately 10 ,JistiIl( 1. !iolllJ(l~ III t III' ElIgli..,h liilIgll,I~(', ,lIld 
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'J('llce, 10 different phonelTlcs. Ali the words in t.he English language are made up of 

varyillg cornbinations of thef->(' 40 phollcmcs. Each word muId thcn he represcntcd 
as a lIdwork of phOT}(,llIe~ which encodes every way the word muId be prollollllced. 
WC' muId UW!I ill~talltldt.(' ('ach instance of a phoncm(' wit.h ib hiddell l\ldl'ko\" modd. 
'1'1)('11 wc' have a IMg(' IIMM thdt (,Ilcode~ ail the legdl wOld~. 

By pld( IIlg rlJI the' kllowl('dg(' jn the datd htructuref> of the IIMMs, il is possible t.o 
j>('ffOrrll d glolJéd h('euch that takps ail the knowledge illt.O eH'( ount at ('v('r~' ste)), 

lJsillg sudl a 1H't,work (01 graph) or Il 1\1 Ms, it i~ ('a~y to Illlplen1t'Ilt both isolat.<'d 
wonl illld cOlltillllOIl~ sp('C'ch )('cognition, For i::,olctt('d wOld I('(ognitio)), \VI' could lise 

t.Jw fOIWelld p<lS::' 1,0 ~COI(, the input \\,0)(1 agdillst cdeh of the !llode!::', A~~II111ing no 
langllag<' llIodl'l, the' IlIod(·1 wi th tl\(' highef,t r roba !Ji 1 i ty i~ ChOS(,l1 a~ t h<, rc'cognizC'd 

wOld. WC' (ould al..,o lIS(' t.h!' Vitc'rbi edgorithm for n·cognition. If subword lInits ale 
IIs(·d, t,!lf'n they would \)(' concatcTlau·d into wOl'ds first. 

2.4 Viterbi-based Searches 

Th(, Vitc'rhi s('arch [Vit67, For73J has been discussed as a solution to one of the three 

IIMM pl"Obl('l11s in section 2.2.2. '1'0 briefly rciterate, the Vitcrbi search is a l1lne 
syllchrollolls S('ell'('h aIgol'ithlll that completely processes time 1 bcfore going 01\ 1.0 

tillU' 1 + 1. For t.illH' l, {'(leh st.atc is IIpdated by the besl S('OI"(' [wm stdl{' al, lime 
1 - 1. From t.hi~, the IlIo.~1 jJrobable slaff 8fqIlCI/(,( cali he )'('co\'('I'CU al. t he' ('nel of the 

sC'arch [['(·(·89J. 

A fllll Viterbi ~{,dreh is <llIite ('fficicnt for moelerate lash, IIowc\"cl', for large 

te\SkS, it caH l)(' very tilllc cOllsullling. III our case, wc wOlild lih lo perfol'ITI iHolalcd 

wo)"(1 I('eoglllt.ioll 01\ a Idrgc vocahlilary. This would entail (\Il Cl\ormOllS amoullt of 
eompllt.c\l.ion if W(' W(')"(' 1,0 lise the Vit<'rhi search. Thercfol'e, wc make U5C of a new 
algOlithm t.1H' A*-Vit.(·rbi algorit.hlll (sec Chapter ,1) - whieh :\I1ows liS to specd up 

t.il(· Will putat. iOIl </u i l(' consid('rd bly [l\en90, J\JI G +~)l J. '1'0 ul\dersland the A * -Vi tel bi 
c\lgorit.hm, Wl' will tirst. Il('('d 1.0 sludy the A * algorithm, whieJr we will discuss in the 
following chapt(·I'. 
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Chapter 3 

Artificial Intelligence and the A * 
Aigorithm 

The A * algorithm is one of t.he t,ools d('vC'lop('d t.o s('aldl graplls ill t.Il1' ill t.ilin.1I 
intelligence (AI) cllvironmcnt.. Most AI sySt,('IlIS display it r"irly IIJ.',id s(·par.tI,ioll IH' 

tween the standard cornputatiollal COIIIPOI)(·IIt.S or da/a, ofJf'ra/lOlIs, .lIld ('()/JI/'OI[NrI~OI, 

Hence, the major c1emcnt.s of ail AI jJ/'OducllOlI "'.IJ'''/( 11/ iII'(' " "Iobl/I dalahaM , " s<'I of 
produ ct 10 Il l'ulcs, and a con/ml '''y,~/(,1/L 

The global dat.abast' is the (,(,lItt'ctl dat.a structule lIs('d IJy ail AI plodtICt.101l ~'ySt.(·I", 
This database varies depcnding 011 t.he appliccttioll; ill ollr (iIS(' (~I)('('(h 1(·«)J.',llit.IOIl), 
it is a tree structure, 

The production m1cs operaf.(· 011 the global dat.aIMs(·. Ecleh l'Ill<· h,,~ d jJf'f('o//flillO/I 

that is eithcr satisfied or Ilot by t.1l<' glohal dat.abas(', If t,I)(' 11I'('(,Olldltioll i~ ~ilf,islj('d, 

the rule can hc app/u:.d. Applicatioll of tll<' 1'111(· (hallJ.',(·s tlll' datcd'cl~(' 

The control syst.cm <-hoo~('~ which appli(ablp J'1I1(· f>llould 1)(' dPplwel ,lIld «'flf>('f> 
computation whcn a tcrml1la/ioll cOTultlWII 011 t.IH· glnllit! dat • .J/ .. ..,(· i:- ..,.t1,if>fi(·d, 

Let us consider a simplc C'xarnple of an AI prOdll(t.ioll S'y~.t.<·111 
problem . 
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2 8 3 1 2 3 

1 6 4 8 4 

7 5 7 6 5 

Initial Goal 

Figur(' ;3.1. Illitiai and goal configurations for thc 8-puzzle 

3.1 The 8-Puzzle 

'l'Il(' R-PIl:::Z/( il' a SlllIple ('xample of the' AI production system, and it will cllahl(· us to 
IIl1d(·l'st.and élll AI pl'Obk!ll Iwt.t,er. The 8-puzzle consists of cight Ilulllbered, 1l10vabl(· 

t.iks sd ill il :~ x :l frallH' [NiI80]. Om' ('cil of the frame if> always el1lpty, tlms Illaking it 
pos1-libl(· 1.0 1Il0V(' ,In adjtl(eJIt Iluml)('rt;.'d tilc> into th<.' empty ('(·11. Two ('onfigl1\'dtiolls of 

t.il('s aH' giv<'n in Fig. :l.l. l'Il<' prohl('m is t.o change tht' initial cOIlfiguration illt.o tlte 
goal configul,ttioll. Tl\{' solut.ion 1,0 the prohl('1Il would be ail appropriale seqU('llc(' of 
1lI0V('S, such as "1ll0V(' t.ile :2 to the right, move tik ,1 down .... , dc". 

'1'0 sol\'(' a prool('lIlusing a production system, we Tllust specify the global d(ltabasp, 

t.!w 1'1I1('s, and t II<' control stl'at('gy. roI' tll<' 8-puz::,de, \\'c can ('dsily idpntify ekmentl'l 

of t.he prohlelll t.hat corrcspond to these thrcc components. These elelllenls dr(' the 

probl('1II 81111('8, 1 Il(' /IIO/'f8, c\lld t.he goal slafc. In the' 8-puzzle, cc\ch 1 il(· configuration 

IS a prohkm :·.tclj,('. 'l'hl' ~d of ail possible' configulcltioll:-' is the ::.jJ(/C( of »roblelll 
statl's, 01' t.!\(' p/'Oblt'lIl ,'lIU/Ct TI\('~(' may 1)(' 1'<'\))'('s('I1\,(-d as cl :J x ;3 éil'ray or Illôl.rix of 
11I11111wI S 

A 1ll0Vl' tlclll~fo),)lls 0Il<' pIObIPm stale iuto anothel sl.ate. In the 8-puzzlc, we have 
tilt' following four 1ll0Vl'S: mû\'<' th(' l'Ill pt y space (blank) up, 1ll00'e the blank clown, 

1l1O\'(' t.he b!ank to the right, alld mo\'{' the blônk to the Idt. TIl<'se llloves are lllodeied 

hy pl'Oduct.ion ru!<>s t.hat operate on the state descriptions in the appropriate manuel'. 
Each l'III(· has pn'<,o(l<litioIls that Illust he satisfied by a state description in order for 

19 



• 

• 

• 

them to be applicablf.'. Thus, the pn'condition for t.hl' mit' "III(}\'(' hlank III 1 lit' It,ft" 
is that the blank must not already be al tilt' leff lIlos1 ('Ohllllll of 1 lit' ilia 1 1 i, 

In the 8-puz;,,)e, we want. \'0 l'eaeh tilt' g,orl,1 t'lmlif,\lIl'ctl 1011 110111 .1 gi\'l'n inil 1.11 ('onlip, 

uration. The probleIll goal conditioll forllls tJw basis for 1 lit' Il'1'111111.11 iOIl 1 Olldll ion 01 

the productioll SYSI('lll. The control stra\.t'ps l't'pt'alt'dly .. ppll<'s 11I11's 10 sl,lIl' dt'sn ip 

tions until a description of il goal stat.e is plOdw('d. Il ,lIso kl'I'P~ Il.\1''' 01 1 I\C' IU"'S 
that have be('n appli('d so that il, C,tll compost' 1 hl'III illlo 1 lit' ~1'qU('I\( t' (('IH l'Sl'lIt 1I1p, 
the problem solution. 

3.2 Control Strategies 

Selecting mies to be app\ied on t.he pro1>I('1II sl.al.(', alld kt'('pillf,\ t.r(l< k of 1 IlIlsI' ~(' 
quences of rul('s already t.ricd and t.he databas('s Ou'y prodll('('d ('ollsl.il lit (' wlt,lI w/' 

calI the control 8tl'lllr'9Y for production syst.elJls[Nil~O]. 'l'II<' 01'/'1<111011 of AI plodlll 
tion syst.ems can llIost acnlratcly 1)(' chélrrlct.('('iz(·d rlS <1 MI//'('" l'/'()( / •••. ~ III wl\l( It \'1I1('~ 

are tried 1I1ltii SOIlW sequCI\('(' of th(,1Il is rOlllld t.he\\. prodll('('~ " d.lI.llld~(' ~,tI i ... / \'1111-', 1 II(' 
termination condition. Effici('nt. COIlt.IOI st.ratt',!!;iC's (('<Jllil(' ('!lollgh knowll'd1-',(' .II)(lIlt 

the problem being solved so tltat t.Il<' 11I1('s S('\c'('\.('d l,y t.11t' (0111101 ~t.ldtc-,!',\- IlilV('" 
good chance of being t.!1(' Il\OSt. appropria!.(' Ulld('\' tI)(' c'il< IlIm\'''II( ('~. 

Therc arc two majf)r kinds of (,olltrol st.rat.c'1!,i('s : 

• Irrevocable: In an irrevocable contlol (,<'1!,iIlH" a.1I c1pplical,lc' l'lIlc' IS s('I('(·t c,d ,,"d 
applied without possibilit.y of a lat(·\' dleHl1!,e . 

• Tentalzue : In the tentative co1I1.1o1 J('gillH', ail applicilbl(' 1'111(' i:, :,('Ic,ct,('d (;Irlli­

trarily or othcrwise), the mit' is appli('d, I)ul. pl'OVihioll is 1I1<·Id(· 1.0 «·1,11111 lat('1 
to this point in t.hc <:ampllt.ation 1.0 ctpply :'01111' ot.JJ('J' Ild(' 

Tentative cont.rol rcgiIII('~ Me agaill di ... l.ill1!,lIi:,llt'c1 III\'O : 

Backtracking : III tltih IIl<'tlIO<l, il ba( kt /fl( kI/If) fJOlIIt 1:' (·<;\',II)" ... llI'd Will'Il 

a fuie is se\ectcd. If th(' SUb:-.c'qlH'lI1. ('01111'111 cd.IOJI C'II/ Ollllt('lh cliff\( Illt y III 

producing a solutiun, the statC' of t/)(' (OlllfHl!'cd,ioll l/'v<'lh to tlll' "le'vic}lI:' 

backtracking poillt, wlwr<' alloUler l'uk IS applic'd ill ... lf·cld, éllid t IH' "J(}('('~:' 
continues. 
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3.2.1 

- Graph-search : ln this mcthod, provision is made to kcep track of the 

effects of sevnral ~eqIH'nces of rules sirnultaneously. Various killds of graph 

structur<'s and graph scarching procedures are IIsf'd in this type of control. 

The A'" algol'ithlll Iwlongs to this class of control straü'gif's. 

Graph-Search Strategies 

We can thillk of a graph-sc'arLh control stral.cgy as a means of Hnding a path in a graph 

from a Ilode' r('I>If's('lIting the initial databasc t.o one represpnting a databasc t hat 

satisfi('s Ut<' t.crlllillatioll conditioll of t!l(' productioll system[NiI80]. Bcfol'e di~cl1ssing 

s\lch st ra tegies, kt Il~ fi n,t, !'evi('w SOIl\(' gl'aph- 1. heory t<'rlll i lIology. 

A gmph collsist.s of a St't 01 lI()d(',~ (1101. 1}('C('ssarily finite,). C('l'lain paiu.; of nodes 

iU'(' ('01111('('1.('<1 hy (lI'(',~, cilld thc~(' cll(,~ alc dl/'(rLcd from 011(' lI1(,lllber of the pail' 1.0 

Uw 01,1\('1', S\lch <1 gl clph is (cllI('d cl dLT'(('lcd gmph, FOI 0111' pm poses, the Ilode~ ale 

1<11)(,1<,<1 hy dat.aba~('~, cllld t.he alcs art' Iclb(~kd by l'lIle~, If an éUC is Jin'( t('d from 

Ilod(' 11. 1,0 no<l(' 11), 1, 11<'11 t,J)(' Ilod(' 11) 1:-' said to be ct 8/U'CC8M)/' 01 Ilode ni, and nod" 

1/, is sa.id 1,0 he ct pan'nl of nod(' 11). ln our cas(' (fOI t.he :-'1)('('( li r('cognitlon prob\f'Il1), 

ét Bod(' Céln hctV<' only a fillil.e nllllll)('1' of ~IlC(,(,SSOI'S. 

A 1I'c(' is a SIH'cial (a~c of a gl'aph in which célch node has al. most one par('llt. A 
lloeIe ill t.!w 1.1'('(' h<lvillg 110 Péll<'llt. is callcd cl rool nol/t. A Ilode in the tree Itavillg no 

Sllc('('ssors is cclllt>d cl IIp lIodf'. We ~ay t.hat the root nodf' is Df deplh zero. The depth 

of cUly ot.hel 1I0d(' ill the tl(,(, is definec! t.o 1)(' the d('pth of its part'Ilt plus 1. 

A SCqllf'llC(' of Ilod('~ (11l],11 12 •••• ,11 Ik ), with each III) cl ~uc('essor 11 1)_1 for j = 

2, ... ,'" is c,dled il pnlft flOm Ilode Il'1 to 1I 1k wlth lenglh k. If a path exists from node 
li, 1,0 110(\(' 11), t.1H'1l Ilod(' 11) IS said to he n('C(~t>lblc frùlll 1I0de III' Node n) is thell a 

df,W'('1H/nll of 110<1(' 11 1 , and Ilode 1/ 1 is an lIIICf:;lo/' of Bode 11). The probl(,111 of fiIlding 

a S<'<lII('1I('(' of l'IIl('s t.rc\nsforllling one dat.clbasc iuto élllotl}('r is thus equivalent to the 

prohlclII of filldlllg cl IMlh III a grclph. 

Oft.t'lI il. is cOllwlli('nt. 1.0 assign positive c08ts 1,0 arcs, 1,0 repl(,:-,cIlt the cost of 

clpplying tht' COI r(,~pollding l'Ille. lt. is ,_ ,llflWd that these co~t:;, arc ail grecllel' titan 

sOllle arbit.rarily slIIdll posit ive Ilumber, f. The cost of a. path bct.we('n two 1Iode~ 

is t.hclI tht' Slllll of t.he cost::; of ail the arcs cOllnccting the nod('s ou the path. In 

t.JH' S()('('<'II J'('cognit.ion problelll, wc \vill want to find that path havillg mlllll1lal cost 

1)('1. Wt't'Il t. \\'0 1I0<1<'S. 
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In the simplest type of problcm, we desiH' 1,0 lind il p,lth (pt'rh.lps h<lvill,l!, l\Iinil1l.d 

cost) between agiven node s, l'cpl't'scnting the illili.t! dat.lbaM' ,1IIt! 0\11011\('1' IJ,i\'t'lIlIodl' 
t, represcnting some other databasc. 'l'hl' III 0 \'(' llS\lctl sil \I,t! iOIl, ho\\'('\ t'l, i lI\'oh t'~ 
finding a path bctweel1 anode .-; and ally 1Ilt'lllbt'l' of ct st'! of lIodt's {l,} 1 h.t! 1 ('PI't'st'1I1 
databascs satisfyillg Hl<' I,t'l'lIliIla!,IOIl conditioIl Wc (',dl 1 lit' ~t'I {l,} 1 lit' fioul MI, oIlId 
each nod{l t in {il} is a goal nodt . 

