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1.1 F inite Element F luid Analysis 

With t.IH' advm,n•mcnl of co1 nputcr architr·ct.urc. an obj<."cl of omp ul.a lionii.l fluid 

dynamics (C' FO ) is recpiircd t.o b<' large-s<·ale. high-;pecd and liigh-accmacy. The 

rini.l<' dirfereiK<' tnf:' tbod (F O~I ) has been nmiDslrcani of C'FD. bec;wse of its sim­

plirity of algoril hm and lo w cost of CP ll and 111C'mory ~to rage. Qt,berwise, th C' fin it,(' 

ckmenl nieihod (FE \.1 ), wh ich has been usr·d structn ra l ana lysis, is attractive in 

lcrrns of its ilt)plicabil it ics to au un structured nicsh and its implicit y for managing 

t hC' boundary roudit.ious. Tlw boLIIC' neck of FC,VI i. large memory constnnpi ion 

and high cos t of PU. 

T lw one- point quad1·a t urc (OPQ) t,cchnique proposed by Gresho Pt. al. [1] is qnite 

effic ient in sa,· iug I he comput a.t ion a I .-torag<•. In this Lechniquv, wl1icb cmp loys 

t.hC' Q1-P0 ci<'Ili<'IIt; veJoci t.v-linear/pr<'ssure-piecelvise constant, the difl'u ion and 

LlH• acil-cct ion matrices can b<• compute I from the •radieut m<,t ri x. T herefore t.h 

storage n ''cied [or I he cliff usion and adn•ct.ion mat ric s is unnecessa ry. Fur l hl'n nore, 

using t.he nta l ri x-stora fr!"e (J\ IS[?) formulat ion propo ed by Okud a ct a l. [2]. the 

gradient 111at ri x can b<> co inpuL<>d from nodal informations i.e. nodal wordinates 

and elcmwnl-norlc conu ct ivit ies. Owing to t hC' fommla tion. even the s orag<.• for 

the gra.d iC'nt IIInl ri x also becomes unn ccssary. Furthermor . this ap1 roa ·b i based 

ou the <' lemcnt- by-elcmcni ( EBE) sd lem<:' [:3) [·'] [.5] . whi ·h is t.hc 1111\ II'i x solution 

algorithm wi thout makinj; global matrix. The EBE schcmc wi th lll(• conjugale­

grad i<.' IIl (CG) typ itemtivc solver is effic i nt for sa1·ing com pu tationa l torage. 

sin ce the storage be orncs lin t"ar lo t he degree-of-fr edom ( DOF) of the analysis. 

1-knc€', a drf<>d of F'8M, IRrge ~to rage r<'quircmcnL, can b<' cancded. 

Recen.t. compukr archit.Pdurf' is. howi'YCI'. apt to. upporl larg<" amount of mem­

ory system. 'f'h refore MSF' formul at ion is uot always a.tln, ctive fashion . T hen 

the author com pared t hree s tralPgies of HlgoritLm , OPQ. MSF and modified JI,J S~' 

[6]. OPQ is r<'lat ively high-accuracy and high-speed st rategy. while MSF is sma!J­

IlJ<'IliOry <I Ild high-speed st raL<'gy. Them difi(•d 1\ISF met bod i:; similar lo the MSF 

method except for <:'Ya..luaL ion of a.dvccl ion te rm. Then U1P mel hod is cbaracL<'rized 
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t.o bl' hig li -actuf1•cy iirtd small -memory. H was Ob$ervPd cbal the EBE sch<'lltc is 

all radiv<> for the p~rall<'l pro<T~s iug duC' to its localiLy of data struclur' [7] []The 

clev ·lop d c d(• was ba"erl on a El3 1~ schemP, therC'fore par~llel impiC' l1Jcnlal.iou was 

carried with no di ffi cu lcy. 

It is din icult for :;dcrkiu Ft,; I to solv<' imcompress iblc flo11· prohiC'rn ·, especially 

in the e<JS<' of high Rey nolds number. without any st.aJ,ilizatlou method. One of 

l h<' most f<liiiOtts app roach for t hi s problem is Streamline- Upwin d/ Pct.rov-C:akrkin 

(S PC: ) ntelhod [9]. which uses modified int<>rpola.liou fun ct ion for tlte upwind 

sche11tc. Furth ermore, C:al<>rkin/Lcast- 'qua re (C: LS) method [10] and Sl' P ;jPSP : 

( PrPssure Stabili zed Petrov Galet·kin) metltod [J 1] a n•• more rolmsl mel hod for sta bil ­

ising bollt l'elocily field and pressure field. In this thesi . fJ alauc<'d Tensor Diffusi1·ity 

(UTD ) met hod [J] wa:; ttsed for sta bilizing lerhnic ln lhe case of Q1-P0 el<>menl, 

BTD method is a lmost the same a~ S PC: method and spends lt.>s compu tational 

cosl . 
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1.2 Paralle l Processing 

During tlw last scvc,ral dec;, de~ li~<~re lias bt>en all expouenlial growth in computing 

lrchnolwy [12]. From 4Us wlwn tl1c first ciP<'cloped computer. EN IA : a.pp<·ttrrd. 

mirropron• ·,or$ h~vc spccdrd up J 0 limPs in p('rformance ••very I 0 years. During 

Ill(' last. dec<tdc I he.' hilv dou hied appro:-.'im<tkly ev••ry 18 months [ 13] and they 

coni inuc l in Tease in p ri'OI'Illance. 

Con1p11ter tcchnology has solved or reali zed many clif'ncult problems which had 

Ilc<·cr bC'<'n s lvNI wit houl a co111pull'r and sl ill ti·ying 011 more romplicaled prob­

lems. Today's a.•i<·anced technology much depends on such a cOill[lllting 1echnology, 

I h<'rc l'ore "'<'can S«.\' t.h<d without it. Illiiiiy of arlvilnced technolo"y of nowaday. cau 

not be rral i2r I. 

A~ the sca!C' and compl xily of target soi<"d by a con1puter e.calale . 111ore com­

pul.(•r power, i.e. cal•tda.tion sp<•ed or 1nem ry izc, ai·e 1·equir('cl. Th(' more computer 

tC'chnology progr('s ·. I he· n1ore they arc us(·d in Vitrions fiekb. Therefore more and 

I'R f)idl.v progr ss is rt' quirC'd for computer tcciut log~·· Tl1ey repeal themselves. that 

i., cornpntcr trchnology arc> fated lo should bf• always in progrc .. To keep con~in ­

uous progrcs> and evolution in the .fnture, it has be<>n said that they IH\\'e to break 

I hrougl1 i<"chnical and basic concepl. t hal is , changing computing concC'pl from a 

sequent ia.J compul ing lo a pa.ntllel compnling. 

'vV ilh a Neuma11n type computer, instructions and data streams arc performed 

sequentiall y. Speeding up Llwms l1·cs wa$ best way to de<·clop a high perfo rmance 

compul<'r, however , they ncout1ter t heir physical JimiLs, Lhat is. Lhey wil l never 

ovei-comc il l.ig ltt speed. To over ome s11 h a. proble111, wP needed 11 new lype of 

computing COI Itet) l,, i.e. para !! I comJ uLing and a pa.ra.ll('l computer. A parallel 

compul.l'r seemed lo han" infinite <~bilitics and many para lie! computers havP been 

d<"Ycioped luring last dC'cadc . Fina lly. a up<'r para.llcl compu~er, i.e. massively par­

allel proc<' · ors (!VIP P) which include t hon ·ands of pr ce. sors han? been developed 

a.nd on the market . 

On thl" olher hand, in oppositi n to expen ive ~uper computer~. econo1nir work-
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·I al ious or more (•couomic pcr~oual <'Olllpul ers. in I bcse )'l'ars . we c<tn no I se<' so 

m<tny difi'crcnces bet ween t ht'nt. l1nvc sprt•ad aud with 1t computer net work which 

also havC' spread wit h astonishing speed, a virtual parallel computer. it is sometime 

ca ll('d worksta.liou clust('rS (\\"SC) ;u1d pcr>Oll!ti <'OlllpUl<'r cluster ( PCC'), 11·hich 

rnean5 usiu,g worksla.lion s or persoual co•npul.('rs couuPd.Pd lbrough a computer 

ncl work as a par,.tl('l compnter, i being one o[ ll•<' n•ost popular and easiest way to 

rea lize a pitrallcl protessillg [14]. 

T lllls toda.y's parallel co•nt>ult•rs iucl udiug virtual one ha\'(' C'nough power to 

solve a larg" S<'a i!" and complicaled prohlem thai. wa~ tOll~id<'rPd impossible in a 

kw years ago. \\'ilh tlws(' progress of hardware .. software is also dPveloping for 

a pa ra llel con1pul<"r to r<'ali z<· a high pNfonn11n cc. liowl'ver. it i a lll'ays l.whind 

hMdwar<". \Vhi k• rmtny researche$ a rc bein!', clone iu lht"<' years. more app lication 

or techniqu<' for a parall<'l cumpu ter are IW<'d••d iu vilrions fil'!d & Lo bring out the 

iibil it y of a parallel <'OmpuiC'r. [I!)] [16] 

In t.J, is t hPsis. considering sud• trends of compnliug Ledu1ology aucl rC'quircmcnls 

of solving large sca le and complimi('rl problt•m., a pa raliC'! impknwutalion of finit" 

elcmeul nuids aualysis cock was proposed. AI lir. l. S l~lD type para lleliza tion w<•> 

perform ·Jon tllf' KSR-1 and CRA Y 'DD using para lid fort ran co•npikrs. II. i ·on ly 

inserting compiiN directives in ihc fortran sou rc<" for para llel fortran l.o piirallclize 

cod<•. Secoudly 1\ ll ~ll) ty p<" para lldizalion "'''s p rfornwd on t. b<;> ll itachi SR220 1 

and DE 'Alph a ClusiC'r using 1-, lessage Pa ss ing lniPrface (i\ 1 Pl). Using 1\ ll' llibrary. 

the dev<:>lo pcd codr !)('came n ·xibl and robust. 

ll is demon sl.rnl<•d th at II)(' prcsrnl yst en1 ca n soh·ea lltree-dimeusioual incom­

pres ib le ,· iscous now aualysis of over len rn.illion C'i<'menl, wh ich corr(•spouds lo one 

buJlclred miiliM degree of freedom (DOF) iu a high pArallel effici ncy. 
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1.3 Large Scale Problem 

According Lo the recrnt computer progress. n·quir<: ITI(;nts [or solving l<ugc s ·at . over 

one milli n DOFs. Au id problem i. increas i11 g. Tezdnyi1r et at. how d lhe res ults 

of severalmilli<m DOFs problems [ I I) [1 8). Then• arc, bowe,·er. many liffi cu lt ·i s for 

olving more> large probJ ms. 

At first. CPU rost becomes extmamly large. l.n llris thesis. pnr·a llt> l processing 

is one of th<' most import ant LopicB for t bis rea. ort. ·econclly, memory co t a lso 

becomes Vf' ry l<Hg<>. As slrowrr above. J\.JSF formulation and EI:!E sclterne a re good 

approach [or minimizing rn •mory ro l. J\I SP and 1~ 13E an• also good approach for re­

ducing CPU cost bec·aiiS<' CPU cost is approximately proporLiomd to DOFs squart>d 

(without tlr cse sd reme DOFs ("nb ·d). Finally. input allCI our p111 dat a iz<' bl'come 

giga bytes order (in tire e<tsc of over Len million DOFs problems). Sonw operating 

system (OS) cannot treat over two giga by~('s ftles . 1 hen rlata d('co mposiLion i­

in<>,·it.<1h le for such larg(' scale probif'rn~ . By deconq10sing data flle . parallel 1/ 0 ra n 

be avai lab le. It is illso rwcceosary for p<lrforming l / 0 in Lhf> reasouabl<, lim<'. 

These diffic-ult y are not. only in the solving 1 roblenrs but also in lire· pr<'/post 

processing. In lhC' pre proceRsing, mesb genr>rat ioJ! and domain dccolllpo ilion spend 

large ' PUc ·t. lll<'rnory cosl and lrard disk. In t lr(' post processing, data conversion 

and visua li zation spend the sante resource. Th<'refore. paralleijzation , econon:Uzing 

nwmory cost, clala split and para.lll'l 1/ 0 a re also ncccessary for prf>/ po t process ing 

sub-systems. 
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1.4 Objectives 

In litis lhcs i , t he d ,·dopmcut mol hod of finite cl •menl fluids analysis system and 

its implemrntat.ion on Ml P, WS and PCC was pres<'nled. the r<'qniremeut.s of such 

s tudies wa." described above. Th 11, llw objcct.ives of this thesis was as follows: 

[1] Finite Element Fluid Analysis System 

l)(:'veloping lhe finite element fluid analy is syskm ba~ed on the 

i\latrix,Storage Pre<" formul~.tiou , whkh cronomizc the memory 

consumpl iou of the comput.er system and s uilitb lc f r large sca le 

p rob lem~. Developing pr jposl pro essing sub,sytcm Loo. ln the 

system . flexibility. stab ility and robustness ~n· re-q11ired. 

[2] Parallel Implementation 

lmplemrnl<tl.iou uf the devC'ioped system on i\1 PP, WSC and PCC. 