In our applicatioll, the coIltrol stl'élt.l'gy gt'IH'r<t!.t'S P,\lt of ,III illlplicill)' spt'cilit,tI 
graph. This illlplicit specificcttioll is givt'II hy t.ht' .o;/ar! Ilodt' ."', rt'J>It'St'lIt.illlJ, t.11t' 

initial database, alld the rult'8 th.lt allt'r dat.ab,lst's. II. is ('OIl"t'lIit'lIl, .d, t.hi~ poillt., lu 
introducc the notion of a .o;lI(·(·('8, .... O/' op/'m/o/' t.!t.1I is dpplit'd lu <1 lIodt, 10 ,l!,i\(' 1/1/ of 
the successors of that 1I0d(' (<1 \ld t.h(' ('o~ts of tilt' <lSSO( ia 1 t'cl .11 c~). 'W(, t',,11 1 Ills pltH't 'S~ 

of applying the successor o 1)(' \'(\ 1,01 1 () ,t 1I0d(" (.l,/W IId I.'Ig 1, ht' notlt '. 

3.2.2 A General Graph-Searching Procedure 

The process of explicitly gellerating part of élll ill~pli('itly d('filH'd p,rapll ('.111 1)(' ddilletl 

as follows : 

Procedure GRAPHSEARCH 

1. Create a sem'ch gmph, C, consisting sol('ly of t,JH' sl.arl. 1I0d(" 8. l'lit. .... (JII fi lisl 

called Open. 

2. Create a list calted Closed t.hat is lIlit.ially ('IIIPl.y. 

3. LOOP : if Open is (llll»!'y, exit with failur('. 

4. Select the first node 011 Open, /'('/IlOV(' it [rolll Open, a/ld put. il. III Clospd. 

Cali this node n. 

5. If n is a goal node, exit 'illcccssfully with the solutioll o\'l.aill{,d l,y 1.1,1( illg il. 

path along the pointers from Il to .0; ill G. (P()inl.('r~ al(' (,~t.,tI,II~ll('d ill ~t.('P 7). 

6. Expand node n, gen('ratillg tJl(' s('t, Al, of lb ~U({(,~WIS tlr,lI, dit' 1101 all«('~I(,r~ 

of n. Install these mcmhNs of M ,l~ ~Il('('('~sors of Il ill (,' . 
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7. Establish a pointer to n from those members of M that were not already in c: 
(ie., not already in Open or Closed add these members of M to Open.(See 

t{'xt) 

For each I1H'mbel of M that was already on Open or Closed, dccide whether 

or not to n'direct its pointer to n(Sce text). 

For each IIH'TIlI)('r of M aln'ady in Closed, decide for each of its descendants in 
(; whether or not to I('direct its pointer. 

8. Heorder tl)(' list in Oper., ('ither according to some arbitrary scheme, or accord­

ing t.o hf'uristic Ilwrit. 

H. {;oto 1,001'. 

This procedlll (' is sllfficiently general to encolllpass a wide varicty of special graph­

searching algorithms. The procedure generatps an explicit graph, G, called the scarch 
fP'(lIJ/t alld a slIbset, T, of G, called the l'carch [l'('C. Each 110de in G is also in T. The 

s('arch trœ is ddined by the pointers fhat are sC't IIp ill sl('p 7. Each node (except s) 
in r: has il point{'r din·cted to ju~t OIlC of it~ parents in (,', which defilH's its unique 

par('lIt in 'J'. '1'1)(' s('arch graph forllls a partial ordering I)('cau~e no node in G is one 

of its own aI1C{'stors (stC'p G). Each possible path to a Ilode discovel'ed by the node is 

ddilH'd by T. Itodghly speaking, tlw Ilod('s Oll Open aIl' the ti» Ilo<!(''j of the seal'ch 

t.:'('(" and the nod('s on Closed ale the nO/ltip llodC's. MOle pr('( lsely, dt. stC'p :3 of the 

pro('('dllr<', th(' IIO<l('S Oll Open an' those (tir) Ilodes of thC' search tre{' that have not 

yd. b('('11 ~d('ct('d fOI ('xpallsion. The nodes 011 Closed are eith(,l lip nodes sclccted 

for expallsioll t ha t ~('I){'rd ted 110 sllccessors ill the search grdph or 11011 Li P nodes of the 

s('arcll t. l'ct'. 

Th(· plOcI·durt' OId('I!'> the' 110<11'101 OH Open in step 8 so that the "bcflt" of these 

is s('It·c!.ed for ('xpansion in ~t.q)'1. Whellevcr the node spl(,cted for expansion i~ a 

v,oal nodt', tht' plocess !('llllinat,(·s sllccessfnlly. The sllcccssful path flOm start Bode 

1.0 gOdl Bode ('(\II t hcn 1)(' 1'('( ovcJ'(·d (in n'verse) by tracing the pointers back l'rom the 

goal lIode to 8. The plOcess t('rIllinat('s llnsucc('ssfully whC'llever the sparch t lee bas 

110 rt'IIl,lillillg tip 1I0d('s that. hdV(' not yet been sclected for expansion. In the ca~e of 

1IIls11C('('SSflll krlllÎnatioll, the goal node(s) Illust have bcell inaccessible from the star!. 

1I0d('. 

St('P ï lWlllires saille additiolldl ('xplanation[NiI80). If the implicit graph bemg 

st'ardH'd \Vas a tr('(', we cOllld be sure that none of the successors generated in step 6 
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had been generatt'd previùusly. Evcry Ildde «'XCt'pt t.J1t' 100t IlOtlt') of .1 t Il'1' is t 1\1' 
successor of only onc node alld thus is g<'Ilt'ratt'd onet' ollly whl'Il it:; IIlIiqlll' PMI'1I1 

is expanded. Thus, ill this special case, the 1l1l'lIllwrs of M in ~tt'ps (i "111\ ï MI' 11111 

already on eithcl' Open 01 Closed. In 1 his (".IS<', t'.\( il IIlI'mill'r of .\1 is "ddl'd 1 Il 

Open and is IIlst,(dled in the st'clrch tlt'(' as ct S\lt("('~sor of Il 'l'hl' :-.t',\I·(h .f.!,1"ph i~ tl\l' 

se arch trec throllghollt the ('X('cutioll of tilt' al,!!,orit hlll, .\IIt! t 111'1'(' is 110 IIt'I'" tll 1 h,,".f.!,!' 

parents of 1l0(!c-s i Il T. 

If thc implicit graph lH'ing ~ectrcl\('d is Ilot ,1 tn't', il. is po~!'>ihlt' th,11 SOIIIl' or tl\l' 

mernbers of l\l have alrcady bcell g('lwral,(·d, i.t'., t.h!'y Ill".\' alt!'ad.\' 1)(, in Op(,11 01 

Closeè. The pIOblcll1 of dt'\,('l'Illini n,!!, wlwtll<'r" Ilt'wly .f.!,('Ilt'ralt'd d,II ,,1,.lsI' I!'> idelll Il ,d 

to one gencratcd bcroft, ("(\II 1)(' (olllpllI,tl.lon,llIy (·\:pt'lIsi"t'. For 1 Ill!'> 1('c\)-oUll, !'>Ollll' 

search proccsscs dvoid Illclking t lm; tt'st, Witll Ut<' 1I',>lIlt 1 h,11 1 Il«' M',II'< h t )('(' IIld\, 

contain seve rai l('dlllldctll1 S\l('("('ssor t omput.c1t.iollS 1 [('11< (" 1 1\(,11' I!'> d Il (,,!t-oll 1)('1.\\'('('11 

the complltcltional cost of g(,Il<'lcÜill,!!, cl IM,!!,t'r ~t·ctr,·ll t.lt'(' (t Ollt.c1illlll)..'. IllItit ipl(' Ilodc'!'> 

labeled by idelltitctl dat.abc\~(·s). 111 st.t'ps () alld 701 Pl'Ot('<lIII(' GHAPIISEAHCII, 
we are assuming t.hélt. il. is \VOl thwltik 1.0 j('!'>t 101' ir!('IIt.it ,dIIOd(,!'> 

Procedure GRAPHSEARCH 1l\,IY ))(' "illfoIIlWd" or "lllIilllortlll,d". d(·IlC'lIdlll)..'. 

on Step 8. If the rcord('ring is dOIl(, 1",1I1dolllly, tllt'lI tilt' )..'.Iclph !'>('dlt h I!'> "lIIIIIIIOIIIII'd" 

If it is donc according 1,0 ~01J1<' IWUI istic fUllctioll, 1.11('11 t.he St',l1 t Il IS "illltlllllt'd". 'l'lit' 

A* is one snch "inrormed" sealch, which lIl(lk('s Il!'>(' or clll lt('lIristJ('111I1I t.IOII tu l'xpalld 

the nodes. 

3.3 Ifeuristic Graph-Search Procedures 

The uni11formf'Q search rncthodf, éU'(' exhau&tiV<' mdltotb loI' filHlillg pat Il)-0 1.0 cl )..'.o,d 

node[Ni180]. III principle, thesc 1lll'tliOds provid(' cl !'>OllltÎOII lu tilt' pclt.h-lilldlll)..'. 111<111-

lem, but they arc of tell illrc<t)-olbh 1,0 IIS(' 10 cOllt.tol AI prOdlltllOIl s'y~I.(·rrl~ 1)('(;\11'>1' 

the search expands too Illétlly lIod(,.., lH'rOI(' <1 (>,II,h I~ IOlllld 

For many ta~ks, il, I~ po%ibl(' to Il!>(' tét)-ok-d('IH'rICI('lIt IIdOI/ll,d,iOIi t.u 1)('11' /t'diJl (' 

search. Information of t.his ~Ol t I~ Il!>lIally t c1l1l'd /u /Lf'/.~/ U' lll{Ol'fI/(// WI/, ,llltl ~(',lI cil 

procedures using il, are called h(;/lT't.~tu: .'>tarch I1Id/wri ..... Il I~ ort.t'Il po..,~ibl(· t.u ..,/)('t if y 

heuristics that reduce search effort wit.hout saclificlIIl!; tll<' ,!!,lIiU·(tllt.('(' :,/ filidillJ!, ,l 

minimal length path. 
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Iklll'istic information can be used to Oldpl' tbe nodes on Open in step 8 of 
GRAPHSEARCH ~() that th(' scarcb expands along those sectors of the gl'aph 
that 0[(' (,(Hlsid('f(·d 1Il0'it pl'omising. ln order to apply such ail ordering procedure, 
W(' Il<'f'd a Illt'l hod fol' cOlllpliting the "promise" of a node. Olle such mcthod makes 
US(' of ,li 1 (Va/lla/WTI fUlIctioll over the 1I0des. Suppo~c we dcnote the ('valuation 
fllllctioll by t.h(· .... YIllIJOI f. Theil f(n) givcs the v,tllle of tl\(' flll1ction ctt Bode Il. 

WC' liS!' the fUII( t iOIl f 1,0 order tlw nodf's on Open in ~tcp 8 of GRAPH­
SEARCH By convPlltioll, the lIodes 01\ Open arc ordcrcd in increasing order of 
t,!wi r f valll('s. 'ries alllollg r va Illes arC' ordpred a rbitrctri Iy, bu t always in favour of 
J!,IMI 1I()(ks. 

'l'II<' wc\y ill which GRAPHSEARCH lises dU cvaluatioll functiol1 to order 110des 
Célll 1)(' illu~trat,l·d hy cOllsi(!c-rillg again our 8-pui'lzle ('xamplc. Vve use the simple 
(·valuat.ioll fil/\( t.ioll : 

f(n) :::: d(n) + W(n) 

wl)('J(' d(lI) is th(' d(·pt.h of lIode 1l in the se arch tree and lV(n) counts the Humber 
of llIisplac('d t.il('s il\ t.hat. database associatcd with Bode 1/. Thus the start node 

COli figu l'cl tioll 

7 5 

has an r valut' cqual to 0 + ,1 :::: ,1. 

TI\(' ('('sldts of 'lPplying GRAPHSEARCH t.o the 8-puz21e using this evaluation 
f\llldio/l an' :-IlOwlI in Fig. :L2. TI\(' v,lllic of 1 [\JI' ('acl1 /Iode is cirded; the ul1circlC'd 
1I1I1ll1H'/'s show 1 Ill' 01 d('r in whi( h t II<' lIo<l('S arC' C'xpanded. 

'l'II<' choi«' of t'vcdu,üioll fUlldioll (,1'It.iccllly (!<·terlIlillC's seal'ch !'esults. The use 

of an {·vcduat.ioll funet iOIl that l'ails to /,('coglliz(' the truc promise of some nodes can 
J'('sult in IIOII/Ilillilll,d cost p,lth:-.; \\'h('\('as, thC' ust' of an l'valuation function t.hat 

O\'('\'('sl i/llaU's t il(' prolllise of "Il lIodes rC'sults in C'xpallsion of too many nod('s. 

ln g(,lI(~\al, W(' cali d<'fiut' the t'valuation fUlIctioll 1 so that it.s value, 1(n). al. any 
lIO.j(· 1/ is gi V('1I hy 

1(11):::: g(lI) + h(Il), 

w h('('(' 
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g(u) - the cost of the minimal cost path from the start 
node s to node n, and 

h( n) - the heuristic estirnate of the cost of a minimal cost 
path from node n to a goal node 

Thal. is, J( n) is an estirnate of the cost of a minimal cost path constmincd io go 

Ih7'Ough nodc u. That node on Open having the smallest f value is then the node 
estilllat(·d to impose the least severe constraint; hencc it is appropriate that it be 
(·xT>élJld(·d next. 

Tlw GRAPHSEARCH algorithrn using this evalucl,tion function for ordering 
lIodes is call('d t.he A * algorithm. 
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Chapter 4 

The A *-Viterbi Aigorithm 

Isolated word recognition using HM Ms is forlllulat('d dS 01\(' of fil\dil\g 1.111' pat.h 
in an HMM whosc posterior probability (givcn tht' C\('Ollst.ic ohS('rVid,iol\s) is III.IX­

imal [Ken90, KHG+91]. The easiest way of doillg il, i:-. hy Il)(' .. IIS 01 1.11(' Vit.('llli 
algorithm [For73, Vit67, Lce89, LHS83]. '1'0 l'('capit.llldl(', t.ll(' Vit.('1 hi .t1/!,OI il/llIl is .1 

time synchronous scarch algori thrn t.hat. corn pll'l.dy !>l'OCt'SS('S t.i Il \(' f III ,fol'<' /!,Oill/!, 011 

to time t + 1. 

A full Viterbi search is quitc efficient for IrIodNat.(' t.a:;b; how('v('l', fol' 1.lIge· t. .. :;b, 

it an he very time consuming. To spccd up tJ\(' I>I'OCC'SS fol' large vocahlllary isolfll,('d 
word recognition, a new two-pass algorithm, called t!J(' A *- Vit.('1 hi algol'it.lllll W.IS 

developed. 

The A*-Viterhi algorithm needs a phonctic graph, U, and it.:; qIlOti(·1l1. ~Iaph, (,';, 

in the following section. 

4.1 Phonetic Graph and Quotient Graph 

A phonetic graph G [KIIG+91] consisls of a list. or nod,'s ami ri. llst. of Imllwlll's (~('(' 

Fig. 4.1). Each branch consists of t.WO Hodes and t.he arc tllal. (Ollll('( b t/W/lJ, (:o/J:-.idN 

the nodes ni and n3, and the arc bet.ween thern ill Fig. 1.1. 'l'II(' tripl(' (71JJJ,lI'd 

is a hranch of the phonetic graph, G. Tli is refcrrcd lo a~ t 1)(' sla1'fiufj rIO ri ' , and 1/;\ 

as the targel node. JI is the phoneme that. allow:-, t.11(' t./ êlll:-.it iOIl fI {Jill /Jod(· 11 J t.o 
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n : nodes of graph 
f : phone labels 

Figure 4.1: The Pholletic Graph 

U3· Similarly, (n'l, h, n,a) ;H}(I (113, J5, 116) arc also branches of the phonetic graph III 

Fig. 4.1. Each phone label is modeled by an 1IMM as discussed in Chapter 2. 

?lI and riz arc rcferrecl 1,0 as the initial nodes of the pholletic graph becausr they 

are Ilot tht' target nodes of any branch. n6, 117 and 118 are rcferrcd to as the final 

nocics of th(' graph sillcc they are not the starting nodes of auy brancll. A palll in G 

('ail then he ddÎIu'd as a sequence of branches bl , ... , b/\, having the property that 

the targd 110<1(· for each brancll is the starting node for the succeedillg l)l'anch. The 

path is said 1,0 \)(' complcle if the starting Bode of bl is an initialnode of G, and the 
targd 110<1(· of b/\ is éI final node of G. 

If W(' al'(, givt'Il a phollet.ic gl'aph a, alld a lexicon L, W(' say t.hcü a gencl'atcs L if 

('vel'y ('OJJlpleh' path ill Ct' corresponds to a transcription ill L, and l'very transcription 

ill /, corrt'SpoIHIs to éI complet.e path in G. Whcn the lexicon is large, the corresponding 

phOlH'tic graph is also large. HUlIlling the Viterbi algorithm on such a large phonetic 

gmph is very ilwfficipnt., and would t,akc too long to wn. We therpfore creat,C' a :-.mallcr 
graph, U*, call('d the qUOllfll1 of G. 

GiV('1l a phollctic graph G and an cquivalence rclatioll ::::::: on the I10des of a, we 

cali U>IlSt.I'lld. a Ile", graph G*, ca lied the quollcnt of G by:::::::. The l10des of G* ale 

equiv,tlt·llet· classes of the Ilodes of G. A triole (ni', J, 11;) is a brandI in G* if thert' 
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is a brandI (nI, J, 112) in G su ch that Hi is the e<t" i val<'1\(,(' c1ass of 1/1 ,l11d 1/ ~ i:-. 1 lit' 
equivalence dass of 11.2. Note that. for ('v('r)' pal h in U tll<'J(' is d COII't'spllndillp, IMI il 

in G* whose branches carry the saIlle phOllt' la.lH'is. III IMI 1 i< 111,11, If (,' 11.\'111'1,11('" 
a lexicon L, cvery complt>t,e transcript.ioll in 1. corr(,spolld~ 10 " (lllllplt'It' IMI il 111 
G*. Since t.he nodes in G* art' eqllival('Il<'(' dasses of 1 hl' lI()d\,~ ill (,', (,'t. It.I~ ft'\\'I'\' 
branches than Gand hence is 81111\11('1' th1\n n. TI\(' Vilt'\'hl .tlr,Olllhlll < III II(' 1'1111 011 

G*, and the (l'and H vaIlles can I){' calclllated 

4.2 The Block Viterbi Aigorithm 

In this section we disclIss how to calclllatc the forward prohilhilit.iC's (or /1 v,duI's) 
lIsing t.he forward block Vitcrhi algorithrn [I\IIC+!)I] ('()Il~id('1 a 1)\ ,\lU Il (III, l,Ill) 

of the phonetic graph O. Th(, algorit.hlll <'Ilt<'rs 110<1(' Il] ,11. 1 11Il{' 1, dllcl (·IIt.I·\'S Ilod(· 

n2 at time l'. In the pcriod t -4 l', t.ht' alg.ori t.h III 1 1" V('I ~('S t hl' Il !VI IVI t 11,11 Illodds 
the phone 1 which labels t.he t.r,Ulsit.ioll from 1/1 1,0112, t.1\(' ,dgOlll.illII, t.h(·Id'o){·, is .If 

the start state of the IIMM ,li, till)(' t + 1, and 1(',Iws 1 hl' ~III k st.at,\· 01 !.I)(' 1I1\1!VI .11 
time t'. We would like to calculat(' the forwclld plOhahillt.y ((JI (l val\l(') fo\' 1I0d(· /l'}. 

at time l', given the Q' value of 1I0d<' 111 al, lime 1. This (ail 1)(' dOIl(' ill t11(' followill1!, 

manner: 

where V(Yt+h'" ,Yt'lf) is the Vitcrbi score fol' phOIH'IIJ<' J, 
J ranges over ail phoucs, alld 

(.1.1 ) 

for each l, nI ranges over aIl Il()d('~ slIch tltat (1/,1, I, Il./) IS il IJI'cllldl ill (,'. TIti' 
paper by Kenny et al [KIIG+!)l] gives a. triOl'<' dd,arl('d d('sn iptioll of titi' hl{)( k Vil {'r1,i 

algorithm, and the A *-Viterbi algoritltlll ill g,<'IWI al. 

4.3 The A *-Viterbi Algorithm 

The algorithm has two passcs : 

Pass 1 The Viterbi pass : This pass is done OH the ql1()ti(~lIt grapll. Thi~ 

computation has two distinct phases: 
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Phase 1 In this phasC', the backward probabilities, or ,B-valuC's (see 

page 16) are calculated for the entire observation sequ('nce Yi, .... l'T. 
Consider ('qn. 2.17 for dcfinition of the ,B-value ccllculation : 

f31(i) = { ~ 
maxJ (l'Jb,J(Yt+d,BJ(t + 1) 

This is split into two parts: 

t = T & i =1= SF 
t = T & l = SF 
O::;t<1' 

( 4.2) 

1. In the first part, wc compute the transition scores, alJ x 

bl;(Yd, for ail valucs of z, j and l, given the observation 

sequence YI, ... , Y1'. These scor "e thell stored in a large 

enollgh data strll( t ure for futur<' lise. 

2, Wc find tlw lIlaxilllulll of the scores ca\culat<'d in the prC'­

vious stf'P, subjcd to /3)(1 + 1) for 0 ::; 1 < T. 

Phase II Tlw block Vitcrbi algorithrn (discusscd in section 4.2 IS 

th(m uscd to ccllclliate the fOl'ward probahilitics, or o:-w-.\ues, 

Pass II The A * paHS : This is thm donc on the phonf,tic graph correspond­

illg to the h'xical tref' L, lIsing the Q' and f3 valu('s ca\culated in Pass 1 
as tlH' cost function and t1w heuristic fllllction rcspcctively, in order to 

rC'( ogTli~(' t.Iw wont. The A * search of the lexicon proceeds as follow~. At 
('aeh it,Nation of the algorithm, there is d sortcd list (or :stack) of partial 

transcriptions, ('aeh with a hcuristic score. The fOI'ward and backward 

probabilitics calculated in the pr('vious pass are aS50ciated wlth t.he stack 

entrics as descrilwd 1)('low, 

Let l' I}(' tl\(' I('xical LI e(' corresponding to L that is gcncratcd hy the A:r. 
algorithm. Each st.aek entry can he thought of as anode ill T. The score 

of a partial transcriptioll fis defincd as : h(f) = lllaxO$t$l' Q't{f),Bt{f) The 

partial transcription wit.h 1 he highest hcuristic score is expandcd, mcaning 

thal. for each of t1H' OII(' phone extellsions permitted by the lexicon, the 

heurist.ic score of t.he ('xtended transcription is calculated and the extended 

t.ranscriptioll is insNted into the stack at t.he appropriate positIon. The 

algorithm t.erminatcs WIH'Il a complete transcription appears at the top of 

t.Ilf' st.ark [I\IIG+~)lJ. 

This algorit.hm ean be spceded up further by parallelizing each pass. We have 

Îlllplell1<'nkd this pardllclizat.ion on the BBN Butterfly multiprocessor machine (which 
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is discussed in chapter 5), and we discuss tilt' paral1el izat iOll of t IH' al/!,ori th 11\ 111 

chapter 6. 
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Chapter 5 

The BBN Butterfly Machine 

The aim of this thcsis is to irnpleu1<'nt the A *-Vitcrbi aJgorithm discusscd in Chapter 4 

OH a IlIl1ltiproccssor machille and to study the speedup rcsults that wc can obtain on 

il. '1'0 tlmt ('nd, we have implcmented a parallel veniÎon of the A *- Vitcrhi algorithm 

Oll th(· BBN BlIu'pdly Illllitiproccssor machine. 

Multipl'O(,('!>sor machilles Iwlong to the growing number of cOlllputers that come 

1111<1('1' the ca t.<-gory of !119ft-I)(' Iforma nee comput crs. These ('0111 pu t crs incl uele high­

sP('('<1 vcd,or cOlI\put<'rs such as the CHAY, dataflow computcrs, E.uperscalar machincs 

su ch as th(' HoOOO, lIlélssively parallclmachincs such as the COllllcction Machille, etc. 

5.1 Computer Architecture 

ln 1 H()(), Flynn proposcd a si mple mode l of categorizing ail computer systems [Fly66, 

IIPHOJ. This ('at<',l~orizatioll looks at the parallclism in the instruction and data 

st, l'('ams, and p)(Lc<·d ail computt'ls in on(' of four catcgori('s : 

1. SISD Single Instructioll, Single Data stream. Examples of thesc machines 

al'(' abulldant, thl' DEC VAX, t.he IBM 360, the Intcl 80S(i micropw('('s!>or, etc. 

This cat,l'gory ('(>ntains the unipro('('ssor systems made to-date. 

2. SIMD - Singl~ Illstruction~ l\1ultiple Data streall1. lJnder this scenarIO, n 
data strC'ams wOllld simllltaneously go to n processing units to do 11 operations 
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of the same type (such as addit.ion). Vl'ctor colllplllt'rs slIch .Il'I 1 hc' ('B:\ Y 

machines rould be classified uIHkr t.his IH'dding, hlll ill 1 hC'll C.ll'IC" 1 hC'lc' Il'I olll,\' 

one processing unit which !>e'rfOrIIIS Ilw oper.lIioll 011 1/ dd!.1 l'Illt'dllll'l, \1lllikc' 
vector machines, massiv('I)' paral\('1 SIl\lD 1Il.1< 11I1It'S It'I," Ull IlIlc'IC'UIlIIt'! 11011 01 

comrrlllllicatiolllletworks tü t'XChélllpp dclld 1)('lwc't'lI pltlCt'l'I~ill,!!, 1I1llll'l E,.lIl1plt'~ 

of SIMD machines would 1)(' the' ('01111('('1 iOIl l\LI< hillt' ~, .\lld 1 hc' 1 LU ,\(' 1 \' 

3. MIMD - MultipJ<. Instl'udioll, Multiple I>.tla sln·<l1I1. III thil'lcalt',!!,oly, Wt' h""c' 
a network of proccssillg d('IlH'llts wOIkill,!!, 011 dlfft'It'1l1 dcll<l .tt Iht' ~"IIIC' lilllt, 
in order to specd up th(· ove'l'cdl plo('('ssillp, till\(·. Wc will di~cus~ t Ills t,tlq.',U1 y 

in grcate'r detail ill th!' l'ol\owillp, l'Ic·ctioll bt'(,IUl'l(' tilt' HBN Bullt-rll,\ III .. chill" 
bclongs to this cate'gory of (OlllpUt.(·I!'>. 

5.1.1 MIMD Architectures 

The greatest goal of computer architc'cture is to COIllPOS(' ét powerful cOlllpuler ilv 
connecting many cxisting slI1aller OI1<'S. '1'0 IIl1de'rstalld t.!l<' MIMI> philosophy, 11'1. liS 

get familiar with a fcw stancl<U'd t.el'lllS t.hat an' lIs('d with MIMI> III .. chill(·l'I [111'90], 

MIMD machines Illdy 1)(' blOadly divid('d IIIto ' 

• shored memory lllachilWs, or lilI/lit jJ 1'0('(>'<;',0 l' IllélChill('S, ~1I('h ilS t,\\(' BUN Bill 

terfty and the Sequcnt Baldll(,(" ,uul 

• message passing machilles, 01' 1n1t1l/coffljJltlCl'.'i , sucb éI~ thl' IIYP('I( 111)(' dlHI 

Transputer bascd machines, 

In a multiprocesso,. machinC', tlH' lIl(tchirw olfe'ls tilt' IHO).!,l'dlllllH'1' cl ~ill).!,I(· 11\('11101 Y 

address that aIl proccssOlS ('cUI a('('('~s, PrO(T~M'S (orlllllllll\( ,tI,(, t hrou).!,h ~h"lI'd V,II i 

ables in rncrnory, with ally IHoceswr I)('illg clbl(' 1.0 WIII(' 1.0 ""Y IHJltloll of t II(' ~llrlI'('d 

memory, In a lnu/tzcompllte,., I)\O«'SS(':-' COllllllllllic,d(' by "('lldlll).!, IIU'.,.,.!).!,(,:, Lu C!l1f' 

another [IIP90J. We sha.Il lilllit. OUI di:-'CIIS!'>ioll 10 IIlldl IPIO( (,'>l'IOI" ~,III( (' 1 III' IIld( IrIlW 

on which this thesis was irnp!c'/Ilpll!.C'd th(' BBN Bllttl'Ifly W,t:-''' IIlldtlJ)J(J«(''''>OI 

Two cornmoll archit('cturC's for Illllitipron':-,:-,ol 1I1,t( 11111('., (',LIli):> .,('('11 ill Fig" Ii,I III 

Fig, .5,l(a), ail the mcmorie:-. ar(' al, t/\(' :-.arne di:-.t,lllœ 1'10111 illly I)\O{('.,..,ol' il, woulcl 

take the same amount of lime fOI a pIOCC:-':-'OI 10 d( «':-':-' dlly of !./w I/WIIIOI y Illlit~; 
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Processor 1 
Memory 

1/0 

Memory 
Processor 2 

Interconnectlon 
1/0 Network • • • • 

Memory 

Processor N 
1/0 

(a) 

Processor 1 

Memory 1/0 

Processor 2 Interconnection 
Network 

• Memory 1/0 

• • • • • Processor N 

Memory 1/0 

(b) 

Figure 5.1: Architectt\l'cs for Multiproccsso\' Machines 

this organizatioll of 1lH'lIlory is kllown as a renlrab:::ed sltared me1110\'y. On Ut(' other 

hand, Fig. 5.1(b) is an exampll' of a (lisf/'lbufu[ sharecl memo1'y o1'ganization. III such 

an orgallbmt.ion, ea('h processo1' lias SOIllC Ilwlllory which is physically c1o~e to il, and 

oth('!' 1lH'll\ory which is physically far away. The IIlcmory which is close to a plOC('ssor 

is \,('f('\,\'(·d to as t.he lo('alll1<'lllory, and tllf' memory which is farthel away 18 1'efer1'ed 

to as th(· /'( lIIot/' tllt·I1H>I'y. A plO('esso\' Céln cU'('('ss local lllCIllO\'y Illl\ch fa::.lel' thall it 

('(\II c\C(,('ss 1('11101<' 11H'lllo1'y. 'l'hl' BBN Butt"rfly is an cxample of one such distribut('d 

shart'd I1H'l1lOry Illult ip1'o('(·ssor. ln this machine, it. tales app1'oximatdy 5 to 8 times 

long('r t.O cH'('('SS 1 l'lIlot.e 1IH'1ll0\'y as ('0 III pa1'ed to !oc c\ 1 melllo1'y. 

Th(, intt'l'COIllH·('t.ion lldwork that conn('cts the various processor and 111e11101'y 

e!('Ill('lIts is a W'l'Y important. pail, of an MIMD machine (sec Fig. 5.1). Il may be 

35 



• 

• 

• 

a simple bus, or a cross-bar switrh, or a llIulti-st.age nt'lwork (su('1t ,,~ tlt(· hlll"'ltI~ 
network), etc. [St090]. 

5.2 The BBN Butterfly Machine 

The BDN Butterfly parallel procc'ssm' systelll i~ d dl:--t.rihllll'd sltcll'l'd-IIWII\OI,\' 1\\11\.\ \) 
machine [BBN87, GAC88, 1\.;\oIlS9]. lt !Jas :t~ lIod('s, \Vit.h (·(I(·1t lIod(· ('Olll.lIllillg " 
processing elelllent, a I1\Plllory lIlanag('I1\('1I1. Hllit. alld cl (Ollllllllllic,tI,iolls pro( ('~SIlI. 

Collcctively, th(' mcmori('s of ail tl\(' lIod('s 1'01111 t1H' .~//(l/'t d III/lf/I//'y III tilt' IIld( hi lit'. 
Ail inter-processor COllllllllIlitcltlOIl i~ dOIl(' lI~illg ~h(II('d 1l\('IIIOI,\' 

Proe 1 Proe\ 

Switch 

Proe5 

~
-------

--

Switeh 

-----

Switch 

Proe5 

~
--------

---

Switeh 
---

-------

Switch 

Proe9 Proe9 

Proe 13 

Switch 

Figure 5.2: The Buttcrfly Intcrconrwction Ndwork fOI il 1 (i PlO( ('~:--Ol Sy~t.('111 

These 32 nodes arc cOIlIlcct(·d hy a fIlulti-stage illt('1 ('011 1 H'cI. iOIl IlI'twoJ'k kllOW11 
as the butterfly swllch (sec Fig. 5.2 for ail exalllpl(, of 1.11(' IHlII('dly illl ('1 ((jlllJ('( tlOIl 

network for a 16 proccssor machillc). Such él lIlulti-~t(lge cO/lllI'dioJl ol~(LIIill,cltJ()1I 
makes it possible ta kecp ail nodes <'qu id i~ tant flOlll ('it('1J 01111'1' wi th 1 q~;l1 d 10 Il )('11 Il)/ Y 
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aC('('1'>1'>es, evell though thcy may physically be al, differf>nt distances from one another. 

Thus, ail H'motc' memory ace es1'>('1'> take the salJlf' arnount of timf' (of course, the local 
UH'rnory acC<'ss i:, Hl \lcll fastc'I' than rf'rTlotf' rrwlIlory éLCceSS). 

'l'lI(' BBN B\ltterfly (OIII(',", with a lihrary of suoroutines which may be Ilsed by 
t!l(' progl'éLlIIlll('1' 1,0 iniî,iaf,c' and «)/ltrol parallel programs in C and FORTR.AN. Thir, 

lilmtl'y of 1'>lIbroutl/l('s i:-. knowll as the (llI7f01'l1/ Sy6lem . Let us discuss the Uniform 

Systc'lIl with l'('fc'n'Il(,(' 1,0 t!l<' péudllel matrix lIlultiplicatioll program (see Fig .. 1.3). 

'l'lU' (Jnifol'II\ Systc'lIl has sllbroutine~ 1,0 : 

• 1'>('1. up th(' IIlclChill(, for pcllallC'1 progrartlllling - III1Iuû,zcl!." (). This indica',c's 

1,0 t!l(' 0IH'ral.illg sy:-.t('111 thal. the progralll \\lill he invoking the Uniforlll Systt'lI1 
l'Out.inc's lal.('1 (Hl in orelc'r 1.(1)(' abl(' 1,0 l'tin some fun( tion~ in paralkl. 