Both S fi\ID type impl mentation and i\ II MD t,ype implementation 

arc perfonnC'd . S I!\fl) type impknwn taion is performed on lhc 

1\cudall Square Hest'i\rch I{ Sit" I 11nd C'H.AY T:! D. and i\Ili\ID type 

impl<•tttent at iou is p rformed on lhe Hit.aclti Sll220l ~ml DECAl­

pha Clusier. As lite rc~ll l ls of these impl nwnlaLion , high sca labil­

ity .. I h<tl is, it.s p'·rformance increas<" 11·it h tltP tll.lrnbcr o[ processo rs 

for a IMg<" scale ;\ncl complica ted problem, is required. 

[3] Ultra Large Scale Problems 

thr re$1dls of ;v·hie,·ing a hove two objecl ivl's, Pcr[ormiug sc,·cml 

Lens of million DOFs problem in the reasonable time. 
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1.5 Outline of The Thesis 

At li r ·(, Chapter 2 wi ll giv(' a genC'ral disrussion on a. finit <'lt>meul fluid aua ly:is 

iu two $<'t tion. In t lw llrst section. the J,a.sir mel hod of finilr <'krnrn1 formulation 

i pr<"SC II IC'd . The sl.ratPgics for large ·ale problem, for cxampl.c nM.Lrix-s!.orage ft·ee 

form•dalion. i. prC'srnled in lht' second SI'Cl io11. 

C'hn.pL •r 3 rr{ns to raraJiel p t·ocessing. which includes a lllf'lhod to anRiyze 

paralle l pcrform;wcc. histo rical I ran.s ition of supetTompul.cr. ma. sively parR I lei pro­

ce tio rs ilS a trend of sup ·rcomputC'r and parallr•l ituplt>menlaLioll on l\cudaU Squ<lJ'e 

Rt"sea rrh J\SRI. CRAY T:m, ll ilachi SR2201 and DEC lpha Cluster. 

In C'hapLer I, Lite overview of !.ltc devel peel syslt"tn is shown. The sl ral.egics for 

l lt f' ullra large scale probl<:>m.s arc' also sutnnlarized. 

C'hapl,er 5 present SOIU<" num ri ca.l resnlts. After Yalidation of accm~cy. large 

scale prohl<'m a 11 d parallel C' ffi ciC'ucy a r<' ,.,,aJualcd. pr<t rt ica l problem. lik<' a flow in 

a slal iou "ubwtty, is present d. 

Finally. hapter 6 will sumtnarizC' conclttsion~ of! he thc:i:;. 



jj 

Chapter 2 

Finite Element Fluid Analysis 
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2.1 Finite Element Formulation 

2.1.1 Governing Equations of Incompressible Viscous Flow 

In Lhis ~l udy, Lhrec-dillu'nsion<tl incompressi iJilit y 1·iscou · flow was considered. Gov­

f>ming <'Cpt at. iou~ fot' such a fl ow an• Lite Navicr-Siokrs eqUid. ion. and inrompr<'ssibil ­

il y cons( rain I •cpt<d iou as follows: 

i:Ju I , - + (u · <;; )u = - \p + -v·u 
01 J?c 

(2 .1 ) 

(2.2) 

wlwre u. 7' aud F/( arc Llw ve locity lite prcssurP di,·ided by the fluid lensity and the 

Heyuolds number, r<:'specl ively. The ini tial/boundary-\·alut' prol>l<'llt i · considered 

with Lht· coud il ion as follows: 

u = u0 (2.:!) 

T =To (2 . 1) 

where u0 and To are the Dirichl land NC'tunann boundary cond ition 1·alue, respec­

li v<' ly. enfOl·ced on the corre;punding boundary r .. ill!d I'T · ll('re, T is defitlf'd as 

follow.: 
1 

T = -pn + -(n · v)u 
R.c 

(2.-5) 

Given an initial 1·elociLy nPid. which sat is fi es Eq.(2.2) and appropriat <' boundary 

conditioncl for u. Eqs.(2.1) and (2.2) ·att he soh·ed. in principal. for u and p a;; 

functions of sp<Kc amJ Lime. 

2.1.2 Finite Element Formulation 

The finite elcm nL spalial di scrct i ;~,at ions of Eqs.(2.1) and (2.2) are performed using 

Lh (:alerkin method with ILe mixed inLerpolalion formulation a. follows : 

!Yu od" 

U = 2:::: <l> n U rt 
n= l 

(2.0) 
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iVdem 

"= I: ~~ ,p, (2.7) 

whcr<' <~ " i s a '0 piercwi e I rilinf'ar basi' fun cl iou wil h rt>spccllo node n . \11 , is a c-1 

pi <'Cf'w is<" constant has is fun ct ion (unity on ei<'lll<'J11 c and zero on all other dernent.s). 

N11 ,,d, a nd 1V<I<m are lh<" Lola ! number of l11 e nod •s 1tnd el<' nJcnls. rcspt"clit·cly. The 

Gah·kin mct. IIod usc•s t b ~sc basic functi on as I he weight fun ct ion of I be wcig! Jlt'd 

res idual cqual.ioons . Eq.(2. J ) t.imes <1\, and Eq .(2 .2) 1 imPs w, intPgraled or1 !1 are 

~ IJ OII'JJ as follows: 

j Ru 1 j <!>,ac/!1 + <l> ,.( n · 'V) n drl + q, " '\'pdfl 
n of ll n 

_ __!_ { g>,,"2udfl+ { q> .,(T-To)cff=O 
/h ./ll .lr, (2 .8) 

~ 1~ , '\· u dfl=O (2 .!1) 

lntegr<> l of Lh<' third and fonb term of Eq.(2.8) by pa rts b<:'romt' as : 

(2.10) 

(2. 11 ) 

fl <' rc, Gre-en -Gauss's thcorelll described below was 11doptcd. 

j j 1 u\'wc/1· = j J. (uu•) nds- j j J. w'Vl!dc (2.12) 

The , tun of tb<' firsltcrm of the right -hand side of Eq.(2.10) and llu~ s<>co ncl term 

of the right-hand sick of Eq.(2.11) equal lo r in the fifth lerm of lcft- h<lllld ide of 

Eq.(2.8), then Eq.(2.8) can be rcanang 'd to !. he weak-form a$ folio\\': 

h <f> " ~~ dfl + ~ (f> n( u · '\ )u r/rl - ~ \'<l> .,pdfl 

+-,' { (\7 <1\ ,. · \') udfl- { <l> nTodf' = 0 
le .In .lr, (2.1 :3) 

SLtnstiLuling Eqs.(2.6) and (2.7) inLo Eqs.(2.L3) a.ucl (2.9) lead to Lhe follotring in-

tegral equations. 

(2 .1 4) 
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{ \~ , \"<!> ., · UmdD. = 0 .In 
Us ing tlw nta t.rircR . l~qs.(2. J l ) aud (2 .1 5) ran IJ .. ex prC'Rscd as foll owR : 

Mu + B (u )u - C p + Du = f 

C 'u = 0 

20 

(:U-5) 

(2 .16) 

(2.17) 

M , B . ' a nd D arc ma s, advccl ion, gradient and d iffu sion mal ri es, res r ect ively. 

f is nodal ex terna l force ''ector. For the Lime ma rching m l ltod, Market·-and-C'cll 

( ~ l AC' ) algo ri t lll tl wit h Adams- Ga.s ltforl h (.-\B ) ti me integrat ion waJ; em ployed. In 

t bis nwlho I, Eq.(2 .J G) a ncl (2.17) a re t ran formed i11t o I he explicit scheme of vdocit y 

rlcld a nd t lw d is t'<'l ized Pois ·on eq11 al ion for l h<' press ure as follows: 

(2. Jc ) 

(2. 1ll) 

wher C:.t a 11d S llb~tTip l n d<" not.cs tim<' incr ment and lime slc J> con·<:'s ponding lo 

t he l ime 1u::,.1. Afl <' t Eq. (2. 19) is solved using 'onjugale Grad iC' nl ( C:) method 

precond itioned by diagona.l ·ca ling , tlw l'd ocity fi ld of ll <'Xl time step is ca lculated 

by Eq. (2.1,'). 

2.1.3 Stabilizing M ethod 

C<Llet·kin FEM willt 110 stabi lizing met hod is corres pond. lo c nt cr difft'rencial in 

the FD!Vl. Therefore , it has po l.ent iai ll llm<"ri cal inslabi li l ie espec i~ll.y io l lw case of 

ad vecl. ion dominakcl , h igh Reynolds number, flo w. This io:La bilit y occures in t h 

vl"locil,v Acid. 

Then' is anoihet· source of instabil ity for F8\'l fluid ana lys is. It is due Lo u ing 

io ~ ppropri a le combinat ions of in t.e rpo la lions funcl ions or Yeiocily a nd pressure Geld . . 

nee a u e sec t ion i ~ one of such combinations. insi" bili t ies "pper in bolb velocil ,v and 

pressure fi elds. 

For va nishing o.r reducing Lh e c in tabili l ic , t here are some approaches , SUP G. 

SUPG / PSP ' a nd GLS meL hod . l n t hese melhods. one add itional term a ppercs in 
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lh<' finite C' lcment fonnulat ion of 1 a vier-Stokes <'q 11 ations. The sha pe of dJ<·~c krms 

arc desnibed in Tal.,le (2. 1 ). In th is fab le H(u ,p) is define I aF below: 

(2.20) 

ThPrt• is another sl<1.b ili zing mc·t hod . BTD met l10d .. whi ch is deli1•ed from Euler 

integra t ion of lime marching srhem<'. In i.bis method. 011 c add itional lerm app<' r in 

I h<"' N<L1· icr-St okcs CCJ 11 i1 f ions. 

\7-D.l uu - \u 
2 

(2.2J) 

In the C<J ·c of Q1- P0 <' i<'lllE'Il l , BTD m<'t hod is aln1ost Lh" same as. l iPG n1dhod 

and SJ'H'nds lcs:; compula liona.J cost . PSPG l rn1 is equal to z<"ro in l [l(' case of Q1-P0 

e lc•n1cnt. GL. t t"rm is tl1 1110~ 1 r b11 t method, on thE' of her hand. il spend larg<> 

' I'l l ws t because it has o ma ny additional l<'nns. T herefore, in this thcsis, HTD 

mc•thod is ntainly a.do pL<·d . 
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Table 2.1: Additional term of SUPC, Sl iPGf PSPG ami GLS melhod 

SUPG T·c•pc u · 'V <i>R (u .p) 

SUPG/PS I' G (rsupc u · \l rp + TpsJ'G \.~ · ) H(u . 71) 

GLS TcL.s R(<?, t/•)R(u. p) 
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2.2 Strategies for Large Scale Problem 

2.2.1 Element-by-Element Scheme 

For the Ja r"<' tiCa le prohkms. W<' firsl ~·In ploy tlic El18 scbcnw in I he slag<·' of soJ,·ing 

Eqs.(2. l ' ) <til I (2.19 ). principa l virtue of I his approach foil w: from tlw fa.c1 thai 

el n<cnl conlrihuLions ar<" t'<J inpul d inckpendeull.'·· 13y cirnnnvcnf.in g 1 he malrix 

ass<"mbly an d r<' I ru cLuring l,he C'G algorithm ol ll<c' dementi vel, the total storage 

of memory ca 11 be economized and linea l' to the DOF. In this schem<', the matrix­

ved r prod net, of CO algorit,hm is comput<'d itS fo iJ o,,·s: 

tVc l ,.m IY .. t, m 

Ap = L A, p, = L q, = q (2.22) 
f': = l t- =:1 

wher<' A . p and q d<'DOlc LIH' global matrix. I hf' globa l v<'clors and the r •suit of 

ma.t. ri x-v('c tor product. rc·SJWd i,•c.Jy. Hu bscript c denote the matrix or ,·ccto1· of the 

elc·rnenl c. Aftrr prodncl ing l" lemf•nl-wisc. on ly the element vecto r q, wo asM'Illb lcd 

to the glol;al \'t'Clor. Owi ng to this sdwnw. the so lu t ion of Eqs.(2.J9) and (2. 19) 

can I <' taken effecl in?l,\' in para llel. since t he elcnwnl- wise cakul a.l ious ran perform 

wit bout remote Ill 1110ry O,(T<'ss i.e. high dat.a-locali ly can be ('stab li . il<'d. (sec nl'xt 

Cha ptf'r for para I lei processing) 

2.2.2 One-point Quadrature and Matrix-Storage Free For­

mulation 

In lite FEl\1 fonnula.tion, f.hc II\as~, t he ach-<"cf ion , lll<' gradieut a.nd lhe diffusiou 

mal ri ces of Eqs .(2. 18) aud (2. 19 ) arc a ll iulcgraLl'd in l"'em.;-nt-wise. 

Tb <' mass matrix i ~ diagonally lumped. \\' h.irb is for exp li cit l ime marching of 

,-elocity field (see 8q.(:2.18)), a~ Follows: 

(2.23) 

where oubscri pls 0' a.ud 11 denote Llie rmrnber of node in (•lemcnt L which va ri es 

from one to <'ight in hexilhed ral eiC"menl. f!< dcllotes Uw volume of eJcmeut e. By 



vir tue of this lumping. t.he in verse of Lhe mass n11lirix in 8q.(2.1 ) bccoin s no long<"r 

IH'cessa ry. <1 11d the <tmounts of memory consumpl ion can be econ.omizod. 