• init.i,tI,{, péuctlkl plogl'alllllllllg by "generati 19" ta:-ks G( 1/01/1 (). Multiple 
tasks al<' initietl{'d hy IlH'ctll:- of "gelH'l'dt,()H" . Let liS a:-:-ulIle thelt there arc P 
PI'O('('S:-OIS c1vailahlc for wOl'k, dnd l' is a tclsk that IIlIlSt be dOl\(' on N (N > P) 

illdc'x valu{'s. Tlwn, (,'( 1/01/1 (T, N) initiates tlH' f a:-ks on P proce:-sors, with 
c'ach PIO('(':-SOI gt'tting ft unique indc'x valuc (O ... (/J_ 1)) to work Oll. As each 

processf)J fini:-lH's it:- ta:-.k with the given lIIdex, the gellC'J'cltor le-illvokC's it. Oll 

t.ht' SillJH' t.ask with ct n('w index. This il'> COllt illu('d till ~Oll}(, proce:-:-.or l>locel'>~('S 

task '/' wit.h indc'x value N - l, al, which time 1.11<' )>lOn'sslllg rOIIH'S to illl ~'IHI. 

III UI<' Illilt.rix 1IIl1lliplic"tion progralll, UI(' g<'llcralor used i:-. G(I/Ol/,\ (). ill the 
fUlldion /Jody (,'fl/Ol/A ('cdls funct.ion f)olProducl () \Vit.h parcllll<'tcls , and j, 

whieh l'deI 1.0 t.IH' l'OW of lIlcltrix b eUHI colull1n of lIlallix c, 1 c:-'!H,cti vely. \Vhen 
J)o//J/'Ollu('/ finisl\(':- cOlllpll1 ing 1.1)(' dot product of the' 1 wo vectors, UrnOIlA 

gi V('S i t. n('\\' v,d U('S of 1 and} 10 rom pute> t hl' dot pl od lIet of t WO IW\\' \·('ctor:-. 
This procc'ss cOIlt.inllc's ttll the matl'ix Il1lllt iplication is (olllplde. 

• shan' v"hws ,u\\()J)g val iOIlS PI'O('(':-.sors - Sha/'(' (). Shur( allows aIl the proccssors 

tu shan' t.he v"lue ill li vclriahJc.. This vc\riable should c\lways be a llon-statie 

global \'dri"hJ... III Ill<' llIatri:-. Illultiplication plogralll, tht' vcdues of variables 
8,::1 l ,lIld 8,::( J cln' shcu{'d amollg <Ill the prore:-~ors. 

• allo('alt' IlH'llIory ill ('it 11<'1' local IlIcmory or sharl'd melIlory - UsAlLoc (), etc. 

This famil)' of sublOutines allows the user 1,0 explicitly control the allocation of 

1lIl'1ll01'j'. {!, .. AlIoc allocat('s 1lll'1ll0l yon any p'ocessor t hat has 1 hc most memory 
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1* Matrix multlply - unopumized ex ample program *' 
HincIude <us.h> 

im S17.e 1, Sile2, Junk; 

floal ** 8, ** b, ** c; 

ImtProblemOncc 0 
( 

int i,j; 

a = (f1oal * *) UsAllocScallerMalnx (Sile l, SIIC 1. 
sizcof (f1oal»; 

b = (f1oat'" .) UsAllocScallerMatnx (SI/cl, Si/c2. 
SILeof (floal», 

1'" 
'" We store the malnx C m ilS tran'p<Jscd roml 
'" thcrefore, C IS aClually a SII.c2 x SI/cl matrlx, 
'" though 11IS stored as a SIIC 1 x SI/c2 matrlx. 
"'1 

c = (f1oat * *) UsAllocScattcrMatnx (SIIC l, SlIc2. 
SILeof (float»; 

SharcScatterMatrlx (& a, SILe 1), 
Share (& b), 
Share (& c). 

for (1 = 0,1 < SII.el; 1++) 
( 

for Ù = 0; J < SI7.c2; J++) 
( 

b [iJ[)] = (1 == J) ? 3.0 ' 0.0; 
c [iJ[)] = Sizel * i + J; 

InitPerRun 0 
( 

mti,j; 

for (i = 0; i < Sizel; 1++) 

for (j = 0; ~ Slzct; J++) 
a [iJ[)] = 0,0; 

DotPmdull {dlllllmy, l, J) 

ml dlllllllly, l, J, 
{ 

IlIl k, 
noul lcmp. 
nOUI ... bb " h III, • l'l l' 1,1. 

lcmp -= 0 0, 
for (k = n, k < SlIcl, kil ) 

lemp += ·bb+ r • ·l'l' 1 \, 

a [IIIJI =: lClllp, 

Body 0 
{ 

GcnOnA ())OtProdUl'I, Slll'l, SIIl'!), 

PnntAn:.wer (IUIlC, proVo, 'l'l'l'lIup) 
mt lime. pnK', 
float .. pccduJl, 

1 
mll.J, 
IIlt x, y; 

x = (SI/cl < 6) '! SI/cl t., 
y = (Sl/c2 < li) ./ SI/el Il, 

for (1 = n, 1 < X, li ,) 

( 

1 

flnntl (''\sla I%dl - ",1) .. 

for (J '" Il,] < y,J H) 

pnnlf("fil"d. ", (1111) li bIlJJ), 

pnnlf (''\st "), 
TmlCTc\LPnlll (umc, l'fOl', 'llCClIlIp), 

malll () 

1 
ImtldlllcU .. 0, 
pnntf (''\stSlarung Malnx MlIllIplY"IMalrJX 'I/C "j, 

'tanf ("%d qt"d", & SII.I.!I. & SI/l'2), 
pnnlf ("Sw.! 1 - %<1, SI/C 2 %1!\J1", SI/cl, Sl/c2), 
Sharc (& SI/cl), 
Sharc (& 'il/c2). 
ImtProhlcmOnLc {J, 

TlmcTc'L (InllPcrRun, Body, PrmlAn\wcr), 

Figure ,5.3: A paralldi:œcl trlâtr ix mul! iplic,tf 1011 p/fJgr ;1111 
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avaiJable. lf..,AllocLocal allocates memory from local memory. U:jAl/ocOn u.,­
/)7'OC allocat('s rnemory on the' designated prûlCSSOr. Ali the above rOlltil)('fI 

allocat(· T1)('rnory in su ch a way t.hat. it can hc ~haJ'('d aBlollg ail the pl'oce'ssors. 

The standard C JIIclllory allocator mal/oc, 011 tl\(' othcr halld, allocat(,fI mcrnory 

from loccil !IlC'lIlory, but this < allnot be shan'd with other pro( e~sors. 

III t/w rnatrix JIIult.ipli< cition program, UsScattcrMatl'lx is usC'd to allocate each 

row of t.JIf' matrix 011 a different processor ill ord('r to n,duC(' Ilwl1lory contentioll. 

• Jock portiolls of code to ('Ilsure mutllal exclusion - UsLock () and UtJUnlock (). 

• l)('rforrn at.olllic operatiolls to add and subtract val U('S from a sharC'd global 
variable Atomu'_(uld () . 
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Chapter 6 

Parallelizing the Algorithm 

In this chapter, wc shall discliss t1l<' isslIPs fdCl·d ill 1 lit· pdr,dlt·lIz,tlloll \II III(' :\. 
Vitcrbi algorithm. Let liS cOllsidpl' !,I\(' vario\ls parIs of 11((' ,d.l!.OI il 11111 <llId ~t't' IIII\\' 

thcy may be parallelizcd . 

1. The Vitcrbi algol'ithm. Consid('l' tlH' ('(I\lat.ioll : 

This may hc split into two parts. 

(a) The first part is the computatloll of t!H' \'r,lII~itioll :'('Olt'~ /II/ ,( h,,(} III) 
This can bf' parall<'liz('d in slich a W.ty thel\' (';wh pro( (·...,...,(JI (01111'111 ( • ..., IIH' 

transition score for (t diff('«'lIt part. of Ut<' oh~(·rv.tlioll ~('qll('JI( C' III oliwi 
words, ('dch proC(,~SOI worb O!l till\(, 'i' (1 SI::; 'J') 

(b) Calculatillg t1lC' best p,üh t.Il1ollgh t11<' tr('lIi~ III l "i~ pdll, wc' III<lkc' C'dC Il 

processor work 011 NI P Ilodps of tlJ<' phOll<'ti( gr<lpll, \VII('II' N 1:-' III<' l(jl.d 

tlumbcr of nodes in LI\(' gr<lph, alld /) is t!1(' 11111111)('1 III J)JCH /·...,...,/JIO" 111'1111-', 

uscd. 

2. Calculating the point SCOl'es. COllsidC'1' tllI' ('quell iOIl ,t.1 (p<l,1!,(' :W) 

Bere, it is very casy 1,0 sec that calculation of !JI<' ""(()J('é> I(JI (';11'11 p!JI)/lI'IIW 'f' 
can be done in parallcl, and the maximum CeUi t!(('11 IH' (.tll 1I1.1I(·d 
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:t The A'" sean'Il. lIere, parallelization l:an be achicvcd by allowing differcnt P1'o­
C('ssors to !>('arch disjoillt sllh-trces of the search space graph. 

Ther(' arf' a f('w impOl tallt irnplf'ITH'ntation critf'ria to b(' considered here : 

1. Contention for mernory. Tite nodes of the phonetic graph will he accessed 

veïy ff('fJu('IIt1y durillg the Vitcrbi phase of the algorithm. If ail the nodes are 

alloca!'ed 011 a single llleOlory module of the BBN Blltterfly machine, then we 

would haw' problf'lllh with tramc being dirccted to olle module of the machine. 

l'h is wou Id cwa t(· hot ."pot.", wh ie h would 1'('(\ lI('(' the efficJ('llcy of tlJ(' parallel 

algorith/ll. 

This prohl('1Il is solvc(! hy statically distributing the 110d('s of the pholletic graph 

ov('r t.he proc('~sors illvolw'd in the parallclization. Each processor will work on 

N / P nod('s of tI\(' phOlH'tic graph, as mcntioned above; and tl\{' node:; t.hat erlch 

pro("(,S~OI works 011 will be available in that proC('!>!>or's local lllelllory. Thi:-: 

lIIdhod of distrihut.ion of t1lC' nodcs thus has the addcd advantage of l'f'dllcillg 

t.!t(, Il Il /II h('l' of ['('lllOI,(' lllPOlory aCC('SSCh pf'l forllled by t hl' pl og,ra Ill. 

2. Availability of llH'IllOly. Each lIICfl10ry modulc has a lilllited alllount of llIelllory; 

if wc W('('(' to atU'lllpt t.o put. the ent.ire lexical trcc on onf' module, we would 

surely fail to do so. This problem is solved in a mallller similar to the first -­

wc distrihute tlw !Iodes of the lexical trec among ail the proccssOlS which take 

part in tlu' parall('lizatioll of thc algorithrn. 

:1. H('nlOl,(' nH'l\lOl'y clCC('SS('S. On a distributed shared-mernol'Y machine, the penalty 

fol' aC('('hsing l'('lllol,e lllel1lory as cornpared to local mernory is very high. On 

tl\(' B BN But! t'l'fly lIldchi ne, i t. is approximately 5 to 8 ti mes costlier (in terms 

of t.in\(') 1.0 cU'('{'ss l('lIlote llH'1ll01'y as cornpal'ed to local ll1emory. 

This pl'Obl('lIl is l'edl\('('d Illy making local copies of as much of the data as 

possible; fOl instance, each processor has a local copy of ail the phonerne rnodels, 

and t Il(' trrlllsition pl'Obabilities. 

ln t his t1H'sis, w(' will be wOl'king on isolated word recognition. To this end, we 

will bt' giVt'll (,rleh w()rd as a sequence of acoustic observations, }'t, ... , YT , and the 

program wou Id aUempt to lllap this observation sequence to a word in the lexical 

tl'<'C. Th{'rt'foft" l)('fore wc begin to calculate the j3 values during the Viterbi phase 
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of the algorithm, we would have the entire obst'rval.ion St'<jUt'II('(' for 1 lit' wonl to lit, 
recognized. For the remainder of this chapiN, w(' will aSSUIl\(' Ihat !.IH'I't' aIt' :V 1I0t!PS 
in the phonetic graph, and thôt thNc élrc P pro('(>ssors workillp, ill pal',dlt'I OH 1 lit' 
algorithm. 

6.1 Starting the Parallel Processing 

Parallel processing is initiated by means of the OrnOnl () p,('IH'l'alol' 1'0111 il\(' (d i~( IIssl'd 

in Section 5.2). Thil> routill(' st,il ts off ,dl t.hp P IHOC('~~()I ~ ,II, 1 lit' ~,llll(' 1 illu', E'H Il 
proccssor is assigned a unique' lIuml)('r 0", (/) - 1) hy lIH'é1l1S 01 tilt· (I . .,/J/'()( () 10111 illl' 
Processor 0 acts as the controlli IIg pl O('('~SOI, i t. ~t.,11 1 S tilt' pat ,tll(·1 pI'O('('~~lIlg \V 111'11 

needed, and colleds thc data afte\' ail t!w p 1'0('('SSOI S ,II (' dOIl(' AI 1.('1 1'1'0('( '~~()I' Il 
does sorne initializations, it i Ilst ruc ts pro('CSl>or 1 1,0 1 ('.1(1 1 lit' pholld i( gl ,1 ph, .llIcI 

processor 2 to read the lexical t.leC?, 'l'II<' [>11011('\,1( p,raph é1l1d tll<' 1(''\1( ,d t 1('(' al (' 
distributed arnop.g aIl the PI'O('('SSOIS hy IIWélllS of tilt' lf . .,Al/o('()/IIf . .,/Jmf() IOlitill(', 

After the initializations arc dOliC, ail the pro('('~so\'s Ot.\\(,1 1 hall plOt ('~s()r 0 \}('('()1I1t' 

idle till processor 0 gives thClll the' signal 1,0 stal t par,III('1 work Ol! (JlI(' p.11 t of t II(' 

prograrn or the other. 

6.2 Phase 1 : The Parallel Viterbi Aigorithm 

In this section we shaH discuss the paralldizatioll of the li v .. III(· cakllia tioll, illid tilt' 

parallelization of the a value calculatioll \Ising t!w hlock Vit,prbi al1!,oriUIIIl dise lISS(·(1 

in Section 4.2. 

6.2.1 Part 1 : The Parallel lJ Value Calculation 

Let us now consider the equation for the' calcllla,t,ioli of t11C' fi v"ltll'S : 

where i and j are states in the phonetic graph, and l ~ J is a trallsitioll fWIlI 1 t.o .i 
in the graph. 

As rnentioned earlier, wc can split this ur> iut.o two parti> : 
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1. In the first part, we could calculate the transition scores, 

in a parallel fashioll. Each processor performs t 11<' cétlculation for a different 

valuc of 'l' (0 ::; t < 1'). It is quite obvious that tbcre is no dependencc betwccn 

a proccssor working 011 observation Yt, and a processor working on ohservatioll 

Yt, (1 f. l'). III other words, wc can expect to sec parallf'lization for thi:. part of 

the codf' ris(' lillearly with the number of JHOCeSSOls wùrking on the code. 

Both portiolls of HIf' ca!culation, a,), and b,)(Y;+l) arf' obtained flOm tables 
which M(' storf'd ill local memory, which allows us to lf'duce the tinH' taken for 

HI(' ca!cu)atioll hy avoiding a costly rernote memory acecss. The values could 1)(' 
stored ill logarithmic forlll, which would thcn allow us to perform ail additioll 

illst,f'ad of il, floatillg poillt multiplication; this would also lH'lp in rf'ducing the 

tiUle takell for the ca!clllctlioll. 

'l'II<' 1;)(t) (akulated aie then stored in a large matrix, with N x T values, for 

later IIS(,. 

2. In the s('cond part, we Iwed to do f3,(I) = maxJf3;(t + I)T1J (t + 1). This is a 
straight fOl· ward table look-up (from the previou~ cdJculation), followed 1 y a 

compare amI select. The table is set up in such a way tlldt the ca\culat.ion of 

thf' fi value for eaeh Hode 8 in the phonetic graph can proceed Î'1 parallel as 

descril)('d below. 

Thc phont'tic graph has been statically distributed alllollg the P processors in 

such a way that N / P states of the graph are on the local memory of each 

J>roccs~or, and no two procc::,",ors contain the sa me state in their local memory. 

At each tinH' instant t (0 ~ t < 1'), each processor works on its ~et of N / P 
stat.es. For ('ach of i ts st.ates l, i t calculat.es 

wheft' j is the state linkcd to i by a transition l ---+ J. State j need not be 

on the local I1lClllory of the procc8sor working on state z; in such a case, the 

proct'ssor woul<1 hav<' to go 1,0 remoLe:' ll1ell1ory to fctch the values rc\ated to J. 

This plays cl large part in restricting the amount of speed-up that is obtained 

in parallelizing this portion of the code. 
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6.2.2 Part 2 : The Parallel n Value Calculatioll 

Let us consider the equation fol' t ht:' calcul,lt ion of the (\ \',lhl"S : 

Ot(n) = llIc\xmaxmaxol'(lI')\'(\;'+I,' ., \tln 
1'<1 J ,,' 

In this equation, ail t.1l(' proc('ssors WOI k on t 111\(' 1 (1 ~ 1 s; 'l'), \Vit h ('ilch proc('~~o\' 

working on a diffcrcllt f. Aft<,1' ail t.he pr()ces~o\'s !tel\,(' fillisllt'd findill,l!, 

max ll1éU, 0' l' (1/') V (}~, + 1, .•• , \ /1 f) 
1'<1 Il' 

for thcir particular phoncnw(s) f, the I<'sults ,u" (ollt'(t('d il,\' 011(' P\'()('SSO\', whllh 
then procceds to find max! of tlH' \'allJ('~ th us colll'c!(,(1. A~ IIld.\' h" ('XpI'('kd, 1 III~ 
parallelization will Ilot giV<' liS tl\(' sp('('du!> I('s,dt.s t.hclt \VI' C'\.IIC'I iC'lw('d dUIIII).!, II\(' 
calculation of the transitioll scor('s (s('(' ~('('tioll (i 2.1) j,('(',III:-'(' lIod(' 1/ cllld 110111, 1/' 

may be on different rnemory modules, fOl ci ng th!' pl D( (".,SOl S 10 ).!,O 10 1'1'11101 (' Il \('11 lUI \,. 

6.3 Phase II : The Parallel A * Algorithm 

Parallelizing the A * and rclated algorithllls has ('Oll\(, 11\1<1(,1' il lot of st.lldy ill Il'('c'1I1 

years [KRR88, KR87, RK87, RI\B87, NV8!)]. TlH' 1t('lIIISt.i( dOlll,lill "'"owl('d).!,c' dV.I" 
able for the A* algorithm can be lIsed 1.0 avoid SPitl'chÎIlg, ~()II\(, pill't.S of !.IJ(" :-'(',lldl 

space which may he unpromÎsillg. This n}('all~ tltat p,lI'all/'1 I)fO( (':":"01:-' followill).!, cl 

simple strategy, such as dividc the seitrch spaCf' ~t(lI.ically illt.o di:.,joilll P"I t.s ,lIld 1/'1 

each one be searched by a differcllt. IH'OCt'ssor, IIIdy ('11<1 11(> dOlll~ ,1 loI. 11101" WOI k !.IlfllI 
a sequential processor. This would I.elld 1.0 «'dll«, t.ll<' "qH'l'dllp 1.11<11 (c111 1)(' ol)I""lf'd 
by parallell>rocct'sing. In the followillg :-,('ct.iOIl, we di:-.C'u:-. t.lw dlff"II'1I1 1I1('IIIwb Il:-,('<<1 

to paralleliz,- the A* algorithrn. bot.h for shal('d IlWIl)()(Y Illlrltl-pl()('~:-'()I~, c1lld lOI di:-. 

tributed memol'y rnulti-proc('SSOI''i. 'l'h('s(' parallel fOI'lIlIlI.lf.ioll'i 11I'IIIdy ddl"1 III Ilw 

data structures used to implemcllt t.lH' Open li:-.1. of t.J)(' J\ t ,d).!,OIII.IIIII. Tlw 0»('11 
li st may be implement.ed as a heap 1.0 itllow O(log, N) ac (c:-.s tlllW (wlw((' N i:-. Uw 

number of entries in the list). 

6.3.1 The Centralized Strategy 

In this strategy, we use a global Open list, and Id each parall('l Pf()('('SSOI wOl'k 011 

one of the current best nodes in the Open lis!.. Th('J(' is olle import.allt. poillt. I.() IJi' 
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kept in mind with this approach : 

Silice Open will he a<'cchs(,d by aIl the proC('l.-lhOrS frcquently (each proC('~80r will 

access il, w/wu it has expall(i<'d the hest 1I0de in the list, and has to expand the Bext 

Iwsl. lIod{'), il. will ha\'(' to he ilia inl.allled in a shan'd Ille rn 01 y that is Céls.ly accessible to 
rdl tlH' pron'~~ors III t!H' BBN Buttcrfly parallC'1 proceS8or, thC'l'e al'(' Uniforlll System 
cOIII/ll<wds I,bat allow the us(,1' to "pecify vdriollh portIOns of 1lH'1Il01y dS sha({'d, and 

t.!){'S(· pOltiolls of lIH'lJlory call be accesscd by ail thC' prO(,(·""OIS, III additio1l, loch ,H(, 

provid(·d hO thrl!. tlli" Il)('mory can he' lI10dified with lll11tlldl <'XtiUSiOIl guarallt('('d, 'l'Il<' 
d('/et,ions and insC'l't,iollS int,o t!w qUC'llC' must he dOlle COIlCUrt ('Ill Iy and hO, algorithms 
lIIust 1)(' d('siglH'd CrlH'flllly 111 ord('( to h('<'!) t Il(' lockec\ porI iOIl of tlH' Open li~t. 1,0 

a minilllulIl whil(' ('Ilsurillg ddta in\,(·gllt.y [H 1\88], EV('II \Vith dll 1 his, COllt('llt iOIl for 
Open wi Il 1 i 1ll i t. li\(' !>n[ort lia nc(' of t1l<' lIIachi IIC. 

6.3.2 The Distributed Strategy 

011(' way to avoid t.he COIÜ('ntioll dll(' to a centrali7.ed Open list is to let each proccssor 
have' it.s OWII lot al Open list. l . Initially, the search spaCf' is divided statically and givcll 
t.o diff('J'(·IIt. prO('('8S018; thih Illay he dOliC by expanding SOI1\(' Ilodes and dlhtributill/1, 

t!WITl t.u the local Open lists of diffelent processors. Now, ail the proC('ssor~ ~:w!cct 

and ('xpand nodes silllultancollsly withollt. causing contention on a shared Open list 

as I>('fon·. 

lIowcwr, in t.h(· absence of auy communication betweell individua! processol'S, it 

is possihle tltal SOI1l(' prOC('SSOIS may work on a good part of the search sp .. ce, while 
ot.h('rs lIlay work 011 had parts t.hat would have bccn pruncd by thc scquentia! search. 
This wOllld !('rUI 10 a higlt redllndancy factor and pOOl' speed-llp. SOInt> possible ways 

to gd arolllld t.his ohstacle> an' li1'>led below : 

1. The Blaekboard Communication Strategy 

ln this st.ral,egy, tht'IC is a ~har('d 81ackboard through which the llodes are 
switched alllollg pW(,(,SSOI'S as follows : 

1 TIIt.!.c' OP(,I1 Itsts lIla}' :-.t III 1)(' llnpkll\t'lItl'd as heaps to allow O(log N) access time 

45 



• 

• 

• 

After selecting a ll'ast f-valut' 110d(' fWIlI its loc,1I Open li~t. \ hl' pl\l( 1'~~()1 

proceeds with its expansion ollly if il, is ",it hlll d "Iolt'r"blt-" hlllll lIf 1 lit' IlI· ... \ 
node in the Blackboard. 

If the sc!('ctt'd node I~ 1lI1ich I)('II{'I t helll 1 lit' h('~1 lIodt' III tilt' 8lackboard. 1111'11 

the pi'Oc('ssor trallsfcrs ~()\ll(, o! il s p,ooc! lI11d('~ 10 1 hl' 813ckboard 

If the ~('kct('d node IS IllllCh WorM' thdll 1 lit' bt'~1 lIodl' III 1 lit' Blackboard. 111t'1I 

the P1'O«'ssor trallsf('rs SOIlH' good \Iodes hOIll tht' 81ackboard 10 It ~ lo( ,t! 0p('11 

list. 

In either cas(', a lIod(' is l'('s('ket.('<1 for ('XPdIlSIOII hOlli 1 III' Ill( ,d OPl'll II~I III 111\ 

opinion, this 81ackboard ('ollid 1)(' 11IailltallH'd ,IS cl h('cll> ,I~ tilt' olliv (lPI'1 ,II hlll ... 

performed 0\1 II, arc llt-I('tiolls of 1 lit' 1 >t'sI 1I0d(" "lId 11I~('1 1 iOIl:' or good lIodt·~ 

The concurrcnt lIIs(,Jtioll~/dcl<'l,I()II~ (0111<1 1)(' P('I!OIIlH'd OH t IH' li~1 cI~ "'1I,!.!.).!.t·:,1 (·tI 
in [RK88J lt coule! 1)(' stoled ill ~h,lJ(·d 1IIt'III00y (11' .• dl ... t Ilhllll'd 0\'('1 ,dl t,lit' 

processors) so that t,\H'J (' IS 110 ('ont.entloll ill. IJlIl' pl(J('(,~S()1 !Ol 1 lit' 81ackboard 

The choicc of th(' "toh'rcibJe" lilllit. i~ illlpol'I ,\lit., dS il. ,dlt·( 1 ~ 1 lit 1111111111'1 01 Ilotl(·~ 

expandcd as weil dS t\w alllolllll. of node swit.( hillp, 1H'lw('('1l lo( ,d Opt'Il Iisb dlld 

the 8lackboard. Il thc tol('ralle(' !ev('l I~ low, t.1I('1l lI()dt·~ WIll 1)(' ~\Vlt.( Ilt'd \,('1 \' 

frequently bctw('et) t/w 81ackboard alld tl\(' lo(',t! Open li~1 ~ IIl1lt·~~ ,dl 1 lit' Op('11 

lists have the samc value for tllt'ir I)('~t n()d(·~. If 1.11(· l.olt·1 .Ill( t' kvt·1 I~ Ili,!.!,ll, 1111'11 

the node ~witching will OCClII' l('~s fJ(·qu('nt.lv, bllt. 1111'11" PI(J( t'~:'()1 (0111.1 p():,~il)ly 

expand nodes that arc illfcrior \'0 tlle Ilod('s Wcllt,illp, to 1)(' t'::p"ll<lt'l\ 111 ot 111'1 

processors. 

2. The Random Communication Strategy 

In this strategy, each proccssor p('riodically put s tllI' Il('wly g.·11<'1 ,,1,(.<1 ~II< ('(':':'(11:-' 

of the selected !10d(' into ÜI<' Open li~1. of il l ,Illdolllly ~.·I(·. tt·" plO' .·~~Ol, 'l'hl ... 

ensures that if some pro('('s~or has a good pd!'t 01 tlll' :'(',11. Il :'(1;11(', t.Il1'lIothf·l ... 

get a part of it. If the f/('qlH'IHy of transf(·!' i~ IlIgh, I.llt·11 tilt' It'dllllddlif Y l," tOI 

can be small; otherwise it l'an 1)(· v('ry lMg(·. TIlt' (holt (' 01 flf'qllt"11 y of 1.1.111:,11'1 

is effectivcly dt'tertnilH'd hy tilt' eo~t of COIIIIllUIlI< ,d,ioll, If t.lli ... (O~t. 1 ... low (:'lIf Il 

as on the BBN BuUt'rfly) tlH'1I it would 1)(' I)('~t. to 1)(·t!Ollll (OIlIIlIlJIII( ,II 1011 ,dl..·1 

every node cxprlll!'lioll 

3. The Ring Communication Strategy 

In this strategy, different proce!'lsorf> are aS!'lurrH'd to IH! <:011/11'( \,(·d III ;1 vil \'wd 
ring. Each processor pt'riod ically pu ts t.he rww ly g(·lIe!'at.(·d SI[('('('SS(II ~ of t.!H' 
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selecte<lnode illtu the Open list of one of its neighbours in the ring. This allows 

transf{~r of good work from one processor to another. As in th(' previou~ sehp!11e, 

the cost of communication dplermines the choice of f('('quency of transff'l'. 

From the' stlldi('~ dorl{' in [KHH88], il is se<,n that the di~tribllted strdtC'gy with the 

Blackboard ~dH'lIl(' P{·rfOI triS vpry weil for probkms slleh a~ the Traveling Salcsrnan 

Prohl{'1Il and t!w V('I tex COV('I PlOblem. Il is superior to t1H' centrdli7.f'd stralegy, 

lIIainly I){'caww the c('ntralized :.trategy Ïs not good for prohlcms with sHlall grallu­

la ri ty, alld il is slllwrior to t,Jw othel' distri bu ted scheBws discll~s('d abovf' , I)('callsc il, 

has a )'(·dlllldaJH y factor thclt C<III hf' f'a~ily conllOlI('d hy t.he prograllllller. 

6.3.3 Ilnplementation of the Parallel A * Algorithm 

WC' have' IIS('O tll{' ('<,ntl'aliz('d strategy in parallelizing the A'" algorithm duc to its 

silllplicit.y. The parallt'I algorit.hll1 lIlilizes one Open list, and t'very proC('ssor goes lo 
il, to 

• gd, a Il<'W node t.o expand; and 

• illsel't 1 Il(' lIod(':; g<'l](, ra ted. 

Pwcc'ssor 0 C'xpcHl<ls a few Hodes of the trce before il allows the other processors 

1.0 work in paralll'l. This Îs donc to cnsurc that there is no trame jam among the 

1)I'O(,('SSOI'S al. tl\(' begillnillg of t.he A * search. After t.he paralkl sc arch is illvokf'd, 

('ach IU'o('('ssor {'xpands a nocl(' <md puts t.he children of thdt Bode in its local shawd 

IJwlllory spac(', whil(' mainlaillillg tJw links with tl\(' rl':..t of t.he It:-.l 011 thC' otlwl' 

pWC('SSOlS; in t his Wcty, tlw Open ilst is distrihllt('d all10ng ail the 1lH'1Il0J'l(,!. of the' 

IMralkl lIlacllilH'. IlIsC'lt.ion of l1o<!es into alld d('ldion of Ilod('s fJOIll tl}(' Open list. 

<Ht' at.olllic OP('1 dt.ioIlS, and 1 h('('(· IS a lock to (,11:-'111(' th,ü onl)' olle proccswr Cclii rlCcc:-.s 

t.lw Open h:-.I al any gi\'l'Il t.illl{'. WlIell any I)),occ~sOI dd,e('ts t.he' goal node, it sets 

a flog that. C(\IIS('S ail ot.!wr procc:-.sol's to abort tllt'il' searche:-, ano ret.llrn centrol to 

pro('('ssor O. ProCl'ssor 0 1 h('n d('letes the Open hst t.hrlt WdS bllilt dUl'ing the A l' 
s('arch. Tit i~ is <1011(' t 0 t'nsu)'(' t.hat no randolll i 1l5('rtions or dcletiom; al {' donc III 

t.ht' intt'rw'ning J>erio<l wlH'1l t.he 1IIlS11cC('ssful processors arc still ('xpanding t.heir own 
110dt's. 
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Chapter 7 

Results and Interpretation 

The Vitcrbi algorithm was parall('li~cd as de~cril)('d ill Ch,tpl.('r G, c1l1d tIlt' 1('sll1ts ,11(' 

~iven below. Wc pcrformed th(' Sl)('('d-llp f,('sts 011 t.WO WOIds ,1 ~hOl 1. \VOIt! ('11("), 

and a long word (',abotage'). The rational(' fOI I.his was I.h,,1. W(' (olllt! t',\P('( 1, .1 

fairly uniform spcC'd-IIp for tlJ(' p<1I'(\II('1 Vit.<'rbi c1lgol'll.hlll for .dl WOI(J:." bill, tilt' A! 

algorithm would perform diffcrently for words of difr('rillg 1('lIgl.h W(, ('XP('( t. tlll' J\ 1 

algorithm to he spc('ded up qllite significétntly for IOllg WOI d~, .lIld Ilot V('I y IIIII( Il lOI 

short words. 

During palal1('li~ation of tlH' Vil.('rhi algorit.ltm, W(' posl.lIl.II,('<I tll.lI, tll(' toLd 1111111 

ber of remote rncrnory acccss('s would illCI'(,cuw with t.Iw 11111111)('1 of plO( ('~~OIS l)t'illJ..', 

used in the paral1eli~ation. If W(' Itaw' P PI()('('~Sors, t!J('1I W{' ('XIH'('\, ilt 11I(J:'1. 1//) I(H.t! 

memory acccsses, and (P - l)jJ> r(,lllote tn('Il\Oly C\('(('S:'(,S TitiS W<l:' fOlllld to Iluid 

true (see Fig. 7.1) during the t,t'flt nlll~ ill wlticll W(' 1II{'c1~lI/t'd tilt' tt'1I1011' 1I1t'1I101 y 

accesscs fol' upt.o 10 plO('e~sor~. 

The implication of thi~ observatioll is quil.(' O!JVIOIIS. SP{,{'tI III' will 1101. ill( tt'"..,(, 

infinitely as the Humber of pro(('s~ors I/Ic!'('as('s. TIt('I'(' will IJ{' <III IlIitl.tI 11, .. 111 of 

speedup with Hmnber of proC('s~ors, whi{ Ir will t.1t('1l tllop Will'il /1101(' l'lOI ('~~{)I:-' "II' 

added. This reduction ill spee<lup cali \w explaillcd by tltt' i lU 1 ('a:-.('t! 111111 dH'1 01 !l'II lot(' 

memoryaccesscs. Wc hav(' mcntioll('d ('arlH'r tiraI, it I~ G K till1t'~ .,.., f'o:-.t1y (III 1('1111:-' 

of time) 1.0 access l'crnote rnernol'y aH il, i~ 1,0 acu'ss lo( allll{'III()I.Y (:-'('(' (JilP'l' III). '1'1111.." 

when a large numbcr of pro('('ssol'S are made tu WOI k 011 tilt' (Jlol)I('III, IIIOW t 111)(' 1'> 

spent in reading from and writing 1,0 J'{'rnote rrJ('1TI01'Y tllclll Ifl P{'I f(JI'IrJlllp' Il''1'/ ,ri WOI k. 
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Figlll'e 7.1: Growth of n'lIlote memory acces:-,es with number of proc('ssors 

This drop in s[H'<,dllP <lU(' to inCI'eascd remote Jlwmory a('('esses pertains only to 

t.he Vit.(·rhi phase of t.he algorithm, and Ilot to the A * phase. This is bccause the 

Vit.(·rhi phas(' illvol vps ct fixed lIumber of computations, l'l'gal dlcss of the Humber of 

pro('('ssors illvolved. The A * phase, on the other hand, is a trec search, and the search 

is t.(·rlllinat.ed whell tht' goal Bode is found by any one of the processors involved in 

t.lU' sean·h. 