T he ot hPr malrices. the ad\·cclio11. t he di ffusion and the grad ient matrix. oth­

erwise. can not be lumped. an in legn1tion in the <' lcm<'nl is required. Contribution 

from l hc clcm nt e of t he th a.d,·ection . the diffu sion and th ,·ad ient matrix are 

de~c ri bed as follows: 

C' . = 
'" 

(2.24) 

(2.2.5) 

(:UG) 

wiH're u; is the mosl reC<' IIt value of the velocity. The subscrip1.s i aud j denote 

components of coordim• tion. In the typica.l finit. · elemanl formul at ion. Eq~.(2.2~) . 

(2 .2.5) a.nd (2 .26) are inl e rated u ·i ng -poi nt Gauss 's numerica l inl<'gration. The 

inlcgral ion . ltowever. I'OCjlli rcs IMg<' a.n10nnts of CPU cost, then t hc -c matrices musl 

be . tor don t llf.' rn"'mor.v du1· ing soh·iug a prob lem. 

By using one-point quadrat ure technique proposed by Crcsho [l]. hqs.(2 .2 t) and 

(2.2!'i) nn be writt,cn as: 

(2.21) 

(2.2 ) 

where Vj( O) is the \·elocity eva luated at thr center of I he element. 

Eqs .(2.11) and (2.2 ) g.i,·e signifiranl m<"aning th a.t B aud D can b(· computed 

from C , therefore the s torag needed forB iln d D ca n he rcl<'ased. Bvcn .i n f hi siL­

tliltion, t,he storage• of the gradient mat1·ix occupies almost half of the total memory. 

llegard ing the gradient mat ri x. f. be ~ l at rix- 'to rage Free fo rmu la! ion proposed 

by Okuda. [2] is aYi! il able. Applying Lh <> di ' ' rgence theorr.m to l~q. (2 .26 ) and using 

the IH'- poiut qua.Jraturr again. we gel: 

(2 .29) 
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wllCrc (a), (b) an d (c) d~notc t.hrt>c su rfaces of clt"ntf'lll. ron wbich node o is iutludc•d. 

r f•) and 'Ill") arc t.h ar<'a and the outward unil vcct.o r of the surface (a). 

An ar a vcdo r of each surface, which is used lo evalnaL<' E:q.(2.29) , can be 

comp uted by t.ak ing an oulcr product of vectors of elemcnl cdgf's. \\'ben the ele rnenl 

surface i., a flal plane. Lh<" above algorithm bear · the sanw result a tbe exact. 

int<'grat ion. 

ll i ~ cl(•ar lhal all data for computing grad i nl matrix can be derived from 

nodal infornlitlion~. ll t>ncc. <"l'en the slor<tge fot· the gr·adie>nr m~trix also beculllc 

unnPccssitry. tllitl is. all matrix component n '<'d not I c slorC'd oo t.hc nwmory. \V · 

can cak ula( C> a ll matrix usiug M. F fonnula.lion wlr en!'ver neC'ded. 

Au exalllplt> of t'slinuttion of memory requirenwnl of lhr ~ I S I0 forrnnlation corn­

pared wit lr t Ita! of sta ndard F l-:1\ l and tlrP OPQ is slrown orr TRhles :2.:2. 2.3 and 2.'1. 

which show a rrtt' tuory rcquirctn<'nt or one million el·menl probl,·m. A\cording to 

thcs<' tables. llr(• Rdl'<ntlagC' of Uw MSP is undoubtedly pro,·cd . 
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T~b l e 2.2: !\ lcn10ry consnmption of s tandard fCM ( r one million problrm 

Node Ekm. T tal !\ I emory 

Integer 0 8 8 32 J\ lbytf'S 

Doub le 13 1:!:3 146 1 JG Il l bytes 

Total I :3 141 154 1200 J\ lbyks 

Table 2.:3: !\!emory consumption of the OPQ for one million probl<"m 

Nod<' El<'m. Total i\ lcmory 

Integ('!' 0 8 8 :32 !l lbytc$ 

Doub le 1:'! 3:3 4G :JG8 i\ lbyLes 

Total 13 41 5~ 400 i\ lbytes 

Table' 2.4: i\ lemory COI1SU111ptioti or t ile !\ !SF fo[ onr million probl>m 

Node Elem. Total i\ lemory 

Integer 0 8 8 32 l\1bytcs 

Double' 13 !l 22 116 \l hyte 

Total 13 17 30 208 i\'lbytes 
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2.2.3 Hourglass Control 

The one-poi nt. CjlladrAturc i<'chniqw• mi ht C<tllsc• lbc hourglass mode, whirh is a 

physicall.v rncaninglcss oscillations corrrsponding to zero """'KY mode of thr dif­

fusion 111aL rix. :reslr o [I] havE' propos<•d the hourglass ronlroll<•r. th<'ll Okuda. [2] 

cuslomized il. ll ourglass contro l.ler is du111ping mal ricE'. which would be a lcl<'d to 

thl' diff11sion matrix c1•alu a1.ed by th • on& point qundratur . The coeflkienls o[ the 

dumpiug rnat rites arc obla.ined by cons icl riug th<' diff<'r<'H<'<' betw o tlw diO'ttsion 

rna. l r.·in's calrulillt>rl by lire <'Xact irrtcgra.tion a.nd by the one point qnodraLLll'< •. As­

suming that lhe el<'meul lr as a reda11gular pa.rallc-1-pip<'d shape, both Dex (eXi!.Cl 

V<l iliC or D ) and D,p (<·va lllaicd I y t!JC one-point qnadraturc) ar<" <·ns.i ly COll ipuled. 

Sn lJLrart iug D 11, from D ex . we can geL th<" followi11 g dumping matrix: 

(2.30) 

wltcrc- h.v, hy a.nd h z are length of ci<-nJ<'Ilt edge in x-, y- and z-dirccl ion. ,respeclivcly. 

lf:liJ. f-12 tJ 1, lfw2 and 112 /J3 M<" four hour glass mode a.s fo llows: 

{ //3/J} = (-1, 1. -1.1.1,-J. J. - 1) {1-fw ,) = (1 . - L, J. - 1, 1, - 1, 1. - 1) 

{flwt) = (J, I. - 1.. - L - 1,- l , J , I ) {//21n} =( I , - 1,- 1, I. - J. J.l.-1)(2.31) 

Ass umption b<:"hind llw ailOI'C lcrivation proc<'dure implic·s that the hourglass con­

troller of 8q.(2.30), wbirh i 11corporal<'~ th<' lengt h of elenwnL edge, is quil.e reason­

able a far ii.S the element i not ever<'ly distort ed. 

The sample of hourglass ntode appcaTed in the vC'locity field is shown in FigurP 

2.1 . and tlw ~iirnc velocity field wrrectcd b_l' hourglass controll er is shown itt Figure 

2.2. 
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Pigurc 2.1: Velocity hog around circu la r cy lind e· r with hourglaso lllOde 
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Pigure 2.2: Velocit.y hog around circul a r cy lindPr: without hourglass mode 
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2.2.4 Modified Matrix-Storage Free Formulation 

llcccnl con1pn ler <H-c hiLPc·ture i$. however. a pt lo support la rge <• Jll0\111 l f 111 mory 

sys iCIIl , MSF for1mdal i\.l11 is not a lways alt rac li<·c fas hion. Thcu tbe a utbor consider 

a """ slra tt·gy, i.e•. modiG d .MSI' , which is 1 hc same' as lVISI' except for lh • ,·va l­

ua t ion method of acl vPdion lenn. lo litis st ra tegy. advect ion te rm is ca lculalecl by 

llw G11uss quaclra l ure using eight sampk poinlR cn :ory- time ncf'df'd, for l be purpos(' 

of saving tl1 e accuracy of ad vecli1·e emin ent now. 

T il e clifl"N<' II cC' of tbref' slratcg i<"s, lh C> OPQ. i.hc i\I SF a.nd tlw modifi C>d i\L 'F. 

IS showu on Table 2.5 a nd 2.6, whi cb a1·c· l.he r!'sult of tbree-climensional ca1· ity 

(1\.l\1' a nalys is of :32./6 ekn1C'nt s a nd 35.!137 nod<'S. Pro"' t lw Tab le 2.5. " ""ca n 

se• tha t i\lS F ond modified i\lS F stralegi<'s a re <~ d valll ageou s in lN ms of lll<'ntory 

con sumption. 011 t ltc <lllt t' r band. OPQ . lralc-gy is at tract il'e for il s high sp<'<'d. 

Figure 2.3 s l1ows the convcrg<' II CC' bl'ha1·ior of each slra tcgy. which im pljes t hat tlu' 

conw r<w llct· of each st rategy is nol so dilfNcnt, but Jllod ificd ~I F has advan(aue 

slightly. Figur<' 2.4 s hows the <·<"i o<"il.y of x-direcLion on Vf' rt ical ce ll ll•r li11 e of ca1•ity. 

Th<' OPQ and i\lS Jo' stnt t.<'giPs lt as ;dmo. t I he sam<' rc. ult. wl1i lc the modi fi ed 1 !SF 

strategy cotT<'spo ll do well to tlw rcsu ll s of .Ku et a l. [HJ] 

C'onsequ<'utly, we can say t hat the OPQ slra l<'gy ba advanta .,.e in compu t ing 

speed , lhc MSF slrak gy has ad<·aul age in a hjgb-ba lancc o[ specd a nd memory 

consump1 ion a11cl the modi fied MSF slralrgy has advantage in bot h mC"mory co ll ­

umption and accuracy. A dy11amic seiPc l.iQn of llwsc tltrC'<' . lntlegie is required 

<'speci ally iu large scale high performance computing. 
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To.ble :!..5: Colllparioou of mcmQry con sumplim1 and C PU lime 

OPQ MSF nloci.!I>!SP 

~ ! emory J 1.6 1\1 byte.~ 8.4 1\1 bytes 8.4 ~ I bytes 

(_' Pll time /step 9.5 ~('C 12./ SC(' 28.6 •cc 

Porn1ulatio.n (c) .( d).(<") (d).(e).(f) (a) ,(e).(f) 

Table 2.6: Fonnn i~Lion of advection, dirfus ion and gradjenllerm 

8~8 i 8<1> !1 (a) 
] 

(d) <l>ov-rlfl 8'f>J(OlCOJ . n• 1 8.1· 

D~iJ 
__:!__ l o<Po Dil>,\m (b) 

l c~JCSJ (e) -· 
He w B:r · o.r - Rc fl< 

« l 8<1> (c) ~(r<·> n~·l + r<bl ,d"' + r<'ln.l")J 
"' a w,dn (f) 

o.- .ri 4 
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Chapter 3 

Parallel Processing 



3.1 Parallel Processing 

Para!! I process ing (computing) i:; defined afi making onw tools (procPssors) ll'ork 

for 011(> lMgel (for example, a ntunerical si mulation). To comp ldc a job which is 

ow'r work for one person, l het'(' arc two ways. First is making a imprOI'CJTif' nL on a 

persona l ab ility and s<'cond is mak ing soml' persons work for the job , that i. parallel 

processing. Siuce Loo many workers sunl(' t ime cause low efficiency. it had bf'en 

thought that using rn<1ny processors can not be the b<>sl choice for soh·ing a IMge 

scale prob lt>m which an not be solved by on<' proc<'sso r. Nowada .. 1·s. such a not ion 

is dc-nied and it i. cons idered tha t arbitrary number of processors can be used in 

<' ni cienry. 

On C' of the most important requ irrm<?nt· for parallel computing is achi 1·ing 

a high parallr l perf rnmnce. Gencra Uy. it clc>pends muclt on <ttl ilrrhilc-cture of a 

tJara ll <> l comp u1 <'r. It can lw aid for not on ly a para ll •I code, but al o for any 

cod<! which is spe iali z<O"d for speed ing up th at t hey should dep('lld on compttLet··s 

a rchit.ec t ure to b1·ing oul computer characteristic. Tho> more lecll!l iqne is used [or 

a high performance, ll.tc more it should df'pf'nd on an architectu re. Even we can 

lran plant an cn·ec liYe c de which i$ d<·veiO(.)ed Oll I for some compu ter (' n id t• ring 

its architecturc [(J anot.hcr com puter whid1 ha differcut at"chilt·ctun·. it. is 1·ery 

dimcu ll lo keep a high performanc<'. Uowew•r. a supercomput er architecture is 

alway · lta nging in ordt•r to rea li z" n high pNfonnawe, therefore. it is an ideal for 

an eO"ect ive code that \a n ada pt to a11)" kind o[ computer, rchi tecl ures. 

ln a pa ralh•l computer, si nce there is a Yaricty o[ archil d ur('s. for <'Xample, 

nf'f.wor k topology or memory distribution type. the above problem is more impor­

tant between different type of parallel computer . .I n following sect ions, a genera l 

d iscussion on parallf' l COill(Jttling and parallel algoriLiun wl1ich can achieve a high 

perfornlintc<' is described and rec nt 1 araJ lel cornp ul<'r. <tre rC'I" if'wed. 
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3.1.1 Supercomputer 

Con1p uter cnginN•ring or S(' if'nce techno logy has be<>n cJ,,·elopillg with high perfor· 

mane(' compu l.<' rs ca lled a. up<' r co1npu ter. As shown in Pigure 3. 1. nper computers 

iJ M·e speeded up from I 1\ ( J .0 X I U:J) J•'Jo ps (floa ting point, operat ions per S<'Coucl ) 

at 40s to just under J T (1.0 X 1.0 12) ! ~' l o ps at 90s. It seems !. hat. several computer 

a rc!J iWcts wi ll lw ab l to br<'ak I he T Flops pea.k performance IJarricr by the Pn cl of 

this ccnl nry. 