In the Pl'O(,('ss of ll1<'asuring the Ilumber of rernote ll1ell1ory acccsscs during the 

pal'allel Vif,t'I'hi ctlgol'lthm, wc ohscrved a very significant faet namely, the phol1etie 

graph is 1I0t. a IIlliformly distributed graph. Different llodes of the graph have differing 

lItlllllwrs of c1llldren. As a r('sult of su ch a skewed structure, some processors do 

significantly llIor(' work théln otlters. On refcrring 1.0 Table ï.l, wc s('(' tltat pIOcessor 

o makes ~ 95000 l't'mote' Jl1('llIory élccesses wll<'rcas proccssor 9 mak('s only ~ 30000 

('('Illott' llH'lllory (\c('css('s. P1'Occssor 0 thus pcrforIDs about :3 times t.he number of 

n'Illote lllClllOI,V (tc('CSS('S t ha t. p1'o(,(,SSOI' 9 docs, and so p1'Occssor 9 would have fi Ilished 

its work, and wOllid be idling while other »rocessors may yet have more thall half 

t.h(·ir work l'<'Illaining. 

This above problclIl cou Id be fixed if wc redesigned the phonetie graph to make 

if, mOf(' suitabll' to be uscd in the distributed shared-melTlory Illultipl'ocessor system 
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Il Proe # 1 Hcmott' 1 Loc.t1 Total ~ 
0 9516·1 :lO(iOO l~;)~(i 1 
1 ~).l8:~G 2:Jïï2 IIl'ÎliOS 
2 88704 19(i 1·1 IOI'Î:JI~ 

3 821 !).t 1·15:J2 967:W 
4 7442,1 1188(; 8(;:J 1 0 
5 61656 S(i!).l ÎlWiO 
6 47G28 .'H18 ;);10 \(i 

7 38178 :l:lI8 ·11·1 !)(i 
8 28350 1 :l86 197:Hi 
9 301,13 797 :U)!) 10 

Total G4 1 :Jï7 120017 7(i 1 :\!),-\ 
- --- -

Table 7.1: MCInOly Ac('(>s:-.c':-. P<'I' PIO«'SSOI for lU PI'O('('S:-'Ol:-' 

that we were using. Unfortunal.e1y, t1l<' \'('d('siglllllg of t.ltt' gl'élplt 1.0 :-'1'1'1',1<1 tltt' \VOl" 
evenly among the processors is bcyond the SCOIH' of this t.1lt'sis. II. i:-. t.ht' Opi1l1011 01 tilt' 

author that the graph, élnd indced, t1w Cllt.il<' algol'it.hlll 1lI11:-'1. 1)(' dt'vt'Iopt'd 1'10111 tltt' 
begiuning with a lllultiprocesso!' architedlllC' ill llIill<l. Sigllifjt ,1111 ,!!"lÎlIs III :-.pt·t'd III' 

cau yet be possible with this ctpP!'OilCIt 1.0 spet'clt 1('( ogllit.ioll 

We will now present the l'cslllt.s of t!H' parallc,Jj:t"tl.ioll of 1.11(' A.t-Vit.t·rI)) id).!,Ollt.ltlll 
on the BBN Butterfly machille. 'l'Il<' lIleaSUn'Ill<'IIt.s WC'IC' IIlcHk ill ,1 V('IY silllplt, IIltllI 

ner. Each of the thrc(' phases was illlplc'IlH'lItc'd ill UI<' 101'111 01 a hilldioll. 'J'1t(· 
software was so impl('mcnted that 1.11<'1'<' was C)l1<' 1)I'O('C':,sol' t.lt,tf. (,ollt.lolI('d Il)(' 1',11 

allel execution; this proCCSSOI' would invokf' clll t.Il<' ot.11<'1 1)101 (':':-'01:-' 1.0 1H',!!,ill pdlilllt'I 
processing, and il. would pel'fOIln a barric'!' syllcItIOlli:t,itf,lolI t.o 11,1'1. t.I)(' V,tlllt", 110111 t.11t' 
other processors. With such a setllp, il. WclS ('asy tu llIc1k(· (,dl:, 1,0 tlllllll).', IOlllillt'S 

just before and just artel' caeh of t.Il(> t.hn·(· fllll('tiow; WtI:-. I,tllt'd. TIIf' 1 Il Il III).!,'" \Vt'I(' 

calculated in terms of micro:-.c'com!s iIl 01<1<-1' to hilV<' ,ltl'lll<l<'y EMil p,l.lpll III tllC' 
following two sections has a liue graph drawIl ill 1)lac k, alld tI :-'lllootI. ( III V(' dr tlWII III 

grey. The line graph if> the actual dat.ct, and t.lre gu'y Jill<' is tI 1.11<' 11· ... 1111. 01 ,1 ( III'V(' 
fitting algorithm on the actual data. 
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-- - --- -- -- -- -- -- - -- --- ------ - --~- -- ------- ~---- --~---

Under each category, the lime Laken is displayed in microscconds 
-- -- - -- ---- - - - ------ ,- - - -- --- --- ----

Beta Value Impulse Response A* Search 

Time taken Spced Up Time Laken Spced Up Time taken Spced Up 

1 119758 1.000 15324 1.000 5416 1.000 
--- f-- ----- -- --- - -------

2 110183 1.087 14049 1.091 8058 0.672 

3 58666 2.041 7733 1.982 6916 0.783 
- - - -- -- --- ------ - -- --- -------

4 51195 2.339 6087 2.518 7187 0.754 
5 46470 2.577 6808 2.251 7953 0.681 

- - --- -- -- -- -- -- -- - --- - - - - -- - -- ------

6 33374 3588 5795 2.644 7704 0.703 

7 30696 3.901 5362 2.858 7054 0.768 
8 28720 4.170 3983 3.848 6837 0.792 

- - --- -- -- --
9 24212 4946 5004 3.062 7491 0.723 
10 23066 5.192 5129 2.988 7429 0.729 

- - -- - - ---

Il 20775 5.765 4291 3.571 7179 0.754 
12 20816 5.753 4275 3.585 7270 0.745 

-- - -- - ---- -- --- - --- -----

13 19529 6.132 4170 3.675 7162 0.756 

14 17504 6.842 3975 3.855 7508 0.721 
15 18520 6.466 2850 5377 7504 0.722 
16 18737 6.392 3587 4.272 7692 0.704 
17 18841 6.356 3033 5.053 7670 0.706 
-- ----- - - - - --- - ---- -----
18 18662 6.417 2996 5.115 8092 0.669 
19 18312 6.540 3166 4.840 8450 0.641 
- - - - -- --~- - -- - -- - - ------- - -- ------:-.,-::-

20 17966 6.666 3366 4.553 8766 0.618 

Tahl(' 7.2: Tdhl(' of ICsults for word 'he' 

7.1 Results for a Small Word 

'1'11(' following dat.a dlHI gr<lphs show the timillg and spccdup results for a small word 
'he'. W(, muid cOllle lo tll(· followillg cOl1clusions fwm Table 7.2 : 

• From Tahlt' 7.2. w(' set' t h,tt whel1 only OI1C pro('('s~or is working on the recog­
nit.ion, it t.ak('s ,dIllO!'\t. 2 IIIlIlltt.t'S (119 ~ecollds) to caleulate t1l<' ;3 values. Tills 
t.iJlH' is r('<\\lc('d skadily as the nlllllh(')' of processors working OIl the problem is 
inc)'('élsed, t.ill it. )'('aches abOlit 19 scconds with 13 procf'SSOl'S, a total spccdup of 
about. G.l:1 till}('s that of a singk pl'ocessor. Beyond 1;~ pl'oc<,ssors. the increase 
in Sp('('<lII)) is nt'gligibll" l'cé\ching just. 6.66 with 20 processols (~ce Fig. 7.2). 
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Figur(' 7.'2: SJ>('cd up for calclllat.illg !.Il(' /i \,.1111(':-' 

This phenomenon can be explailwel hy ('oIlHid('rillg t.1)(' (·qll.tI,ioll 

When a large Humber of proccssors würks on t.he (',dCIII,II,ioll, \.II!' IIl1l1d)('\ 01 

remote memory accesses increascs (sec 'l'ahl!' 7.1 alld Flp;. 7.1). A:-, wc' haVI' 
mentioned on ('ddicr occasiolls, remot(' 1l\(,1ll0\'y il< ('(':-,:-,t'S iI\,(' V('S'Y slow (Olllpal(,d 

to local memory ace('ss{'S, and thig is a larpF parI. of t1l1' \'('Mi()11 wlly t1H' sp('('dllp 

daes not incrcase beyoncl a certaill limit. 

• From Table 7.2, wc sec' that wit.h .ill~·t, Olle pro< (':-,~O) workill/!, 011 1.1)(' ft vill!'(· 
calculatioll, it takcs ahout l!) s('collds to (',Llnda!.(' ail 1.11<' ft v"ltws. TitI:> i:> •• 

fairly fast time to ~tart. with, and so wc: (annot. ('xp('( t. V('I y I.\\'/!,(· :-'1' (·('d Il l' li/!,\II1':-' 

when pardllcl plOccssillg is illitial.cd. 

Speedup for the n value calculctt.ioll S('('IIIS 1,0 IIS<' ,,11110:-'1. (olltifllloll:-.ly witl, 
Humber of proccssors illvolvcd, risillg 1,0 (thollt :~ with 1 () Il/'Ol (':-'..,01:-' alld /1.:) 

with 20 proœssors (see Fig. 7.:~). 'l'bis is w('11 b(,low I.hl· l,tI,(' of ,']>PIOXlIlltt!I,ly 

6 that we obscrvcd for the (-J valllc calclllcdiolJ. 'l'hi.., I~ ptlltly 1)('1c\1I~(' ft v,.l1I1' 

calculation involvt!s <Iuit.e éJ bit of rc~rnol.<· Il H'I IJ()) y ;1( (('~!1('~ t./t,t/, (cLlIIJ()1. rit I.hh 

time be resolved sati:;,fact.orily. A majo) factol i" I.hl· lowI" :-.p('('dII(J ,~ 1.111' 
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FiglliP 7.:J: Sp('cdup for cakulating 0' values 

e<l uation i !.s('l f : 

Each processor is calculating maXt'<t maxn , üt,(n')V(Yt'+I, ... , }îlf) for a dif­
f('("('lIt, phoJl('Ill<' f at the same time instant l. Artel' cach processor finds the 

maxima ov<'r (l' < l) and 1/', thel'e is a barrier synchronization at which thc 
lIIaximulll 0\'('1 .111 th(' phOll('1l1eS f is calculated. Thus, though there arc th1'('(' 

lIIaxi1llél in th(' ('«uc\tioll, two of theIll arc "hiddclI" in the pcll'alld procf'ssillg, 

all<l ollly Ol\t' of t.!\('1ll 1ll,IX! is a seql:;'ntial boUle Ileck. The calculatioll of the 
(\ val\l('s is furt hel' 1H'lp(·d hy th(' fad thdt it is largely a tdblc look-ui> from the 
dat.t !'hat hdvl' \)('('11 cdl( ul,lI(ld dUl'ing t1H' ;J vaille calculatioll . 

• Frolll Tclbk 7 ~, \\'(' scc t hdt in the unipwc('ssor case, the A'" :"earch was COlll­

pl('I.<,<I in about 5.1 second::.. This is a fairly fast search, dlHI wc cannot expect 
1.11<' IMralld A * to do very III li ch ht'tteJ', In fad, w(' ShOllld f'Xpcct a probable 

degrad.tt ion of pel [01'111,\ 11 Cl" and in fact, t.hat is \Vhat wc do ~ce. For I:J proces­

sors, il. tclkes dhollt I.I() seconds to complde the A* ~eclrch (~('(' Fig. 7.1). This 
is 1>('('clIlS(' t!\(' on(' proc('ssor versIOn of the algorithlll (',panded él very small 

lllllllher of lIodes; this "'dS calclllatcd durillg the test 1111\8, and it Wd8 round to 
hl' H, i.e., tht' gO<l1 node \\'dS round ill the ninth expansiol\ of tlH' sCdJ'ch Bode. 
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Figure 7.:1: Sp('('dllp for doillp, t!w A + ~('cll ( Il 

This is indccd a very smaIllllllnl)('r of ('Xp(IIlSioll~, ,1IIt! II. do('s 1101 ~('I VI' I.() p<ll 

allelizc this particlllar A * fwarch hccalls(' cilly pal ,dl('Ii",,,1 iOIl wOllld ollly IIW)I'<I:,(' 

thetimespcllt ill thC's('alchillg. What w('OhS(·I\l(·ill t.11I',!!,I"pll d(ï)J(I~(·'\.lIlly 

that scenario whclI W{' "Ul'lllpt 1.0 (>cU'éllll'li",(' ,li) A t ~(·tll( Ir wlril Il ('\:l',llIds V('I,\' 

few nod('s in the 1I11ipl(JC(,S~()1 sy~t.(·1l1. WI' (ail ('X!,('( t. to ~('(' 1.111' dl('( t~ 01 1'.\1 

allelization III t.h(' A:+- ~('ar('h only wll<'11 <1 sllb~t.(IlIt,i(d 1111(111)('1' 01 ('Xp"IISI()II~ .\l(' 

pcrformC'd ill the unipl'Oc('ssor SYS\'(·lll. A~ ail ('lIlpiril ,II fip,IIII', I.h(· "lIl.hol w\)lIld 

suggcst that parallelizatioll ShOllld Ilot 1)(' -tt.tplllpl.pd fOI fpw('1 I.h,lll ;)0 III 1 (1) 

expansions. This fig\llc is subjpc\' \'0 va.riatioll <!('IH'lldlllp, Oll 1.111' 11\1111 ip)()( ('~"'(JI 

system uscd, and t.!w SI)('(·<1 of tire illdividu .. 1 plOt ('~~()I 
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1 Undcrcach ~;l~gory, lh~ ti~;t~en is di~Pï~ycd-i~~i~r~~e~~nds -1 
- ---------------- ----- ---- -----------

Beta value Impulse rcsponsc A* Sc arch 

Tirnc takcn Spced Up Tlmc lakcn Spccd Up Tirnc lakcn Spccd Up 
1 239287 ] 000 60991 ].000 3447779 ].000 

--- --- ------ - -- - --------. 

2 204116 1.172 43987 1.387 71595 48.157 

3 104075 2.299 29300 2.082 45592 75.622 
-- - - ---- --- --- ---- ------------

4 79812 2.998 21545 2.831 2/,062 156.277 

5 67904 3524 17770 3.432 23712 ]45.402 

~I 
~ ---- - - ---- --------- - - ------

58116 4.117 14237 4.284 19420 177.538 

7 52808 4.531 14833 4.112 15387 224.071 

8 48816 4.902 12899 4.728 21412 161.021 
- - --- --- - - - - - - -

9 48983 4.885 13474 4.527 22391 153.98 ] 

10 45458 5.264 12929 4.717 22745 151.584 
- - - -- - ----- -- - -- -----------

Il 39304 6.088 12716 4.796 20841 165.433 

12 37CX)8 6.466 12374 4.929 20375 169.216 
- ---- -- - - - -- - - - ----- .-

13 32062 7.463 10700 5.700 25054 137.614 

14 31670 7.556 12758 4.781 26096 132.119 

15 31158 7.680 10912 5589 19325 178.410 

16 32012 7.475 8292 7.355 27412 125.776 

17 30358
1 

7.882 ] 1916 5.118 27583 124.997 
- ---- - - ----~ .-- -- - - -------

18 30354 ' 7.883 14137 4.314 30075 114.639 

19 30850 7.756 9604 6.351 33933 101.605 
---- ---- - --- --- -- - - ---- --

20 30816 7.765 10395 5.867 28883 119.371 

Tablc' 7.:1: Table of results for word 'sdbotag<" 

7.2 Results for a large word 

Th,· followinp; t .. blt· ,md figur('s show thc' timing and sp('cduJ> l'cslIlts for a largc ward 

·sahot<lg(·'. WC' (clll (0111<' to tl\(' following conclusions from the Table 7.3 : 

• FWIll 'Llhl(, 7.:J. W(' ~('<' that in the one processor case, it takes almost 4 minutes 

(:::: 2:m s('coIHls) to cakulate the;3 valucs, illdicatillg that this is a longer word 

t han t Il(' 011(' \\ (' di~ll\~~('d l'clrlier. This time i::. rcduced with paralld p\Oce~sing 

to :::: :t! ~('coI\(ls with l;~ »lOccssors. correspollding to a sp('edup of about 7..16. 
And ag,lIlI, clS \V(' ob~('r\'('d t'arli('r, this spcedup docs Ilot increase much after 1:3 
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Figur(' 7.5: Sp('cd IIp 1'01 (',ll( ul,l1.ill1-', !.III' 11 v,d 11(':-' 

processors, and l'caches a valtl(' of 7.7f) with :W PIO('(':":"OI:" (S('(' Fi1-',. 7.:1). 'l'Ile' 

reasons fol' this arc the salJl(' as tho:.,(' disCllss('d ill 1.1\1' PI('vioIlS :.,(·rt.ioll. 