Tab!(' :) .. 1 shows histo ri ca l ch;l nge of cvcle t ime of Cll AY superco mput er whi t h 

15 typica.l of il SllJ:><'rcompntcr. Show n in t his tab le. ·yelP Lim<' of microprocessor 

io rap idly spr·f'cl ing up. ho\\'('\·e r, t.h <' progre:;o of com put iug l.echuology is not only 

frorn rnicroprocessor's speed up but a!. o fro m anof her fecb nology's progrPss such as 

access SJl <"Ccl to memory or ha.rd disk, s.izc of seminmducf.o r mcmot',l' chips or hard 

disk or con1mnn icat ion speed bel wceu processors. T ilt'se progress are sunmla ri z.ed 

in [25] a.s fo lio\\':;: 

• Siuce 1985 t he 1wrformanc<> of C ~ ·I O S- based microprocessors has quad ru plc'd 

every ll'i!'ee year• or a t. the rale of 60% ev ry yea r. C' lo k speeds a lone ha\·e 

evol ved frorn 200 kHz in 70s to 300 I\ I Hz in 90s. 

• Local Mea nel wo rks !J ave impro,·ed by a facto r of I 0 e\·ery decade. In Os 

ethcrnel operate l at. 1(1 I\ I bil /sec. In 90s F DDI op('rafed at. 100 J\ 1 bi ls/sec. 

Early pro toty pes in diraf e flta.i U bits/sec uelwo rks will be com merciall y a\'itil ­

a iJ!C' by 2000. 

• Comput er backplane buSC's ha ve impro\'ecl b.v a [ador of lO every decade. 

Opera liug speed for bus<'s have e\·oh·ed from 2 1\1 bit s/sec in 70s to 640 1\ l 

bit s/sec in 90s. 

• Semiconductor nwmory chips luwc quildruplcrl in capac ity every t. hrce yea. rs 

since IUs. T hC' nu mber of bi L per chip has increa. eel from I 1\ in 70s t.o 6<1 1\l 

io 90s. 
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Ta blr• 3.1: Cyc le I imc of CRA Y cornpul<' rl' 

Year ~l o de! eyr ie tim <' [n$) 

l !JTG C'RAY I 12.5 

1982 CHAY X-~·IP D.5 

J98i'> C l\ Y2 8.2 

1988 C'RAY Y- ~IP 6.5 

1!)92 CRA Y Y-MP C'-90 4.0 

1992 <'It!\ y :1 2.0 

• ~ l ag,rwti c disk storagr> has c,·olvecl from a dr nsit.y of I 1\ !,it s pl'l' square in c-h 

in 50s to I ; bit s p<' r square in clr i11 90s. 

Th t>s<· combinrcl performance growth ha ve d<'Vf'loped sup<"rcomrutcrs lik<' ~I PP. 

Gompu.Lcr a.rchile ·t.urc is class ified into simply four types [26), that is. ' lSD 

(. ingl<' Instruct ion- ·t n' <Ull Singk Da.La-sl ream). S I ~ I D (S iuglc lnstnrcl ion-sl ream 

J\ lultiple Data-str<'arn ). \II D ( ~lultipl e lnslnr ction-st realtl Single Data-. tr am) and 

~'ll i\'ID (J\Iultiple lnstruclion- tream i\lultiplc Data-s tream) and 11!\ID is cia sifif'd 

mor'' detail [27] as shown in F'iglll'c 3.2. In [:17]. it is di sc ussed that lht• ca ndidat e 

computN archilect.urf's and t hr·ir pot <·ntiaJ to produrc the T f.' lops sys lE"ms. Tlris 

figme inrlud('S not. only \1PP but al ·o \\'SC. 

As cos t of workst a tions or p<> rsonal colllpult•rs lown and 11.l so peed up. a virtual 

parall('l cou1putcr using wol'i;stations or pNsonal cornpul ers connPclt•d through a 

computer net. work. WS , is IJ <? ing one of lirt" most popular and easie l way lo realize 

a puall I process ing. ln tlri s st•clion. MPP aliCI \\ 'SC are de cribed as a parallel 

computer and pamllcl programming systems are r('\'if' wed. 
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P(lr{ll/('/ PrCJgmmming 

Figure 3.3: Datil parallel and ma ssage pa~sing 

3.1.2 Massively Parallel Processors 

Teble 3.2 [28] and 3.:3 [29) . how: peak performancffi of 1\IPP at 1 9~ 1 and 19!!5. 

r'<'sp<·cl i\'<o- ly. These tables sholl' what a [a ·t spe d 1\.lPP has been developing ll'ith. 

Computer ardrilectureof MPP is a lso classified inlo simply two ty pes. SIMD and 

11-IlJ\lD. Since SIMD is sim pl<>r architc<·lure. ea rly de1··c•Joped J\IPP (Acl ivf' lf'nto ry 

T<'ch. DAP-610, JVlasPar MP -.1 or Thinking 1\'l achin s C!l l-2) adopted Sl JJ) typ 

and lal r, Ml!viD ty pe f\1PP (f.rrtel iPSC/ 60, NC'ube nC'lfHE2 or J?ujitsu APlOOO) 

bave been dcvelope<.l . ll owever , sucb MJMD type 1\lPP can nol support data para llel 

algorithm which is de nil.ttd in bdow. 

To reali ze parallel prograJrmting on l\LPP, th<'rc itre I 11·0 types of programming. 

First is called "data pand lel" programming a.nclllre ollwr is called "message pit.Ssing'' 

progr11 rnming. With !.It<' fornwr, uJ_,- da La is pa ralldized and . a me instruction i 

p ·rfornwd to divided dii-La in parallel and user ha1·c to consider only data cJi,-id ing. 

On tbe otller bRnd. wi lh lite !al ter programming, nol, only data but a lso in­

sl.rtl ctions are parallclized. It means that each processor bas own instruct ion and 

dill a. and to change data among pr ct'sso rs, I hey communicate b Lw en processors 

spcci fi('ally. 

Figure 3.3 shOII'S compari . on between the. e para.llcl programming style. 

Noll'adays, ~ilJMD type support.i11g bol.lr of parallel programming sty le, "Dala 

Par~llel'' and ''1\ii(;'SSage Pass ing'' is being trend of 'MPP (Keodall Square H.esearch 

KS'R or· ray T:m). 
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Tab lf' :3 .2: Peak performa !I CI"s of sup<•rcomplil er in 1991 

!'d odd Number of ProccBsors 61 -bil Gigaflops 

f n~<'l Della 'i l 2 I :3.9 

CllA \' Y- ~J P C-\10 16 13.1 

' EC SX-3 2 10.0 

Thi11ki 11g ~la ch ines C.:~ l -:lOU 2,0-18 !1 .8 

Fujitsu A P- 1 000 512 :.. .2 

nC'Ul3E2 l.021 L9 

Ta ble 3.:3: Peak performances of sup rcompult?rs in 1995 

~lode! N umbt• r of Proc;;ossors 64- bit Gigaflops 

Intel Paragon XP/S J\ IP 6,TG 281.l 

Nntn<'l'ical W.ind Tu nncl 1,10 I 10.4 

Puji lsu VP P500/ J2c 128 149.7 

\'RAY T:lO l024 1,02-1 100.5 

1-l ilctchi -:lOOO cluster/ 4 U 12 T .2 

Th inki ng Machines CM-5 I ,021 -59.7 

IBM SP2-T2 25G 44.2 

N~C SX-:3/44 11 4 z:L2 
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3.1.3 Speedup and Parallel Efficiency 

To <>valuate a parall <> l pcrfurmanct• . .. parall<>l erflciency'' is used gener<d ly. Con~idcr­

ing a $<Ullp le CilSE' as shown in Figme a.4, speedup with n processors. S,. is defioed 

as follow~ : 

., I, 
~. =-

1,. 
(:l.J) 

wh<'re 11 aud l,, are t.ol.al t.ime for solving th<" probl<'nl using on(' processor an I 11 

processors. r(' p<'ct ivdy. Using th is S.,, parallel fnciency with n procc so1", E,, is 

defined as follows: 

1
.• _ s" __ 1_,_ 

..Jn- -
n n ·In 

(:l.2 ) 

According to f\mdald's law [~0 ). these parameiPrs lu11·c lh<'ir lirnit. c\ s showu 

in Figure 3.4. any tas k can bl:' divided in to para II liiiJI<' port ion p(O ~ p ~ l) 

~nd non pa.rallcia.b i<- pori iou (I - p). Pur pMa.lldahle portion. parallel comp uting 

ll'ith n processors can shorten cakuh11ion tim<' to 1/n in id t•al. l!OII'e\'!'r. for non 

parallelabl portion. it has to J,c;en omputed by on ly one proces or. Then the whole 

computationill Lill1f' i. eva luated as follows: 

p·l, 
l n = -n- + (1- p)/ 1 =(~+( I - p))/ 1 

aud speedup is: 

n=-----

~+ (I -p) 

C'Jea.rly. speed up :)., l11c~ following sa turation point. 
., 

limSfl=-­
" .· I -p 

Equa.lioo (~lA ) is somd imc C<tlletl Ware's law [21]. 

(3 .:3 ) 

(3.4) 

(3.5) 

Ta.bl<' 3A shows va.ria.bl<' pcedup S,. to parallelable porlion p a.nd ntunber of 

processors n. As shown in th<' table. il is dirflcult. to keep a high parallel perfor­

llUincc to in creas ing of llic number of pa ra! I ' I processors. Amdahl' la.w for pMallcl 

proce ing which reprcseut.s the limi t of parallelism sa_vs lhaL: 

Even when l hc fn t ion of serial work in a giH·n problem is small , a.y s(= 

1 - p), til maximum speed up obt11im1blc from even an infinite mtmber 

of para !lei pron•ssors is only I f. . 
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In [22]. il is said I h~.tlo increase ill(' nnntbt>r of processors. it is IJ<'Ll <'r to incrP.asc 

Llt e sca le or 1l problem. C:t•n 'l'<d ly spC'aki ug. paralJ<'J portion increase proportional 

to th sca le or a prob l<'m ilnd in ;uJ pf[cct iv·e parall('l algorithm . sNial work portion 

should d 'Ci'C'ase lo Zt.'I'O as I l•c· scak o[ a problc•m ioc rt>;~sc. Jn [:!3, 24]. il is a lso sbown 

that. Amdahl'" la.w is uol inljwrtant wiH'n para llclablf' portion increas(' proportional 

to 1.1 ,(' 11 11111b r ol· parallel processors. 

As shown in l"igurc 3.5. when Ll• c t)roblem is solv<;>cl I I ime wil h n of proc•·ssors 

and tlteu s<'q uenl;ial portion and para llelablc pori ion ares or p, resp<•c!ively (-' +7! = 

1). para lll'iablc• 1 orlion in whole cornputalion increase propol'fionalto the number 

or processors 71 a.nd scaled speedup s .. is rcpresenl.ed a.o: 

( · + u.p)f(.> + 1J) 

J -p+ 11!' 

n+(l-p)(J-n) 

(:3.6) 

Table· :3.5 shows 1·aria ble sca lc•d speedup ' ,.to parallelable portion I' and number 

or processors IL As. hown in Uw lable, ~C<ded speedup i ~ not. lheir limit. 
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Tnblc :3.4: Spel'dup with paralle lable portiou 7' and nunliJ('I' of proc<'ssors 11 

p It= I 11=2 11=<1 '11=16 11=2.56 11== 

0 .. 500 LUO L.33 l.60 I . Ul9 2.00 

0.900 1.00 1. 2 3.0 6.10 9.66 10.00 

0.990 1.00 l. 9!l ;3.88 13.9 1 72. 11 100.00 

0.99!J 1.00 2.00 3.99 1!5.76 20:3.9 l 000.00 

] .000 .1.00 2.00 4.00 L(i.(JIJ 2.'i6.00 

Tab!<· 3.3: S ·al·d peed up with parallelable po rlion p nnd number o f pro<:essors 11 

p 11 = 1 n=2 u = 4 n=l6 n=2.'i6 

0.500 1.00 [.50 2.50 8 . .50 128Ji0 

0.900 1.00 .I .flO 3 .70 11.50 230 .;)0 

0.990 1.00 2.00 :3.97 1!) .85 2~:3.45 

0.!199 1.00 2.00 4 .00 15.99 255.7.5 

1.000 l.OO 2.00 '1.00 16.00 256.00 
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_3 

Figure 3.4: Parallelize porbon 

Figure 3.5: S aled parallelize port ion 
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3.2 SIMD-type Parallel Implementation 

A l first , a S ll'V!D-Lype par~llc.l implcmcn l at ion of finite element fiuid analy~is code is 

presented. The' ta rget madtines of this implementa tion arf' 1\ enda ll Square Resea rch 

!~ S ill ami Cray T:JD. which han' di scril)ltlecl memory system in physical point of 

view. whilr looks like lhe sbarcd memory ys t rTt in tllf' users point of view. By 

1·irtuc of snciJ a nremory system. rail l"d virtual shared m ·mory. on ly Ml~ID-type 

(message pa ss ing) parallclizat iorr , bul SliVLD-lype (data parallel ) parallelizat ion can 

be pcrformc>cl. Automat ic data corn rnunicilt ion, operated l,y t he ha rd ware ilnd/or 

t he contpil<' r, enab les 1•irt ua l shan::-d memory sy tem. 

Data por;tiJ<'I style has acl va ntagf' in the si111plicit y of programming and in t lte 

high loacl- ba loll re. On t iu' ot Iter hand. this style bM a more com mnni<'ation O\'Nir !"orl 

t han message passing lyle, which is partly caused to t h(' fact that !.Ire compilE-r for 

th parilllel programs is not enough rle1·er lo opt imize tile pa rallel processi ug. 

ln tbis t hes is. to rea lize large scale Quid analyJ>is is one of the objf'Cti,·es. Thet·e­

~ re. a gra in ·ize of a.na lys i d('romposed into the number o[ processors is a.pl to be 

large. Slt\'lD-type para lle li zation can be l.aken effic ient ly because of lo1Y portion of 

da ta ommunicatioas compartd wi h CPU cost inlhe ea ·· h processors. l-urthermore. 

BB8 sdwm<', dc•scribed in Sect ion 2.2. 1, i suitable for datH para llel sty lE'. ' ince th 

program b<lsed on the BBE scheme is full of do-loops of tota l nun tber of el. nrenL, 

we must on ly decompos<" the do-loop lo tbe number of processors we u e. 
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3.2.1 Kendall Square Research KSRl 

1\endall quar R<'search 1\SH l j30] [:J l] is t h firs( commercia l l\ lPP sysl.em whi ch 

supports l' ir t ua l shMcd memory sys ll-'m. The hardware overvit>w of 1\SRJ is showu 

in Appendix A. 

Th.e mel hod for piirallcliY.t' lhe PO ItT RA N code· is qui t simp! <". Only inserting 

compi iPr dir<'dive in the P0 11TH AN source. we ca n rarallelize the <·odf'. [32] [:33] 

In pract ice, the pr c<>ss s u cc<'<'d~ as follows: 

I. Data dist ril ution 

Data dist ribulion l.o ea h proc<"ssor 's loca l memory has accomplish<'d au tomat­

ically b.1·the hardwart", natn f'd ;l l, LCA (' /I E: Engine liscrs need nol b<' wo rri ed 

about it. ALl. 'A CII E: Cngiw opl itni zP> the datil. distri bulio11. furlhennore. 

aulo111al ie<tll y date coultnllnical ion is perfonn<"d by it. 

2. Loop decoutposit ion 

Loop ci<'<'Oll1j)OSition to each processor can be performed the following com pi let· 

dircct.i1·c. ln this ca . I he total number of eleme11l 'N E' i: r<"gu la rl y di st ribuled 

to the nllmb<·r of element divided b.v lhe numbt•r of processors. 

c*ksr* tile (e) 
do e=l, NE 

A(e) = B(e) 

end do 
c*ksr* end tile 

In tlw programming cnvironm<'n t of 1\SRl , Aulomatica lly p;u·a llclizat ion tool. named 

I1AP. can b~ availa l.,le, which a.nol_vz s POilTRAN source pro> ram a.nd inserts cotn­

piler dire<·tii' CS described above a.utomat ically. However, the performance of l1AP i$ 

uu al i factory, w<: shonl d inset co111 piler dirC'c~ives ca.rcJully by hand. 
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3.2.2 CRA Y T3D 

C' RAY TJ D [:3·1](3.'\] i · the a me type of 1 P P $yst.em as the b:SRL T3D a lso support 

vidual sha.red memory sys tem by software. The hardware over view of T:JD is shown 

in App ndix B. 

PMallelization mcrha. r~ism is almost the ·a me as that of 1\ SRJ except. for t be 

dat(' distribution de ·Ia ration. Tlu? pro ·<'ss of pnrall<•liza.Lio n · ucceeds as follows: 

I. Data di~t rilution 

Data di ~t ribut ion to <•a ·lr processo r's loca l lll t:Jnor.\' has ac<:omplished by the 

following ~i mple l examp le of con1piler directives. A : ba red array's dimension 

size must. bed clar<'ci to bE• a power of 2. If doing so lllak<'S an array el<'mcnt · 

ca u I)(' le ft 11 nused. 

dimension A(1024), 8(1024) 
cdir$ shared A(:BLDCK), B(:BLDCK) 

2. Loop d<'rornposition 

Loop decompos ition to earh processor can IJc performed the same sa 1\SR 

except for the dir<>ctive' name and format, a.s follows: 

cdir$ doshared (e) on A(e) 
do e;l,NE 

A(e) ; B(e) 
end do 

:J. Synchronization a.ud serial region 

The aJI proresso r of T:lD work in para llel a ll through the program without 

master dircctiv(', therefore exp li cit synchronizat ion directive, barrier directi,·e 

is necessa ry. Tbe format. of mast r dir<'dive aud barrier dirc<" ti,·e a.r<' as follows: 

cdir$ barrier 
cdir$ master 

cdir$ end master 
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3.2.3 PTeprocessing for SIMD-type Parallel Processing 

In Uti~ parall<'lization style (data parallel) , thC' lll<'Sh dat.a ~Lruclllrc, whirb affect 

I he performance of ronununica.l ion, is most important. For making data locality 

maximum , cl<'tncnt a.nd node renun tberiug i ~ r quirecl. For (•xa.mple, when ra11dom 

numbering data is llS<'tL almo:;t all the data i required to co tllrllllllicat<' over l.he 

ren1ot procC's or's loc<d memory. 

lu Llli s study. tlw nt<'sh gent>rater for parallel processing is pre ·f'nlt'd only for 

simp!<' cxampl s. squar<· cavity and circtdar cylind<'r. The pro<·ess of ·uch il mesh 

gt'm·ral,er is as follow" 

J. Dec mposit io11 of physical attaly; i ~ domain into the suhdotnain s of the tlllntbct· 

of I he pror<'s~ors . The proc<'ss req 11 ires I hf' opt intiza lion t hal Llw cross sec t ion 

of bounclMy bet"'"''" ~ubdomains i ~ minintumized in orciN to rC'dltC(' dale• 

COIIllllUniC<ltiOilS. 

2. C:iviug global elemC'nl and no lc llltrn ber lo each sundotllain's f'lcment.s and 

node-s iu turn. 

:3. 'l'h.C' optimized me ·h d<tla, which can b!' used as domain dC'c mposi ion method 

wil h loop dccompo. ision mrtlJOcl. can be obtained. 

When geoeral un~l ru ct ured mesh i · supposC'd, any proc('dur('s such as lite rccur­

si,·c sp<'dral biscct.iou (RS B) (:Jr.] and ~fi::T I S [37] will be required. 
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3.3 MIMD-type Parallel Implementation 

In this section, a !\ l iMO-type parallel implementation o( finite <>ii'mi'nl fluid analyHi 

code is prcseu i.ed. The target machines of this implcmentat ion arc not restrict.ed 

because !VIrssage Passing rn terfacP ( ~IPJ ) standard lihritri<'S absoriJ tire lifh·<'nre of 

hardware <trchilcctnrc. of'I\ C' ra ll.r, using tvlPJ (~ ll ~v ! D-typ par<tllelizalion) result in 

high parallel pffici!'ncy because paralldable portion of code i increa eel aud users 

can cont rol rnor<' <klai l OJWrations. On l.bc other hand. irnplernentacion rroccdm<' 

is more cliffin rl l i.hn.n Sf~!D-typc impl<'rn ntat ion. 

Jn thio thesis, lli t.adJi S IU20l and DEC 1\lplra. Cluster· are nsecl as the high-<'nd 

machine of ~ I PP and P :(', r!'spcct ivcly. 

Th Sll2201 <'rnploys an innovati1·c lhr<'c>-dimensional crossbar switch to pro­

viLle high-speed con n&ct.ion among individnal proce sing drmcut (PCsJ. \\'ith !Iris 

switch, llrrr ar<! only I hrec output lines [rom any PE:one for ca.dr of the eros ba.rs. 

This ~imple layorrl aciric>ves alnrosl tire sarne perforn1<1ll<'C as tire <"OnRgurat ion wlrirb 

int.erconnccts all I he prore~sing clcm nl.~ dircrt.ly, yeL at a nu.r Lr Lower cost. 

Tire DBC Alpha Clust.er are conneclcd 1·ia fa ·t cthc>r cable network, which is 

not fast compared with SR2201 net work. Howe,·er. using PC and ether network as 

the vi rtual parallel proce·sors lras the advanlagf' in the point of economical 1·i~w. Ln 

fact, recenliy, there mc 11Jany \\ 'S 'and P C ai the universit ies. laboratories and 

companies. 

in Lhe ncxl s ~rl -section ba.-ic method of using rdPilibral_r is shown. Lhen the pre­

JHOCC's. ing nrelhod for ~1 lMD-lype implJ?mentation is shown lhe next sub-section . 
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3.3.1 Message Passing Interface (MPI) 

il lessagc Passing Int erface (l\'IP! ) sla.nd a.rd library i5 ant il ab le on t.lte both Porlran 

and C'/C'++ compilet·s. II ere. basic and impor tant fun ct ions of f\.1 P I arc presen ted 

in t lte C' fol'llL 

• lnit.ia liza.t ion 

Al fir~ I , ~I PUuit () fun ction mt•s t be calk·d [or usiog ~I PI library, Then , 

i\1 P LComnL~ize() and M PL :onun_rank() give usPr t I If• informal ion of rn1111bet· 

of pro es&es and prOC<:'ss id. A lithe ~ ! P I progranr must finis h ~JPl proct•durt> 

with ~ II'LJ'inali zc'() fun cl ion. 

MPI_Init ( int *argc, char **argv[] ); 
MPI _Comm_size ( MPI_Comm comm , int *size); 
MPI_Comm_rank ( MPI_Comm comm, int *rank); 
MPI _Finalize (void) ; 

• OnC'-Lo-Onc C'omtnunical ion 

~J.P LS<•nd() and ~ IPLRC'n·() are t hr sim pbt fun ct.ions of J'I'JPL which are 

used for· one-to-one communicat ion. MPL'3eod() fun c\ ion end the "count ,. 

of "dtypc .. lal11 fron1 bnffcr ''"' buf'' to "di's l '' process. i\JPLR.cn·() fun ction 

rec('ive the '' count" of "dtype·· claLa from "source" proc("S into buffo:r ""'bur'. 

Tbesc fun ction has som virsions; ~ I P I J3Seud(). t\JPI...SScnd(), ~\1PLRSend (). 

MP LI S<>nd ~.n I soon. Pundamentaly,almo I a ll the communica tion procedure 

r~n be ck-sc ribcd with on ly thcoe two basic fun d ions. 

MPI_Send void *buf 
int count 
MPI_Datatype dtype 
int dest 
int tag 
MPI Comm comm ) ; 
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MPI_Recv void *buf 
int count 
MPI_Datatype dtype 
int source 
int tag 
MPI Comm comm 
MPI_Status *status ) ; 

• Group Cornnnmicat iou 

IPLJ3ca.st.() and 1\ IPLReduc•'() a r<' til<' useful functions of MPI , which arc 

w<cd [or g roup OlllJiluuira!ion. ~IPIJJcast() fun ct ion seud i ll <' ··count ·· of 

''dL ·p<'" da ta fron.1 buffPr ··· ''bur· t a ll Lh<' proc ss in tlw ·· comm'· group. 

l\1 PLRcdu cc() !"unction rcc<'ivc Lh<' "count " of ''dtype'' dai a from a ll the pro­

c<>ss in l.lu' ·· connn'' grou p into bufft•r "• rervbuf" with he opPraLion "op'' . 

lPLBca.·L() is useful function, for instace. on proc<"ss inpu t some data and 

.end iL to a ll the ol!J('r processes. PurLhermore, !'vlPLJlcduce() is al.o usefu l. 

for <'xamplc, in t11f' ast• of computing Lh ··norm of ome vect.ors. 