• From Table 7.3, wc sC(' that il. tak('s ahout fi IlIiIlUt.(' ((i() St·( olld:.,) 10 (',d( IIlill.(· 

the 0: values with the block Vit('rhi (·alnrlat.ioll. W(· Illay hop(' t.o .l!"lill 1)('11('1 

speedup values for this n value cctlclllatiolJ t.h,\I1 W(' ohl.,lilwd III tll<' (',\Ili('1 (iI:"(" 

because this case IS Illuch slower thall tJH' (',ulH'1 0111'. Âlld, Ir 0111 tilt' LI""', W(' 

see that with 13 proccssol'S w(' hilW a S)('('<llIp 01 ;1.7, wlwlt·cI:" ('dlli('1 w(·II,ul il 

speedup of 3.675. BeyolJd 1:3 plO('(':"SOIS, W(' dOIl't J,!;f'I. Illllt Il ill( 1(''':''(' in :"I)('(·dllp, 

with a speedup of 6.:i5 with 19 l)lo('(>s:.,or:., (:.,('(' FI1-', 7.li) 'l'Il/' II·d:-,oll.., lOI 1111:-' 

arc the sarnc as the OIWS discuss('d ill tlrl' III(·VÎ(HI.., (1I'lpl('1 

• A'" search is really helped hy pal'allelizatioll ill Uli:., (.1..,(' 1)('( ,111:"(' 01 Il)(' IIIIJ(' 

it takes to do it ill t/J(' Illlipw{'(':,,:-,Ol' (a:.,(·. 1"10111 t.al,I(· 7.:~, W(' ..,('(' 1 Il,11 Il look 

almost an hour (~H17 :.,ecoIld:-.) to gd Il)(' p,o,d IHICI" III tllI' "'1I1p,1(· plOI ('''':''111 (,''''(', 

but with more pl'OCCSSOI:" workillg, thi!'. wa:., (III. dowlI 10 d.., IJlII<· ".., ~;, "'('Iolldh 

with 13 processor:.,. III rad, wlt.hjll:"t, 7 pIOU'''':''''I:'', Il look cl.., Ilul(· ri.., 1:, hl·lolld.., 

to gel, the solution 10 the A* paIl, J,!;ivillg IIh il :"I)I'('dl1l' (JI' al"JIII ~~1 Alld 

this was achieved with a fairly simple pal'alkli~atioll :-.t.liltq.!,y (1/1<' ('ellÎ.rltliz('d 

strategy). This gives us a very good speedup UllY<' hl'(' FIg 7.7). 
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Figure 7.6 Speedup for calculatillg a value 
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Figure 7.7: Speedup for doing the A * scarch 
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7.3 A Summary of the Results 

The results we have obscrv('d and pres('I1!.('d in tilt' pn'violls st'ctinns Illa)' ht' Sllllllll.I­

rized as follows : 

• The speedup for tht' p value calcul,ttioll is ahout. (i 01' 7 \\'It.h 1:1 prot ('SSOI':-., .llIti 

il, does not inCl'CaS(' apprt'ciably l)t'yonel t.hat.. \Vt' helVt' St't'II 1 h,d 1 ht' pLolIC'! ie 

graph is Ilot uniformly structlln'd, and titis fol'Cf's ~OI\It' plt)('t'S:-'Ol~ lu (tllllillllt' 

processing while other proct'ssors r('lllaill idlt', 'l'II(' I('dt'~ig"illp, of 1 lit' phollC'l il' 

graph is a major lInel('I takiug which i~ I)t'J'ontl t ht, S( Opt' 01 1 his 1 11I'~1~ Il il I~ 

undertak<'JI, and its transitiol\s ord(,I't'd ill il tllfft'n'I\I, "1""111'1', tOIHI\J( I\'t' 10 t.ht, 

multipwcessor ardlited,ul't, t.1I(ü \Vt' Il,lV(' Il~t'd, \Vt' ~hollid lit' ,d,lt' 10 :-'('(' 1,1Ip,t'l 

speedups th,H1 w(' h(LV(' é\,hi('\'(,c\ 

• The sl)('ed li p for the 0 "alti(, ( ale 1\ l ,II, iOIl V(IIICS flOlll .dH'" 1 :~ loI' ,1 .., III ,d 1 WOI d f () 

about 6 for a large word WltI, I:J ploCt'ssors, A lalp,t' pOIt.IOII <lI Ulis ,dl-',Olilhlll 

involves lookillg IIp datd frolll d strllct.\lI't' t.llclt. WelS fill('cI d:-' cl sidt' 1'11('( 1 <lUI'III/!, 

the (3 value cakulatioll, Jt, wa~ Ilot possibl(' to loccI!lz(' tilt' ,1( ('~S('S 10 1 hls <1 .. 1.\ 

structure on eacll proc(,Sl'ior, alld so ct I.uge 1Il1l1l1H'r of 1('11101(' IlIt'lIlOI y cle'e't'~SC'~ 

were being performcd dUl illg titis phas(', A t.holollgh I('d('sil-',Illil/!, 01 1 Ill.., P,II f 

of the algorithm is 1I{'('ded, wit.h good Il\odlllclrif.y of da!.1 ~fll\( flll('~ III (J,de'l 

to allow th(' data struct urt' to 1)(' allocat.cd 011 d tfrel ('Il t. Il\t'll\Ol'y \1 ItJcI Il 1(,:-.. Th IS 

would reduce the Illlllllwl' of 1'('lIIot(' I1H'1Il0I'y ,\.('('('SSt'S, <llIfl .dlo\V II~ 1 (} cI( 11I('v(' 

greater speedup. 

• We can expect very good spc<'dup for t.!\(' A * aigorit.ltlll, l',ovid('cI tilt' IIIIIfllO 

cessor system expandl'i a sufficielltly larg(' Ilulllht'i of 1l0clf'~ I".fof(' If. flllds f.lw 

goal node. In the case whcr<' a sJllall 11111111)('1 of lI(JcI('~ ,11(' ('XPdll<kel I)('fo\f' 

the goal node is <liscovelf'd, pa l'allel izat.ioll do('~ 1101 p,i V(' ilS ,IllY "1)('( 'clu p, ;I~ Wf' 

have noticcd; il, actually detl aets 1'1'0111 t!1t' perfollllclll(,(' 01 1 lit' ,.lgollf 11111, cllld 

should Ilot be lll'ied in snch ('a~('~, III t!w (cl~t' wllt'I(' cl Icllp,(' 1111111111'1 01 Ij()de'~ 

are expanded. pdrctlleltzdtlOlI i~ VPIY IIsdlll. A~ OIN'/V('eI \Vltll tll<' I,II).!/' WIJld, 

we could get a ~)('edllp of ~~'1 with 7 ))J()( ('~~Ol~, 

II, is the authOI's sugg('stioll thctl palclll('!izcdloll 01 tl)(' A- lit' ,d,f('lllptl'd oldy 

after 50 or 100 nodes al(' expalld('d dlll'lllp, tilt' A'" "'(',!It Il, d('ll<'lldillg 011 t.\w 
multiprocessor machine llsed, aIld the STH'pd of t./l<' lIldl VIel liai IHW (''''>Of S. If t.!w 
individual processors are ~Iow, parallcliz'ltioll ~h()llld II<' illit.lid,(·d ,11'1.(', ,1 ff'wf'f 
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1I11rnbcr of llodes are expanded; if the individual proccssors arc fa .. t, paralleliza­
tion sholild he deferred. The above numher of 50 or 100 would he good for the 
BUN Buttcrfly machiIH'. 
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Chapter 8 

Conclusions and Future Work 

In conclusion, the A *- Vitel'hi ,Igorithlll cali be paralkli:.wd f'lllly ("lsily, 1,111. wi1.h 

a distributed shared rnemory machille> sllch as th(' BUN Bllt.t('rlly, sp(·(·dllp 1',111 III' 

limited by the amount of l'cm ote 1lle>lllory ac('('!-.s('S th"t 1I(·(·d to IH' <lorI(' . 

8.1 Comments on the Parallelization 

The distribution of the phonctic graph was dOlle ill a v('ry Ilcllv(' 111(11111«'1'. If t.his 

distribution is donc ill a better fashioll, W(' collicl l'('cllI('(' t!w 11111111)('1 of J(·IIIOt.(·III(·III01 y 

accesses, and thus spced up the processillg of th(' /1 vahl(' (al( IIlat.ioll!> 

During the calculatioll of the block Vitl'I bi algol'it.hrll, 1.1)(' pl ogr ""I ilgtllli do('S cl 
lot of remote rnemory acces!>('s for vailles which ('ollid III' l'opÎ(·d IIlto lo( ,d Il H'II 101 y. If 
this is donc, the calculatioll of t/w block Vit('l'hi ctlgol ithlll (ollid ,"~() 1)1' sl)('(·d(·d "l' 

suhstantially. 

The software that was lIscd fOI this tlH'!>is WclS optirllized lor Il'''(' III il !-.(·(J1l1'llt.iid 
machine. This provcd to he a major drawhack ill ib, pCll'élll(·lizcll,ioll. III 1./)('opi/lioll 
of the author, paraIlclization of code cali bcst \)(' dOIJ(' ft!> follow!> . 

• Keep the code simple; do Tlot rnakc ally optlmizat.iolls IJy Irillld . 

• Use simple data structulcs; kpep in mind tbat th(~~(· dat.a ~t.llH t.1IJ(·~ IIlay IlaV(' 

to he shared. 

60 



• 

• 

• 

• lIave a kllowledgf' of the habic architecture of the machine on which the paral­

leli:r.atioll i:-. 1,0 hc' pf'ffonned. The codf' will have to b(' customizcd diffcrcntly 

for diffen'nt parallel architf'ctures . 

• lIaV(~ a global vi('w of the code; identify portions of tllf' todc that may be 
parall(·li7.(·d, alld rnove :-'lIch parts into distinct module~. 

8.2 Suggestions for Further Work 

011(' very int.('IPstillg proj('ct, would he to irnplement this algorithrn on a Illessage­

passing IlIl1ltiproct'ssol systc'm and study the speedup re~lIlts. Thcre are portions of 

the' code thrtt cali tH' frtirly eéLsdy con vcrted i nto pi peli nes, éLnd ct 1l1('ssage passi IIg 

1I111Hiproct'ssor syst('rn collid illlplelllcnt pipelines 1ll00e C'a:-.ily th(lIl a shared-lllclIlOly 

sylitelll would. The clltin' apPlOach to this problclll would hclvc to be diffcl'ellt [rom 

the apPloadl followc'd h('l'c. Static division of thc phonetic graph as irnplemclltcd in 

this tlwsis might Ilot he possihle, and so othel' avellues Illight have to be explol'ed. 

Data sharillg éllllong the' proccssors will Ilot he as casy élS going to l'elllote Illcmol'y. 

Th<>I'<' will 1)(' 110 COIlC <'I)L o[ a global mcmory [rolll which ('rteh proccs!:>or could access 

data. And 1.11<'1'<' al'<' ct whole ho::;t of othf'r issues théLt élIe unique to t!w llIessage 

passillg WOI Id t.hat. will Ilot appear ill the shared-melllory world. 

A s('cond project would 1)(' to take the fUrtent illlplellH'ntation, and wOl'k on 

l'(\d('sigllillg tire phonetir graplr to spcedup the /3 value calculation part. Olle may 

also stlldy as 1.0 wlwthel the 0 value and f3 valuc calcuiatiolls may be lllerged. 

A tlrirc\ proj('ct would he to convert t.he A * scarelr into éUl IDA * scarch. The 
IDA lj. is t.he Ikrat.ivel)' Deq)elling A * seareh which was dc'veloped to addrcss one 

of t.he major probl('lIIs \Vi th the A *. The A * search involves cllormous amounts of 

111<'1110 l'y the :wa l'ch 1.1'('(' t'x pands expollentially, and so does the mCl1lol'y i t occu pics. 

'l'hl' 1 J) A * S('cl l'ch, on th(' 01 }I<'r halHL uses lllelllory III a 1 i 1)('ar rash ion. The algol'i th III 

Îs ct 1'('('111 siv(' Olle, c\lld t.he 1lH'lllory lIscd depelld~ on the levc! of recursioll al, the givcn 

t.inl<'. A second factor 10 1\Ot,(, in t.he IDA * seéll'ch is t.hdt we are guarantecd a lincar 

s()('('dup, and the gOdl 1\od(' dctectcd is guarantecd to he the l110st optimal OUf'. And, 

unlike in t.he A*', the' tcrrnination crit('ria need not he rnodified t.o detcct the optimal 

goal Bode'. 
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Appendix A 

Code U sed in Parallelization 

On the BBN Butterfly machine, in order 1.0 nlll a progl'i\1Il 011 11101'(' t.hilll 0111' pro( ('ssol' 
under the Uniform System, il has Lo he run IIl1dl'l' il dll",I, /'. fol' ÎIISt."IU·t" if \VI' \Vish 
to run the program a.out with ,) proceSSOI'S, w(' haV<' t.o giw tilt' (Ollllll<lIld lille' 

y. cluster 5 a.out 

where the % sign is the normal UNIX prompt.. This l'III1S ([.olll wlt.h !) I)lO('('SWI'S, 

which may be uscd for parallcl processillg in t.he progralll. 'l'II<' fllllct.ioll 11/(/,,1() i~ 
executed by one of the 5 proccssors (this is dccidt·tI hy t1H' sdU'dllltol cd, 11111 t.illH'); W(' 

will refer 1.0 this processor as t.he mam pro('es~ol'. TI\(' ot.!H'1' ,1 pJ'()('(':--~(J1S "If' III,tdIVl', 
waiting for commands from the maill pIOC(,~SOI; t.!I<'S(· I)JO«'S~OIS III.ty 1)(' dlt.IV.tI(.d 
by means of the genemtor l'outilles t.hat .. U·(· ilvctilahlt' ill tilt' IJllilollll Sy~tl'III Tlw·;!' 
and other issues will be discussl'd latt'I' ill t.hi~ dlclpt.('1 

In this chapter, we shall disCllSS the \Vay ill w/lICh tilt' a//!,o"ithlll w.tS Jlctl.dl(.li,wd, 

and how the parallcl processillg wa~ contlOll(·d. Eélf'h st'dioll will di~('lJss fi diff'('I('IIt. 
facct of the parallelization, alld exalllplt·s will \)(' giv(,11 ill tilt' fOJ'J1I of p~('lIdo-( od(·. 
In sorne cases, whcre relevallt, the act.lJa/ c(J(le JJ1éLy \)(' Ils(·d 1.0 d('1I101l:--tJ (tI,(, tilt' 
techniques used . 
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A.1 Starting the Processors 

Paralh'l proccssing is iJlitiated by the main program by means of the generatol' routine 

GwOn/O, 

lnt Genld = GenOnI (par_main, tot_procs); 

The param{'f.cr par_mam is the function that aIl the proccssors have to execute, 

and Ul<' paralll(·I,(·r lo'-pl'o(,s is the Humber of proCCSflOI'S that art" going to work on 

the [ulldioll /ml'_lI/llllt, (,'('llOnl is a ,"YI/chronol/s p,Pn('ral.or, i,t'" il. forces loLpl'ocs 

1I1111l1H'r of plO('('~SOls, ill( luding tht" processol' that. is makillg the gCllcrdtor cali, to 

work 011 t.he fil 11< tioll illdicdted (ill t.his case, IJllI'_l1wm), \Vhell ail tIlt' processors have 

rillisll<'d working 011 the [lIl1dion, control thcn rctUlns to IJI(' original proCCflSOI' which 

('allf'd (,'fuOnl. 