MPI_Bcast void *buf 
int count 
MPI_Datatype dtype 

' int root 
MPI_Comm comm ); 

MPI_Reduce void *sendbu£ 
' void *recvbuf 
' 

int count 
MPI_Datat-ype dtype 
MPI_Op op 
int root 
MPI_Comm comm ) ; 



C'hoptrr .9 . .l'nro./lrl tJ·rocrssiu_q 53 

3.3.2 Preprocessing for MIMD-type Parallel Processing 

In this parallelizal ion ~ l y l (message passing). two steps of pre-proce~ ing are re­

quired . They arc mesh -generation and dontain-d('composil io 11. The first step. 

mc ·h gencrat.io11 . is a l11 tost tlt c sam as Sll\1D-t.yp<" parall,.l iv.atiou onC> except for 

llodcfelcmenl lltllnlu2ri ng. Nodc/ekmPnt number ing itt thi s slep is not. nC>cc<'ssary 

for MID~ I -ly pc parallel izalion [,<'cau c it. is ion<" in lhe next step. Tltt' ·econcl skr, 

doma in-derompositio11 , has many diffirull r<?quiretnPut.. At first.. the cro seclion of 

domain · shou ld I)(' miuimunt for dccrcasi11g I he lllllOtlltt of data con nnuni cal.ion. Sec­

ondly, c;-orh doma.in I t;,~ I he sanw number of elen1('nls . node and boundary conclit iou' 

for t he loa d balilttC<' of cad t pt'OC<'ssor. Furthl"nnore. these proredurc shot tld be in 

parallel bE"cau~e it n~·(•ds large Cl' l" and memory cosls. The gt'al h par1 itiouing tool 

MCTI / l' ,r!\'l ETIS [Ti] [:38] were· a.dopl<'d ror the domain d<'contpo. ilion tool. wh irh 

satisfied thC'sc requi rement. The procC"dme of prcproce ·sing can be summcrizecl as 

foii O\\'s: 

l. lll <o.k ing I b"' s ltap ~· of a.nalys is clomaiJt. then a.ttarh the boundary condiLions. 

"2. G ncrating t it <" eknwnl. "/ nodes u~ing lltf' ILA [39] or an-'· com mer ·iallool (e.g. 

1\S WA I) [10]) . 

3. Decum posilion of domain by lite 1\ 1 ET!S or para llel Ycrsion of it. Parf\.18TJ 
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Chapter 4 

System Overview 



·5·5 

4.1 Finite Element Fluid Analysis System 

Th<: developed syslent is coo.sist of three subsystems. wllich ~r<' preprocessing. [Juid 

an;tlysis aJICI post pro .csti in r subsystem~ . In each subsystrm. llt1· cmcienl rnet.hod 

suitab le for t he large sca le problem (c.f. Chapter 2 and :J) are a.dopted. F'ig .( ·l.l) 

shows the whole systc1 n configuril.tion, from whirl• the floll ' of sysl.c> tTt becomes rif'ar. 

In this sec t iou. the SUI1lll l<lry or eaciJ suhsyst('lll ill'<' shown. 

4.1.1 Preprocessing Subsystem 

There nre tlm-,c s tep~ in lit<' prcpro<'f'S$ ing subsy~t<'Jrt. 1rhich art• definition uf the 

shapf', rn<''h general ion and d(')Jnain decon q osition. Earh sl<'p h~ some- option a~ 

b ·loll' : 

l. Definition of the : hapc• 

• Commercial soft.\\'ar<' (e.g. 1\. WAD) 

• pecialtools for cav it y aod circuL;u cylindar problems 

• By hand 

2. 1\lcsh gcuera.tiot• 

• C'ommcr · i<~l oft.wMc (e.g. KSWAD) 

• lnt.eligcul Local Aproach (! LA) 

• Sp ·cia! tools for ca1·ily and circular cyl indar probl >n1s 

:3. Domain DecomposiLion 

• M~TIS 

• Pari\!8T IS 
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4.1.2 Fluid Analysis Subsystem 

The key word. of lluid anlysiR subsystem are iVlatrix-Siorag<' free formulaLion aud 

parallel procf'ss ing. Tbe sy,;tern has many oplious for llw fi<'xibilit.y and robustness. 

The sysl<'lll speci fi cation can I e surnmariz!'d as below: 

I. Objects of an<dys io 

• Tlm·c dinJeusional llow 

• lncontpress ibl t" 1·is<ous flow 

• L<tt ninar fl ow 

:1. 1\lcthod of allalys is 

• Fi" i l<' <'l<'meJII met!Jod 

G;licrkin m<"thod 

Ql-PO hexahedral ck·menl 

• 1\ IAC met.hod 

- CG solver 

• Time integration method 

- Euler m<'l hod 

- Ada111~- Baohforth method 

o Mat.rix-Storagc Free formulation 

o Balancing Tensor Difl'u ivity mt•!.hod 

3. Parallel proccssinp; 

• 11\ID type paral lcliza tion (parallel for tmu ) 

o l\fi.J\.[0 lype pimtll eli zat ion (MPI ) 

• Par<tllc-1 1/ 0 
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4.1.3 Postprocessing Subsystem 

The ain 1 of po:t. processing is vi ·uali z.ing I be resnlt.. for examp lr>, vdodt field. prPs­

sure fi<'ld and any otl1er phisica l valut>s. Rt> tart detta file . wbi ·h contain pressure 

l'a lne of each dement and vf'loc it.y va lu e of eetch node, is availab le foT th<' ,·isna.l­

izal ion of l'<' iocit y and pre;; ·urc fi<'ld . Th e lileler program can be' nsecl 10 conw rt 

res la rl data fil e into AVS UC D form aL fil e. 11·hich is ava ila ble both AVS a~td pa.rall<·l 

visna li zn tion sys tem. Tb<> other pl1isical 1·a.lu · • for example drag/ lift col' fTicient. 

ran b<" post.processt•d using special to L. 

I. Fi!I PI' 

• Conn•rt rc•sla rt data ftl e lo the A\'S LTD format file 

• A1·ailab!C' for IJoth AV' and parall •I visualization tool 

2. A\'S 

• The most. famou s com mercial software 

3. Parallel \ 'isu laliz<•l ion Tool 

• Visualizing pre sure and veloc ity fiekls io parall<"l 

• Support A\ 'S l iCD fonnal 

4. Special Tools 

• lmpl a.nl f'd iu the ma il system 

• Generate drag/lift <'OC' IIk ien l profi le 
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(~ _______ S_y_st_e_n1 ___ co_nfi_tg_ u_ ,_v_t_io_n ______ ~) 
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Figure 4. I: 'ys i.<'m Configura! iou 
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4.2 Strategies for the Ultra Large Scale Problem 

In this sect ion , tb key technique ror I ht' nltra larg<' seal<' problem <t re ~ummari zed. 

The dPlail(' or t hese L('Ch ni qne wer(" described in chapter 2 and 3. T herefor<' . Ollly 

l ite short li sts are shown . 

i\J.inirnizing memory u"age 

-t Elcm\"nt-by-CI<'tiWH L CG soln'r 

-> One- Poin t QLt<tdratnr<' mrtbocl 

____, i\latrix-St.orag<' F'ree rormul;•t ion 

lkcl ucing cotnpt tL<llioni\l l imf' 

__, Paroll<'l F'ortran ( I ~SRJ. CRAY T:m) 

-> i\ IP I (A lpha Clu~ter . S f'I 22Ul) 

R<>du cing l / 0 0\Trhead 

-> Para llel l/0 

Stabi lizi ng i mcompr<· -~ i b J, . Duicl scheme 

_, Bal<>ncing T<'nsor Diffusi vit.y a nd SliPG method 

Hexahedra l mesh genentl ion 

_, lnt.eligent Locnl Atnoach( ILA ) 

Effic ient Domaiu clf'<·ornposit irm 

-> i\l ETLS/ Par~ II~T IS 
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Chapter 5 
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5.1 Analysis Models 

ln th is sect ion. some JJumeri c~.J examp les a.r sliown . At first. flow a round a ·irrular 

c •liuder is ·lwwn. 'rl1c vali d<tt ion of accuracy of dcvelopr-d system is est imatcd iu 

I his ana lys is by cornpar<'iug drag/lift cocffirieul. i\cxl, three dimC'nsional square 

ca,·ity problcln is ·howu. In this aualysis, the ,-alidation of accuracy is d JJ<' by 

checking x-dirPdiou velocity profile 011 pcrp<'ndiculilr centf' r line. This analysis is 

shown also iu the later s~·ct ion of est imating parallel efl'iciency. Third analy i model 

is Yoshino ri1·e r. Tllis analysis is Oil<' of the pritclical probiC'lll using unstructured 

g<'onwtry and shows ilcxibili!y <wei robustness of developed ysleut. Fiually. J\czu 

model is show n. This au a lysis i> a lso i1 practical problrm i\nd show~ t h.f' feature of 

prepron·ssi ng snb,yst ern. 

• Flow <u·ou nd a Circu la r Cyli nder 

• Three Dim ' ll sional C;wity Plow 

• Yoshino Ri v r 

• Nezu Model 
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T<tb lc S.l: Aualy~is con lit ions of cylinder flow 

Cyl inder diameter 1.0 

C'ylindt'r IC'ugth 2.0 

Domain size 20 

llniforu1 ,·clocily 1.0 

R<'yno lds number 1000 

Time increm<'nl 0.01 

5.1.1 Flow around a Ci.rculer Cylinder 

As a saruplc prohiPm I o confirm lli<' accumcy of the cod<' baocd on I h" mal rix-storag<' 

frl't' formula! ion. a thr~dinwnsional fiow pasl a Gxed ,r lindcr at Reynolds number 

1.000 was computed. The analvsis model is shown in Figur<• 5.1. The domain was 

decomposed to 0 r•lcnl<'nt around h<' cylind<' r, 40 <'lrme-nls in the radius dirrclion 

and !0 ele111enls in tlr<' ax is lirPclion: the Iota! number of elements were 32.000. 

The lcrn ni si~e rwar the cy lirld <'l' urfn.c!" is of I he order 0.01. The analysi domain 

was el to :30 times of the cylinder diameter. 

The upper and lower h nndaries arc flow s_vmmdry lines. the up 1 ream boundary 

is unifor·m velocit y a.nd the downstream I ountl<u-y is traction-free. The analysis 

con<Lition i s lr own in Tal,lc -5. 1. A titll sl,<'p size of 0.01 was selected lo provide 

sulficielll slnbilit.y in cornpu lation. 

The simu lation w~s COill inucd for· 000 I imc steps, Lheu reached a periodic slat<', 

as s<'Crt in tlr<" dr·ag a11d lift coefficient plots in Figures 5.4, 5.5. The velocity hog 

and Lhc prcssur<' conl.o ur map of 000 Lirne st ps was hown in figures 5.2, .5.3 . 

Althouglt lhe oscill at ion in time space s lightly araiscd [rom Lite effect of on -point 

qua.dr<l,iur<' and turbulence of now. the r<'sull of Uris analysis almost coil1Cides 10 1he 

result by otht>rs [11] [<12] . 
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Figu re' 5. 1: 1\l csh configuration of circular cy linder 
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------ --------------------------------------------­____________________ -_----
--- -_ -----------------------

-- -_ ------------------------------------- -------
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Figure 5 .2: Velocity bogs around a circu l<u cy linder at 8,000 time step 

(;.! 
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Figure 5.3 : Pr('ss ure conLou 1· map a,round" tircu la r cylinder itL .000 Lime tep 
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5.1.2 Three Dimensional Square Cavity Flow 

P'or ii1C' exa 111plc of \;ugt• sca le• prob \f'm. we c·m p\oy one million e\rmcnl.. ca1·ity 

problr 11·1. i\11;t\ys is model is . J,own in Figure .5 .6. All t.uc wa lls of l he cavity h<we 

11 0-~ Jip boundery condition. (BC') exc••pt tlw lop li I. which \, as l h•· no11 -dimf'usiona \ 

,·c locily of I.U iu the x-dirctliou. Hey nolds 1111111ber is $Cl to \00. lu this aualysis. 

the cubic was r<'gul arl ~· di vided tOO r lrmenl in ead1 din·clion i.e. Iota\ number of 

clC'lllf'nls is 1.000,000 and lotaluumlJcr of uod C' is J ,tJ:JQ ,:JQJ , which cotTPspond to 

t h<' lot <tl de rC'C' of rr<'C'd om or 4.090,90:1. Tlw no 11 -d inwn s i ou~ I timC' iurremcnl i .. <'I 

to U.OJ. 

Figure .5 .7 a.ud 5.8 ar<' vclocil_y hog at t he roOI'!'I'gcd sta le 0 11 plane o and Ji 

(»<'e l"igurc :3.6). which :,hows the accural<' ,.C'\ocity fi ld aud the ap JJf'il!'811f<' of 

tlm•e dinw u: ivna l cfl.rct. Fig11 re- 5.9 show I he velocity or x-clircct ion on r\ -A. line 

(sre Figure 5.6). The OPQ and MSF stracegies lms almost same re~;u lt. whil<' the• 

modiril'd 1\ ISF sl rateg' corre:pond wel l t.o the r<',,ulls of 1\u el a \. (19] 

In this ana lysis, the merno,·y req11iren1ent is ap prox i1na Lcly 200 1\ lbytf'S. There­

fore "'" Cil ll calc tLlale this an;dysis c,-cn ou t.h(' E\'V (Sun SS-20) which ha~ 256 

l\lbyl('S Jti('ntory. Tl1e t lal a11alysis lirne need<.'d for t his analy i. to ('011\'<'rged is 

:..16 lwur, which corres pond approxim;LI.ely nine dilys, in th · case of E\\'S On the" 

other hand. it needs 3.5 hour in t he case of CH AY T30 used 128 CPL ~ (.~c<' St>ct iou 

5.2.2). 

Furthermore. a the resu lt, of using SHi:llllt.he size of Lhi. analys is be-came I 0 mil­

li n (•kmenls , whid1 correspond lo lhc 40 million DOf.'s. Figures (5. 1U) F .11).{5. 12 ) 

sho ws lhe r<'su lt or t.his anal 's is, pa rilll I eHi ciency, con1·ergencC' prolllc and pressure 

Gdd .. resp -ct iv<.'\y. 
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Figur<' ;).fi: Aualysis model of lhr<:'e-dirnc'nBiOn<tl cav it y now 
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FigurC' 5.7: v ... loc iLy hogs of the converged staLe oo LhC' plane o 
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Figure 5. Velocily bogs of the cotwergecl stale on I he plane (3 
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Figure 5.12: Pressu re Contour of 40 Millio.n problem (1/~ model) 
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5.1.3 Yoshino River 

Vor ao example of practical prob lems. llw flow of l.hc Yos hino River was (lllalizPcl. 

In Fi LilT ::i.I:J. a .lliOdE·l of the Yoshin.o Hin"r i~ showu. which is the area of eight 

kilonl('lers form llu~ 111011111 of t lu' ri vl' r. 

The analysis domain was rou ghly decomposed into 1,000 e l<"mcnl as two dimen­

sional moclrl, i. e . 200 el€'menliS in the dirrclion of ti ver llow aJlcl 20 f' il"menl in thr 

diredion o f vertical l.o r iver flow. The analysis condition is quite simple. Al l the 

boundaries are no-· lip condition except for the mouth of the ri ver 11nd l h uprivc.r 

side. The mouse of l. be river, wh ich is ldl.-hand side in Figure 5.13 . is traction freP 

condition , a nd nniform ,·eJocity of l.O m/s fron1 thc upriver ·ide. which is right­

hand s ide in f'igure 5.1:3, is g iven. The Rey nold number of thi anal.1·sis and Lime 

increment a.r> LOOO ILnd 0.1, respccti,·ely. 

Alkr :ooo lime sleps of analysis, I. hey locity and pressure field s l.wcame stca.c.J y 

s tal<>B. The r sull of steady lnte in Figur<> .5. 13 show· the pressure contour, which 

s hows high pressure in red colol" aLld low pre sure in blue color. Na.!uraJiy, the mouse 

of the ri ver show the most low pre ure du to its traction free boundary condition. 

Otherwise. the most high pressure is shown io lhe projeclion of ri1·er. which is the 

junction of Lwo ri ve1·, becau e a flow of river hils against a ri1·er side in the poi11l.. 

Althogh high ly approx imated analysis, the r •sult of th is analysis can be said 

reasonable. 
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Figure 5.13: Pressure contour of the Yoshino River 
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5 .1.4 N ezu model 

As a s<'co nd rxampk of pracl ica l problf•ms. Dow in a slaLion of subway was ana lized. 

In Pigure 5. 14 , a rnod PI of a station of subway is shown. whid1 is s implified model 

of real stat ion. 

The analysis domain was decomposed inLo [.5.840 dements a nd 20 , 6 uodes. 

The an;,Jy i .. condit,ion of Lhis model is that all t.he J,Otllldary a.r no-s lip condition 

except fo r lour square areas, i.e. two e11cls of a subway tunnel on lower-right side 

and ldl sid<' , a.ul two Lop stair areas. The squan• area of lower-right s id<' in Figure 

5.14 has uniform velocity of 1.0 mfs. The square area of left -hand side and the Lwo 

squa.r<' areas of lop stair an' Lra ·l ion fr<X' condition. Th Hcynolds numbf'r and 

time incrcmcut of this analysis are 1000 and 0.05. rcspect iv,.Jy. 

l t r>quir ·d app roxinno.Lely 4000 Lil!lc s tep for thi s analysi to b· steady staJe. 

Then the ,·clocil y fic.Jd of this analysis is shown usillg the tracks of particle tracers 

from the square area of lower-right side, wh ich is sllown in Figur 5.14. 

ln this aualy~is, Lhe el('tll<'Tli cla.La, i. e. coord.inates of nodes and elem ul-nocle 

connecii1·iLy, was mad€• by !LA. After generating h xahedral clem<:>nl, t.he domain 

decomposit.ion procedure was performed using ParMr;;TIS. Fig.(" . l5) shows Lhe part 

of decompo. ed domain. 
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Figure 5.14: Tracks of par icle tracers of a station of subway 



78 

l·'ig11 rf' 5.1 .5: Decomposed elcmeot or Nc,;u n1odel 
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5.2 Parallel Efficiency 

5.2.1 K endall Square R esearch KSRl 

r'or a bench nr~.rk IC'sl to confirm p<rrallel pt>rforrnanc , the cavity flow , which is 

aualyois a ln rost the sanrc• as desni bed in Sec t ion -5. 1.2 cxc·cpl for tire num1wr of 

<"ic·nwnts and nod<"s , ar<' conrput<'d on KSI! 1 using l.2A.8 ;~11d lfi C'Plfs. In tlri ·· 

analys i ~ the nnrnb<•r of el mr11l ~ <11'<' sc•l to the two rase of 16.:3 4 (:Ux:3:.ix1G) and 

.13t ,072 (6-1x6:Jx:32). The r<'cluclion of analysis sea l<:' cornparf'cl witb the prC'\'ious 

sec tion is r ·quir<'d by t ire hMdwan• linritation and accounting isMJ<'. 

Thr resul.l of I hi. Lest is shown on Tal)lc · !i.2 . .'\.3 and the plor of speedup on 

Figmr .5 . 1 fi. \\<"!' can sf'<' I hat a h i!(h p<U'a llrl effiti<"ury wa~ a II a irwd by I\ S H I. In ilr<' 

cas<" of usi ng 11; CPLis find Ul,U/2 <'lemenls. speed-up is 15.:~5. wlri r:h corresponds 

to para II<> I cHici<'ncy of tl.i.9'1\. 

Table.5.2: Parall<"l eflicicncy and spc·edup of 16.:3 1 el·nrent ('a,•ity analysis (KSRl) 

2 CPlls .1 CPU 8 C' PUs l(i ·p s 

Efficiency 98.-5% 9- 18'7r (.1 (1 94.97\Vc 90.7:3% 

SpPrdu p l.97 3.9l 7.60 14..52 

Tab it• .).3: Para lkl efficiency and spe<'dup of J 3 l ,072 d •nr<'nl ' ca,·ity analysis (1\SFU ) 

2 C' PUs 4 C Pl ls ' Cl'lls 16 C'Plls 

Effici<'nc,v 99.5% !)().:3% 97 . .')'1\ 95.9% 

Spe<•d11p l.'l!l ;3,<'1/ 7.80 15.35 
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5 .2.2 CRAY T 3D 

One mi ll ion elements cavity analy is dcs,ribed in Sect. ion 5. 1.2 is pc·rformed on 

(' JtAY T3D for evaluating par~ lid pnfonnan cc. The analy~is mode·! a.nd condition 

are <t il I h<' sam<' <tS in . cct ion 5. 1.:2, n· t·lainly, llw analy>is res 11 lt is abo the same as 

il. 

In this b nth mark test. not on ly til<' tl lSF but the OPQ an' Sl!pposc•rl IJ<'OlU '<' 

the total amount of m<'rnory ofT3D (128 CP Is ) is ntore lltilll 2 Gb~·tcs and eno11glt 

n1cmory can be a,·ailablc fo r OPQ. Ot lwrwisc•. On<' CPL' of T3D has only lfj ti l bytes 

of nwntory. Then , !.h is anal,,·sis can be performed 11 sing over 32 ·p s in the case of 

thr ~ I. F. O\'t•r G I ('Pll · in the case of llw OPQ . 

. In Tablc- .5. 1. tlw rc•stdl of l><'nrh ll1ilrk lc~l is presented. Tlw table shows C'Pli 

timf' f r ca ku lat ing oue t imc strp of the analysis. T31) sup ports only lhr uutllber of 

CPU c·otTc•sponding to pow<'r of 2 for data parall!'l programming sl.\'l ("s . Then, tlw 

CilSf' of :l:J, 61 and 12 ('PUs ill'(' t<'S(f•d. 

In Fiourc ~.17. the data of Table 5.1 are plotted. We can not know C'Pl' lime 

using on ly one CPU. Lh••rcforc 1\'E" ('au not e,·aluaiP 'peed up of th is aualysis. Instead 

of spe<··dup. a number of ti tm• steps per s ·com! is presented [or a measure of parallel 

performance. ThP result of this Lest show cxcPII nL scalabilit.y. 1\'hicb means Lhat 

Lhe speedup of analysis i' proport ioual (.o I he number of CPUs used. 

Table .5.4: (: PU tint(' for (alculal ing a Lime sLcp of Ollf> mi llion demrut ca,·ity (T:J O) 

32 C P Us 61 C' PUs 128 CPUs 

~ I SF :36.29 sec 18. 7::! S('C 9.77 sec 

OPQ - 11.46 sec 7.G2 sec 
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5.2.3 DEC Alpha Cluster 

The sanw problem of previou s section. i.e. one million elements cavity ilOaJy~is 

cll'scribed in SC'ct ion 5.1.2. is pcrfornt ·d 011 DEC Alp ita. Clu~tcr [or Pvaluat ing parallel 

pcrform<tllre. Thl' analysis rnodrl <tnd cottditiou are all Llw same a1 in :Pelion .5.1.2, 

•· rtainl y. I he an~lys i s re~ ult. is a lso tllf' silme as il. 

In this tc.t , the n•1mb r of PE'"• ar 2, I. , ltl aur\ :ll. Each PE. has 512Mbytes 

rneu10ry and is cotutccLcd I OUM hps fas t <-'titer net \\'Ork <>ach ollwr. ln Table .s .. :i. the 

result of bench ma.rk L<'sl i pr scnted. The l<lbi<' shows ' Pl l t inw for raJ ulating 

on(· t irnc · t<'p of t]l(' a.uid_,·s is. Ju Figure 5.1 8, tlw data of Tab I<' 5.5 arc plolled. We 

can nQt knQw C' PU tiuw using only Oil<' ' PL .. I hcrdor<' II'<' can not e,·alual<" speedup 

of Litis analysis. Instead of spc<-'dup. i\ nutnlJer of lilllf' s teps p<'r ccon lis pr<'sentcd 

for a measur<' of parallel prrlorntanc<>. 

The results up lo LilP J6CPLls show exce ll ent ca\a.hi\ily. "·hicb lll<"ilOS that ~be 

·p edup of ana lysis is proportional to th<> uumbcr o[ C'Plis used. ln theca c of 

2 1 CPUs. t ll<' result show poor ·ca labilily. It can be consid red that this r<' ull is 

ca used by usi11g ether ll<>tw rk and co110icting c mmunicat ion. 

Table 3.5: C'l'lJ time for calcu la.t ing a time step of 011c million ('\<'lll<'llls cav it y 

(A \ph a. Clusler) 

PEs 2 C'Plis CPUs C:Plls 16 C:Pli~ 21 CPU 

CPU Time 0.00!! (.5 O.QJ 87T 0.03701 0.0729:. 0.0 969 
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5.2.4 Hitachi SR2201 

Tit<" ·am<' probl<? lll of pr<'v ious. cc tion. i.(' . 11 <' million clements cavity analys i ~ and 

lO million element. cavity a nalys i are performed on Sll220J for C\'il. lu al ing para li C'! 

pcrfonnan ct·. Th · an11lys is mod<?! and condition are all I he. amc a: in Sect ion ii.l .:l , 

c<"rl a. inly, lh (' >lltalys is result is a lso the sa me as it. 

In l hi» f<'sl, th~ number of PCs a.r<> '' • !l, 16, :J:! . (i4. 12 ' and 256 for the li\1 

prohl <'m. a.nd ()[, 128 and 256 for lit e !Oil! probi('Jll. EM il P Es has 10:21MbyiC'S 

JncnJory a..nd is coun('c\cd :!001\lbps t.hree dimensional crossbar network ead1 other. 

fo T;tbles 5.(; and 5.7. the result of bench n1a rk i<'sl is 1 r sented. Th<' La b!<' "how. 

('PU tinw for caktdatiu oue lilllc s tep of th (" a nal,\·sis. In Figures 5. 19 a nd 5.:20. 

1lw daL<t of Tabll's -5 .6 5.7 are plourd . \\'c cau uot know (' PI ' limP using ul y on 

C'P , th<'rcfore we citll uof " ' ·a l.J.af<' p <'ecllll' of this a ua ly ·is . lus(<'ad of sp<'edup, a 

numb(·r of lime sl.<'i>s per sN·otHI is prescn1Pd for a measure of para ll<' l performanr<'. 