A.2 Allocation of Processor Numbers 

Each 1>1'oc(,s801' is allocat.ed a ullique number in order to cont.rol the pal'allelizatioll 

1>1'O(,{'ss, This is dOIl(' hy ITlt'clllS of t.he UsProcNodc calI. This cali assigns ct unique 

tJni[ol'lll Syst('1II 1>10('('SS01 11lIIIlhel' 1,0 t.he proceSSOl' that calls it, This number may 

then be used t.o allocated 111 CIIl ory on t.he procc~sor, 1,0 force the processor to perform 

('(·rt.ain parall(·l tasks, etc 'l'he usage is as follows : 

Th(, variable lIIy_Itum may thell be used throughout the program to specify the pro-

('t'ssor, 

A.3 Starting and Stopping Parallel Execution 

'l'Il(' functiolls ,.;;larLpaml/c/ and slop_para/lel arc usee! to initiate and terminate par­

allel ('x('cution of t.he progl'cllll. Each processor has the rcsponsibility to trigger 
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num_to_wake other processors. This ('Ilsures a SllIool h 1 1,\IIsil iOIl frolll slIIglt, prll 

cessor executioll to multi-processor ex('cut.ion of tJl(' cod('. TIH' PIOl't'Ssor \\'hidl dOl'''; 
the triggering is rcferred to as the part nt proc('~sor, tlnd 1 hl' pro( ('~sor which i~ 1 ri)!. 
gered is the chz/d. The following sect.ioll of cod,' spts tilt' PIO,('~sor 1IIII1I1II'rs of 11lt' 
child processors for tht' currcnt proc<'ssol. tO_lln/kt is ail ,\l'I',IY t.h,1I hold:- 1 Ill' idl'II1 il It':­

of the child proccssors. to_s/rcp IH t.!H' ;<\('111 iLy of 1 he 1><11'1'111 pHH'I's:-or of 1 hl' 111111'1\1 

proccssor. NUM_TO_WAKE is t.h(' maximullI lIulI1l)('1' of t1l1ldl('11 Ih,1I ,1 PIIH'('SSOI 
can have. 

to_wake = (short *) malloe (slzeof (short) * NUM_TO_WAKE); 
num_to_wake = 0; 

for (1 = 0; 1 < NUM_TO_WAKE; 1++) 
{ 

to_wake [1] = my_num * NUM_TO_WAKE + 1 + 1; 

if (to_wake [i] < proes_to_use) num_to_wake ++; 

} 

1* 
* The ma1n proeessor (w1th my_num -- 0) has no parents, therefore 
* 1tS 'to_sleepl lS 0 

*1 
if (!my_num) 

to_sleep = 0; 
else 
{ 

to_sleep = my_num 1 NUM_TO_WAKE; 
if (!(my_num 1. NUM_TO_WAKE» to_sleep--; 

} 

On complet ion of a task, if a 1)1'O('('S801' has any chi Id pro( C'~~OI s, il. waib fOI ,\ siglla 1 

from its childl'cn indicating that thcy haVf' finisll('d t1l<'ir work ,111<1 thl'II ~i,!!,/lab it~ 
parent; if a proccssor has no child proccs::,ors, it ::,ignals it.~ palc'llt. illlllll'di,s\,dy IIpO/l 
finishing its work. This method of signall i ng ('II~tJr(~S t.h,ü t. hl'I C' i ~ /I,tI lIu·d (01 JI C'/I tioll 

when a large nurnber of proces801'~ are illvolved in t!J(' pillallc·1 ('XC'C lIt.ic)/j of t.IlC' C odc· . 
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1* 
* Trlgger the other processors to do parallel processing 

*1 
start_parallel () 
{ 

if there are chlldren to wake 
{ 

wake each Chlld by setting the correspondlng 'my_fIag' variable 

set current 'my_flag' to be the number of children 
} 

} 

1* 
* Slgnal to the parent processor that the current processor 
* has flnished executlon of the code. 

*1 
stop_parallel 0 
{ 

If current processor IS processor 0, then 
walt tlll aIl the chlldren have slgnalled completlon 

else 
if there are any chlldren, then 

wait till aIl the children have slgnalled complet ion 
else 

set 'my_flag' to 0 

signal completlon to parent processor 
} 

A.4 The Busy Wait Loop 

Ail the proccssors other than processor 0 perform this illfinitp Ioop. Each of them 

waits 011 t.he poillt.er my-flag, the contents of which are set by the parent processor 
in ord('r tü illitiatl' parallel executioll of the code. 
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while (1) 

{ 

} 

1* 
* Wait till the parent processor wakes you up 

*1 
whlle (!(*my_flag)) UsWalt (50); 

RefreshLocalShareValues (); 

switch (what_to_do) 
{ 

} 

case PARCOMPUTE 
1* Computes the trans~tion scores *1 
ParCompute (); 
break; 

cas~ PARGRAPHPROC : 
1* Calculates the max beta values *1 
ParGraphProcOo(my_ud->GrProc, (*ParGraphIndex)); 

break; 
case HMMPOINT : 

1* Calculates the alpha values wlth the block Vlterbl algorlthm *1 
Atomic_add (doHMMPolntFlag, 1); 
HMMPolntCalculate (); 
Atom~c_add (doHMMPolntFlag, -1); 

break; 
case PARSEARCH 

1* Ooes the A* search */ 
ParLexlconSearch (); 

break; 
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When my_Jlag lias hcpn ~et by the parent processor, the CUITent processor thcn 

proceeds to w,lkp its child proc('ssors, if any. It then calls the fUllction Rrf/'( i>hLocal­

Shan; Valurs, which updat('s any sharcd variables whose values may have 1)('('11 sct in 

HI(' int,<'fim. ft then (h('eh the variable whaL/o_do in order Lo find out which fund ion 

mllst. 1)(' rIIll ill p<ifdllcl. 'l'II(' ~witeh ~tatemellt 1H'lps t,o dccide which of t.he fOllr parts 

of IJI(' algoJ'it.hm helS to h(' (olllputed 111 parallel. WI)('n the computation has bccll 

finis/wei, ('(teh proc('S~OI Ul<'11 ('edls the fUIlLtioll ... to]Lpamllrl 1,0 indicatc to its parent 

that it. ha~ collIpl(,t('d its ta~k. <lml is dwaiting further di(cctioll~. The proccssor exits 

whcll the varIahl(' w!iaLllu!o directs it t~. 

A.5 Code for Parallel Computation of Transition 
Scores 

The following code was used to parallelize the computation of the transition scores. 
We pre~i('nt it. in the form of pseudo-code in or der to explain it better . 

ParCompute () 
{ 

} 

Get the time instant 't' 
vhile t < T 
{ 

} 

Set the data pointer to store the output values 
Get the observation vector 

for every phoneme model (each is an HMM) 
{ 

} 

Get the model 
Set the data pointer to input the data 

If the model is not NULL, compute the transition scores 
for the model at the given time 

Get the next time instant 
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It may be noticed that we have used a u'III/1' loop 10 cOlllpult' 1 Ill' \',dUt'!'> 1'01 1 lit, 

time. This is deliberatdy dont' in ordt'r to Illdke par<lllt-li/.at iOIl po:,sihlt', \\'11 h 1 III' 
while Ioop, getting the n('xt tim(' inst.ant is dOl\(' atolllil (dl~, hy 1\1(',111.., of Ille"!'>, Thi~ 
aIJows each processor to gel a unique tin\(' insl,lIlt rOI it 1,0 WOI''' on. 'l'III!'> IIl1ghl Il \li 

have becn accomplished as easily if we hdd lls('d a fOI' loop, 

A.6 Code for Calculating the f3 Values 

To calculate the fJ valu('s, wc' 11<'<,d to ('a\cula!c t.llt' Ill"X 0\'('1' ail th(' :-.1 <lks ) ill 1 II(' 

phonctic graph fol' eaeh time instant. l, 'L'1ll'l'efon" t'<ldl PI'O('('SSOI' \\'01 b 011 1111(' pMI 

of the graph for a particular tinw ill:>tdnt., and tilt' \('Sltlt.S al(' ('oll,lIp" hv pro( ('S:-'Ol Il 
before going 011 to th(' IH'Xt time inst.anl, 

ParGraph () 
{ 

for each t~me lnstant (t' (0 <= t < T) 
{ 

} 

} 

A.6.1 

start the parallel executlon 
calculate the max beta value 
stop the palallel execut~on 

Calculating the Max for the ;j Values 

To calculate the IlIctX ovcr ail t.he s\',Ües J in t!H' pholll'1,i( gl apll, ('tIC Il IH(JI 1':-'~l)1 WI!I!,'" 
on just the stat.es in its loud llIemot y, t1I1lS l'<'clllcillg t!1I' total t.ill)(, SI)/'I Il. III Ilw, 

section of code, The :>p{'edIlP h('\'{' C<lllflot b(' IIIH'at wit.ll t!w 1IIIIIIIwI 0/ PI(H'('~:-'()I:-' 

bccausc whilc gctting the bcst v,due ft o III ,dl the ~tcl.\,('~ (Ollllf'('I,('d 1,0 t.!w ( ll1lf'lIt ,,>t.1I (', 

a processor may have Lo go to J'('IIlOU' fll('lJIory 1,0 gd tif(' (OI)«'I'II('r! V;1Ill(':-' III /;1( 1., 

with a larger nurnbcl of prOC('~bOI:>, UI<' loop st.lI ts P(" rOlllllllg V(" y IJadly, 1)/'( .111">" 

the nurnber of remote mernory dCCCb~(>~ beCOH)('S quit(, 1.1\ P,(~ 
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ParGraphProcDo () 
{ 

} 

for each state on the current processor 
{ 

} 

Get the phoneme corresponding to the state 
and set the data pointers 

Get the best value from aIl the states connected to 
the current state 

A.7 Code for Calculating the Q Values 

Each of the pro('('ssors ('x('('utes the following picce of code, thus performillg the 
cakulatioll for 0)1(' of the phOllelll<' lIlodels . 

Get the phoneme model lndex 

while there are phoneme models to be done 
{ 

} 

Get the phoneme model 

if the model is not NULL 
{ 

} 

for the tlme perlod t to t' 
Calculate the best alpha value 

Advance the phoneme model lndex 

A.8 The Parallel A * Code 

EVl'ry processol' ('Xt'cutes the l'ollowing piece of code. Each proccssor accesses the 
Open Est. tü get, tilt' Ot'st no de in the li~t. Once tllC' processor has the best node, it 

69 



• 

• 

• 

deletes the node from the list. This pro,css of ~d till~ t I\l' lIodl' alld dt'It'I illp, Il t'IUIII 

the li st is done after locking the list so tbat 110 01 hl'!' pIOC('s~()J' chclll!!,t'S 1 hl' li~t .11 

the same time. The processo!' tht'II dl('Ch.:,; t ht' Ilodt' 1 {) ~('I' if il is 1 hl' dl'slI l'd ~lltll 
node. If so, it signaIs the othe!' pron'ssors 10 n'ilSt' ~(,(lI"'"I1~, .\IIt! Il pllllis 1 Ill' lop ~:) 
contenders from the Open list, a.nd l'('t.urns SU('('ESS 10 plOt ('~~or Il. If 1 hl' lIode I~ 
Ilot the desired goal Bode, t.he pro('('ssor l'xpallds tht' 1I0d<' .lJId plll~ ils dllldll'Il 011 

the Open list for Iater spa.rching. 

doLexiconSearch () 
{ 

} 

do infinitely 
{ 

} 

Check the abort flag 
If sorne other processor has found the 

goal node return ABORT 

Lock the OPEN list 
Get the top node 
Delete the top node from the OPEN Iist 
Unlock the OPEN list 

If the node just obtained is the bast node then 
{ 

} 

set the fiag to abort the processing in the other pracassors. 
lock the OPEN list 

display the tapmost entry. which is the goal 
unlock the OPEN list 
return SUCCESS 

Expand the node just obtained. and add its childran 
to the search space 
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Appendix B 

The Uniform System Subroutines 

'l'he BBN ButtPffly lIlultiproce&sor machine has a Jjbrary of bubroutines that may he lIsed 

to parall('Jj,f,(' a program, 'l'hb lihrary of subrolltincs is knowlI as the Uniform Sysh'm, In 

t"h, spction, w(' shall study the major Ullifol'Il1 System libl'ary calls, which illvo\ve pro­

{'('Sh<H control, II\plI\ory manag,pment, synchronization, and atomic opcratiom., These four 

cat(lgorips are v('ry (lf,f,cntial fol' managing a paralIcl pl'Oces&ing syst('l1l. 

B.I Generators 

(,'C7ICmt07's an' p:-II'\. of 1 hl' processor management routiI\('s of the U niform System, They 

(,OlltlO\ the starlinp; ,1IId finishing, of a task, In gelleral, a task should he kept fairly 'lmall 

so t.ha t. t lU' sys! ('111 ('a 1\ r(lSpO)H! 1,0 changing task bccnariof" The U niform Sy& tem f,upports 

t.wo g<'nl'I'at.or (,olltlol disciplillf's [BBN89] : 

• Synchronous gf')H'l'atoJ's return to the caller after ail of the generatcd tasks have 

l)('('11 I>I'OC(,88('<I, Flirt 1 lf'1' III ore, the processol' that calls a synchl'Ollous gellcl'ator al ways 

work8 on the' 1,1Sks that ale geliNated, 

• Asynchronous g,p Il N.l t ors l'et Ul'll ta the caJIN as SOOI\ as the genel'atar has been 

(\rt.ivat('d, This ('1I<lhlpf, the call1llg process to do oth('1' work. The calling process can 

I.ller wur\.. 011 g,<'IIt'lal('d la:>b if it so ch'JoM's, 

The l T niforlll Sysl t'Ill Sil pporb spveral "families" of genel'ators : 
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1. Index family. GivE"l1 an integer range, gellNators in thl' ind<,x f,ullit)' ~t'IIt'l'all' .1 t.1~" 
for each vaIne (index) wit.hin the range. The cali ilia)' lH' of t ht' f01'l1l : 

code = GenOnI (worker, range); 

or 

code = AsyncGenOnI (worker, range); 

This generates tasks of the fonn 

worker (0, index); 

where the paramet<,r index ranges frolll o ... (mllg,' - I)i in t.hih l'as<" l'til/y' 11111:-.1 

be less than 23 1. CenOn 1 is t.he synchrollolls ~<'II('l'a 1 or, éI IId "8,11l1d ,"'I/UIII i:-. 1 hl' 
asynchronous g<'lIerator. 

2. Arroy family. Giveu two integer ran/!,l'I-> (wlllch l'an h(' t.holl~hl (If éll'l arrily diIiII'IlSIOII:-'), 
generators in the array falllily g{'n('r;lt(~ il tal'lk fol' ('<I( h p,li r of v,1I IU':-' (w hkh (,III hl' 

thollght of as row and 1'011111111 indicl's) withill t.h(' l'illI~(,:-', 'l'hl' l'ail Illay 1", 01 1 h" 
form: 

code = GenOnA (worker, range1, range2); 

or 

code = AsyncGenOnA (worker, range1, range2); 

This generates tasks of the forlll 

worker (0, index1, index2); 

where index} ranges from o ... (mugcl-l), and i1UII'J'J] t.a.k(·1-> vaillps () ... ( I"/Il1fll ~ - 1). 

B.2 Memory Allocators 

The Uniform System providel-> a variety of Hwmory a.1I(J( ,1 tOI 1-> I.hat allo('al.f' 1->1.01 <l11,t' ill I!;loh­
ally shared mernory. The normal dllocator, 7Ital/or', (ail 1)(' III->"d witt. {Jllilollll Sy:-.t."ul 
programs to allocate I->torage in proc('l->f, privatp IIIPlllorYi I->U( h IlH'ulory ('<1111101 III' :,11",,,,, 
among processors . 

The various memory allocatorf> arp : 
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• (JsAllt)(: (SJze/nlJytcs) will allocate a black of storage on a processor whose memory 

is J('abt used. 

• (J:;A 1I()('!,{)('(Jl (Size/n/Jytes) will allocatc globally shared storagc on the local processor. 

• (JsAllo,.()nl!sP1Oc (Proc('ssor, SzzelnJJytes) will allocate globally shared btorage on 

the specifipd procebsor. III this case, Processor is a Uniform SystPIll virtual procesbOr 

numb<'f, This virtual IHOCPSbor numb('f is obtained from thp variable UsPl'OcNodc, 

and it rangpf> from 0" ,( P - 1) where P is the number of procebsor availablp to the 

program. 

B.3 Synchronization and Atomic Operations 

SOJnptillH'S two I))'OCPSf>OI'S Ilped to work on the same data at the HéllUe time. If the order of 

work <loes Hot matter, for illbtanc(', ill th{' incrementing of a counter, the principal concel'1l 

is that th(' prOC('ssors shollld not illterfer{' with olle another. The U niform System supports 

atolllic opPl'ations for l6-hit and :J2-bit qualltities, The following functions wiII do atomic 

operat.ions 011 addition, 'alld'illg, all(l 'or'ing : 

• atomadd and atomadd32 perform atomic additions on 16 and :12 bit quantities 

rpspectivply. Th(' ubage is 

int x = atomadd32 (intptr, increment); 

ln this rasp, iutpll' IIIl1bt 1)(' a pointer to type long (or int whel'e the implementation 

allocatpb -1 bylps fOI int), AftPr the atomic addition, *intptr will have been incre­

Ilwnt<·d hy the value mC1'C /IIeut a nd x will have the older value of *mtptl'. atomadd 
"hould 1)(· Wi<'<! whi\(> WOI J..lIIg with quantities of typP short. 

• atomand and atomalld32 perform atomic 'alld'ing operaI ions on 16 and 32 bit 
qllélntitipf, l'('f>p(·('t.ivply. 

• atomior and atomior32 perform atomic 'or'ing operations (\U 16 and 32 bit quan­

titi(·s r('slH'ctively. 

SOIllt' caSPh may r{'quil'{, more than a simple atomic operation, In these cases, it may be 

1I('('('ssa,ry to construct a /ock around the code, as follows : 
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lock; 
operations that must be atomic 

unlockj 

The Uniform System provides the following lock and unlock 01H'l'aliolls : 

UsLock (lock. n); 
UsUnlock (lock) j 

In this case, lod is a pointer to a short, and is stol't'd il\ glohally hhal('d 1\H'IIHlly, .llId 

should be accessible by ail the proc('ssors illvolwd in tlH' p<l l'a 11('1 Jll'()cl'hhill~. Il ih ail illll'~"1 

that specifies the time to wait in tens of mÏflOs(\('OlIds ht'tw('(,11 at.tt'IllJlb III hl't 1 ht' luck. 
Using 0 for n forces the USE> of a default value, which il> abOlit 011(' llIilliM'(,olld . 
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