The rc~ul ls show cxcell<'nt S('~lal,ilit y, w!tich nwaus that tlw speedup of analy ·is 

is pl'Oporlional l.o I he 111111lh<'r of C'Pl"s 11. ed. In th(' c;•se of :l ~ CP s of one milliou 

lcmeul Gl.na l.' · is. lli result shows super-linear s alabilit y. II. ca.u be considered !.hal 

this result is ca used by ca.c hf' effect. lu thi s case, total memory needNI [or i L.<> fulid 

a.n a.lysis i wit hin cache size. Therd'orc, lhc spt' J of ead1 proces or I ccome. higl1cr 

lhau ol her coudilions. 
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Tab!<• -~ .1): CPU t imc for ca ln daling a lime st p of one million elem<"lll> cavity 

(S Hz:ilil ) 

P l':s 8 c r Us 16 CPUs 32 CPUs (l,IC'Pl'Ss .12, C'Pl 's 25G CPUs 

CPll Tin,., 0.0199 0.0')92 O.HJII 0.:3682 0.7166 1.<1 560 

Ta.bl l? 5.7: 'PU tinw for c:a kulaling a l inl<" slep of len million clcrwenl s cavity 

(SR220 l ) 

P L~s 6·1CPUSs 128 'PUs 256 C'PUs 

C' Pll Tiute 0.03938 0.078.58 O.lir310 
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• l'inii<' e le n11~ni fluid an~.lysis code. wl1i ch is ba sed 011 Llif> ~ l alrix-Sioragf' Fr •e 

formulaiions , was dcvelopcd. Thrn. ilie code was implemented on i he mas­

:, iw·ly p<traiJel processing compuL<'r sy.l<'Jll , 1\enclall Squar<' lksrarcli !\SRI 

;wei C'H A Y T31J using compil ·r direct ives [para ll el Fori ran . Furll!ermorc i~ 

was implemcnled 011 I he SH2201 clnd Alpha lu ~ l •rs 11 sing ~!P I library. In 

C'<tr li t·a.se, high par<.rlld cflkil'ncy was shown. 

• Pr<'/post-proccssing sub-syslen1s was also den• lopcd. Tll(•n lhe svstem was 

cons i ~ t of modeling. nwsl1 gcucration, don1ain decomposing. analysis a11d ,.,_ 

sua li 7-a.t ion sub-systems. 

• As I he ull ra la rgr· sral<• proble-m. tJO million DOFs thl·<'f>-d irn<'ll sional ra,·il_,. 

probl·m was olw·clusing 1021PI~s of .· H2:Wl. Tlw suitabilit y for l;u gc sc11lc 

problem of t.h<' ciPvclopcd wdC' was shown by this ana lysis, and higiJ parallel 

<"fiicicncy was al so shown b1· I h<' analysis. 
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l\Sf{l (1\enda ll Square Hcsearch ) is Lh<' mHssi,·ely pandJel com puter ~ystc• rns . 

which can con~a i n up to JO " proces~ors. In t his st 11 dy. we u <" KSRI -61. whiriJ bas 

61 procl'ssors. Eacu processor o[ 1\ SRJ is a (j !-bit proccsoor. C'xccutcs 1 wo intcg('r 

and two rl o<tli ng insl rudiou · per rycle. ThP proc<'ssor lras the fo llowing r·cgisl('rs 

aud rnemory: 

• 6 1 Ooating-point r<'gi, tcrs 1'ad1. G1 bits wide. 

• :l:! irrtcgl.'r regis t<> r • 61 bits widr. 

• :32 ildd r<", s ing r<'gisl<" rs, C'acl. 10 bits widt•. 

• 0. -~ ~ [ 8 of li rs t-lew·l r aclre, called tltc subcad1e. comprising 0.2:) 11 18 of instrn 

tion sub cache a11d 0.25 M8 of data subca. ·lw. 

1\SR l bas a mernory s 'f't<:'m called ALL('A(' II E. which io di st ribntr·d-s lrared 

rnemory as shown Fig. A. J . Eacb pan of rnernory i; distrihutetl to E'ad1 proc<·ssor 

bur the logica l Mldrcss space is cont inuous. Local cache is 3:2 l\11:3 whidt. cou,i ts 

o[ some pages . A pa.g<' is I G 1\ D . divided iulo 128 sub pages of 12< byt es. Dat a is 

s lorC'd in unit s of pagf's and sub pages and llw unit of t.ransft.>r and haring bet ween 

local car-he's is a subpnge. C'ache la l<'ncies is shown in Table A. I. 

Tilblr A.l: aclw Latcucic of hSH I 

Data Local ion Cad1e ca pac i( y[i\ IB] LaLency[clock] 

Reques to r's s ub rachc O.!i 2 

Loca l cachf' 3:2 20-24 

ALLCAC I18 C: roup:O 1.02-l 17.5 

AL LCAC II E Crou t :I 34 ,c 1 G GOO 
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T he CRAY T3]) (~ I PP) system consist of prates ing el menLs (P E). each of 

wl1i rb ha.s a processor, a.ssocial.ed logic and <t counecl ion to the interprocessor com­

nJUnical ion network. The processor is a D8Cchip :21064 mi croproce ·sor from Digita l 

Equipm ·nt C'o rpoml.ion ( DEC). The proccsso 1· ust•s a Reduced lnsLructioJI. rt Com­

puting (RISC ) arcl 1it ccturr with a dua.l- issne, pipelinrd iustrurt.ion strra tn . 

A ' RAY T;lD s_vs l.cn1 co uLains 32, 64, 128. 2!i6, 512. 102•1 or 201 P8s awlila.b lc 

to users . <kpcncling on t !1<' system configurat ion. Ea.ch PE on ll1e C'Ri\ Y T:ll) system 

has l.hn•e kind s of nH, nlory sys l. tn tbal il cao access: 

• Cache memory 

Ca.chc 11 1('111 0ry is a small. hi,.IJ-S[lC<'d . randon J-a.cccss 111cmory I ha.t temporarily 

sto res frN1uently or rt'cently i\ccessf'd loca l data ll'ithout u~cr in tcrH·n tion. 

Data in CiJt lw nwntory ca.n be arcessc l fal>ler tha n data in loca l memory. It. 

s t.ore. 1024 6-1-bit word. of tlata as 2% cache J[ues . A cache linr-• is 32 byte or 

4 words. 

• Lo cal memory 

Local memory con ists of 6-~- bit word of dynamic random-access memory 

( ORA~ ! ). Ea.ch PE has its own loca.l mem ry, and a.U PEs ha\'e the same 

arnou11t of rnemor_,-, either 2 ~I words or 8 !\'I words. 

• R emote memory 

Rcmot<" memory is a ll of lite DRAM a\·a il a ble on other PEs. All of the PEs 

ca n an;ess t he loca l nwmory of a ll ot her PEs, bul. I hf' fastest. access t iflle 

always t·es lllls from a PE accessing its own memory. T.lwrefore. giYing <I PE 

work t.hal ill\'oJves accessing its own data wil l hdp Jll<Lximize your program '. 

p<'rf rma nre. 
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f igu re 13.1: A th rcc-dint r•n,;iona l 1·ic>\\' of PEs 

A CRA Y T3D sys t<'tll abo conta ins l/ 0 gnt<'W~)' PEs t hat ha nd!" conununicalion 

with t llf' bost system, eit It er a CHA Y C'90 se rie' sys tem or ot Iter type of C' RAY Y-f\ IP 

sys t<'Ol. Thr stru cture of the inlerconn E"d.ing network of PEs i t hrec-dimen iona l 

in shape. Fig. ll.l illustrates the X. Y a nd Z a.xes of <t three-d imensiona l partition 

of L6 PBs. 

pg, on ~ C' RA \'TID sy~tem ca n a!. o commu ni f'ate using communication paths 

linking PE node: on opposit.c· ends of'' pa.rlilion. Tlu"SE' back-door patl1s arc illus­

l.!·ated in t h lhr e-dimcnsiona l to rus in F'ig.B.2. which suggests the Lru physical 

layout of th C' l!t\Y T:JD sy tc·nt. 
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Figure 13.2: Configu ration o r tbe three-dimension<li torus Iletwork 
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Chapi CI' C. DEC' Alpha Glu.'<l er 'J!) 

D I~C ill ph~ Clusl.er is original \'irl ual parallel computer. The ··virtual'' means 

I hal iL i. really just a group of personal com pulers con1wcted each oLher. Neverthe­

less, il. shows Lite high-performance just like a parallel proccs. ors by virtu<' of lil(' 

independt·ncc of the n<'lwork from outer network (e.g. internet). high power C:Plf~. 

cflit iC'nl fi le s('rv rs and so on. 

It i. consisl of21PEs of Alpba.AXP 5:J:Jl\ lll z. 1PI5 of AlpbaAXP 500~ II I z (fronl 

f'lld mach inC') and I P E of Sun l ' li.raSI'A RC-1 :!001\ ll lz. TJ,c·y ar<' connecl.cd eac h 

other via .IIJO~ I bps fast elher cable n<>lwork. Table (C.J.) shows lhe d tail bardwar" 

sp0cification of Alpha Clnslcr and Fig. (C.J l boll's lit· net work co nfigura! ion of 

wl1olc Alpb<t Cluster syst<>m. 

Table C.l: lpha lusl<'r ll ard\Yar<• Specifi cation 

CPU DGC AlphaAXP DC : Alpba.\XP Sun lfllraS PAHC'-1 

Clock 50(JI\II !z 53:)1\[ [l z 20()1\ll-lz 

l\ I emory 512i\113 -5 12. 10241\.113 256'-'IB 

HardDisk 2G+2G 2G 4GB+50GB (RArD) 

OS Digital Ul'irX Linux/ Alpha olaris-2.6 

L:nit J Hi , 4, 4 l 

Task Compiling Computation Pile Server 
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The Jli la.: hi SR~201 Tligh-l'nd monel is capable of 1 erforming over 600 bill io11 

flo<il ing- point OJ <'rations p,..r second (600 GFLOPS ;theoreiical p ·rformancc·), ilnd 

Cornp~cl model i capabk of perfonning O\'Cr I. billion Ooa ting-p<Jint op<>ral ion$ 

per second (19 :FLOPS:llteorct. ical pcrform;mn•). The Sl12201 u ~c'. originol Rl C 

chip·, and hm: R ltigh l<'ve l of S<"Riabilit y. The SR2201 lligh-end model rangcs from 

32 up t.o 11 tnaxinutm of 2.0 I' pror<'ssors. and Compacl mode>! ranges frotn up to a 

maximn1n d G~ processors . The· SH2201 u ~cs a cross I ar swil dt net work arraug<'menl 

fot· high-spPed mes age conununication. Hnd a pseudo ,·ector proct> . ing fun ction Llt<ll 

pr virles a major IJ oo~t in p<·rformancc o[ larg<'-scak scic tti ific calrula Lions. 

• Pseudo-vecto•· processillg function 

The ocudo-wct.or proees ing suppon s high-s pet>d uurn<'rical c·a klll il tions u ing 

ll1 11l lipl<' pron'ssing clcmeui ·. ConYenliona l HISC' pmc<'ssors run into clifficult _v 

when data [or largf'-SCilJc nunlt'l'i ·a ! calculations cilnnot fit in thei r caches. 

The SR2201 s ,ries, howe,·er. employ.· p·eudo-vcctor process ing. a pipelining 

technique wltich fdches data(opc-rands) directly fmm nMin m<> mory (bypassi ng 

the cache) and into Ooating-poini register ·, without holding up the execution 

of su i sequent instructions. This approach contributes sign ifica ntly to high 

perfonnance for largt'-scalc numerical calculations. 

o Three-dimensional crossbar switch network 

The !Jigh-encl 'R220 I employs an innovoli,·c three-dimensional cro sbar switch 

lo pmvide high -spe.•d CO!ltl<'ction among iudividual 1 roccssing elcrneots{ PEs). 

\\ ' ith lhi · sw itch. t.ll('' rc arc on ly three output lio<'s from any PE:on<" fDl' Pa.cb 

of Lhc cmssbars. Thi simple la.yout a hie,·es a lmo tllw santc performanc -• as 

I he con fi gural ion whirh inl<'rcounPcls all the proc. ssing ele111ent dimct ly, yet 

at a much low<' r co t. 
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F'igurc D.l: Th ree-dimensional crossbar switch network 
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Tab! D .. l: S H.220l Jl a rd war« Sp-cificatiou 

Compact modd~ II igh-f' nd mod Pis 

No.o[ PEs ' - G 1 :32 - 2.01 8 

PF:- Pb: IH' Iwork I .2-D noss iJ<ll' 2.3- D eros bar 

S.I'S( <'Irl PC-P E I ril nsfer sp<"ed 300~fl3/ 

Total storag<' 61G B 2TB 

t=:xt<"I'IHli interfaces l"thern<'l, Fa. t Ct l1ern<'t, FOOL 

IIIPPI. AT~ I. Fast(\\'idc SCS I 

Theoret ica I pel'fo rmanc(' O.:!GF'LOPS/PE 

PE Addrt·~sable memory 64/ 12 /2~6/5 12/1024 AlB 

Primary Cache IGkB (instruct ion). 16kB(data) 

Secondary Cach.c 512kil (instruction), 512kl:l ( data) 

lnlernal hard disk 4.3 GB/drive 2.1 G 13 / dri vc 

Disk array J.6- G(j.G C:Bjarray (RAID,j) 

1/ 0 ci!"vices lu ,crn;d DAT 2 - ' 13(com pressccl ) 

l.::xlernal OAT :.! - G 13 ( cornpr<'Ss<"d) 

Consol<· display 80 chara.ders x 2.5 lines 
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