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ABSTRACT 

Lindo is a coordination language invented by David Gdernter at Yale University, which 

when combined with a computation language (!ike C) yields o high-level parallel pro~ 

gromming language for M!MD machines. Lindo is based on a virtual shared associative 

memory containing obiects called tuples. Skeptics hove long claimed that Lindo pro· 

grams could not be efficient on distributed memory architectures. In this paper, we 

address this claim by discussing C-Undo's performance in solving a particular scientific 

computing problem, the shallow wafer equations, and make comparisons with alterna­

tives available on various shored and distributed memory paro!!el machines. if:, 19>'3 by 

John w;!ey & Son>. lrn:. 

1 INTRODUCTION 

Lind<.l i" a ;;e1 of olljt'rts cu!l~·d wp!eo; and H "nw!l 

numlwr of powerful operutions on tho,.;t' nhjt•t·b. 

tt.·hich can he c·om!Jined ...,·id1 <1 bo,.;t lnnFuatt<' dike 

Cor Fonran:' 10 yidd n ld)!h-knd diu!ect for pnral­

kl IH·ogramming on \ll\JD HJHchine,.; and locul 
are;J nc•tworks (L\.\',;). Linda has been di,.;cu,;,.;t.•d 

exH·nsiwly in dw literature and we ,.hall <~.><Hmw 

some kno"·!edge of Linda. \\'e refer the reader to 

report,; by ( :urriert1 and Gcknner i 1 ~:.1: for fur­

ther dewil;-;. For the ,;a.ke of compkteJw,;;s. we in­

dude a brief 1liscus:'<ion uf Linda in the A.pp~·ndi.'l:. 

It ha" long ber•n dte cnntt·Jl tion of nwu~· w­
,.;earehers dmt the nn•rhead u,,..nei;ltt•d wid1 tWIIl­

agenwnt of the ,;!wred tuple ;;fHHT in Lind;1 i.-. too 

hif.!"b to pt•nuit ull eHicit•lll implenwwation nn tk~-

1 ri!.nned menHl!'Y nwchi tw,.; t:.'H'.rl for n·hu iH·]y 

* Thi~ wPrk i~ ""!'J>"n''d in l''"il,r 0\H Cnno1 '\,._ \()IJ! "f· 

'lJ -J- J.':i~l>. \SF/CEB Gnnn \n. OCH (L\2 l-f.-, 1-.">. "'"I :'"n­
dia \a1~ona~ Lait~H.HiPd~~:--_ 
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eomJHllt-inten;;in· prol>km;;. Tn !"tudy tbi,; {'Oll­

knt inn. we will pn.•;;enl JWrfornuuH·e data f1 1r C­

LiJHb <'>!l a Y;H"iety nl' machi1ws. in punindm·. on 

di-<trilmted llH'Ill•>ry mnchines. \\.t: ubo compare 

dw performanre 10 llwt nbwim·d u;;i!lj! trw li1iomd 

HH).~~Hp:~~ pa~~ln~ :--.y:-o.{~:-tltl~. 

\\'e han~ tul.;f·n a "P''cilie ,.;eientilie comptHinl! 

prnhlem :the ,.;Jw!low \qller t'\jUatiun.". il model of 

atnH•"! ,herk Jlnw o. wl tidt is J"f:'l<H in·!y t•• 'lllfHll 1'­

inten,.;i n· htH i" ,.,iJ! rt']JI"<':'.e!!l~.lli'-T of tl It' 1 YP''" of 

1 ornl,lem.; 1hu1 n·.~•'HlTlll'r;; in ~t·n·ru! di,..ciplirw" 

H!'t' Hll empt in!! to ;;oh e. lt.~ commuuic<Hl\ •n .;t ruc-

1 u n• i;; kt,.;t•d only nll IH'U n•,.;1 JWi!fh! H>f ('OHllll w 1i­

\'U linn. makin).! it idea!ty ,;;uitt•d 1 o nw.~;;a!-!"~""' 1 >u,.,;j 1 1,!! 

on hyj wrnd>es, Our nw:'S<l!Jt' pa.~,-iug implt>nlt'n·­

tmiurl>' of 1 his problem Jwyc thi,.; optimal com~ 

nHmic;Hion H t"!ll"l un: VXjllici ~~~- nH·ml,•d in dwu1 

wnl nre nl•le 111 lukt• adnlllWp:t' 1d. it. In c•Hnra;;\. 

the L iw ht p r< 'P:~'•Hll !w o.; ll u com 111 w 1 inn i" u .-.Hu c + 

1 unc ex pliddy e!l!'odo~d in i1 w wke iFh at!!<t,!!t' nf 

dw rt')!nh; rit y of tlw pro!>lt•HL :'\n·pn heh·",;· a" \H' 

'-hall "n: in "uh;;t·qlwll! .-iection,.;. Lind<~ 'll'!wur:'. IIi 

bold it;; own, 

\\"t• will ubo ill\'e;;tip:aH, the p•·rfomwtw<c' and 

dabi!it y of a du,-tt•r of work,.;tat ion,; !'O!l!lectt·d to­

p·dwr b~· a L.-\:'\ a,; an <'!1\'ironnwut for e!l!H.'UIT<'nl 

c•JI!ljJU lin;:r. :'\t·1 work,; of \\·m-k,..l.a! iotl.'>' Gill l w nll 
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economical. prueticaL nnd powerful n:::;oun'<-' ror 

parallel tomputinp:. Tho•y <'Ire <drt:mly nvailnb!e to 

a lan;t• nurnlwr of u:wr,.;. Th,.,. ofli,•r con,;.idernh!e 

pote;u iaf for h<uh tol('hHW('. I(H ~in~le work,cwtion 

~oe,; dmYn. dw n:nminin§! tHI(ks ('iW tHual!y cnn~ 

timw w function rwrnHIHy. This is ofh•O fltll trm· of 

ti~hdy cnupkd lnnltipnKes;;nrs when:· (I fui!un· in 

a ::;inglf'~ pnwe;;;;inc:: d(•nwnt r<'i<ulu; in tilt' entire 

machine )!<'lillf! d<nn1 nnd dw cc>mput;uion !1{:in;r 

susrwndhL \\"orks!atlim . .; a!sn offt'l' H u~er~ 

friendh· em·inmnwru with familinr wols !fl nit! in 

program ··h•n•lripHH'I'lt. 

We ha\'e implf•me!Ht'd nm! e,·::~lum:ed tlw per­

fnrmanco~ nf !ht• Linda prnp:ram on !l val'it·;~· of 
machllws. \\"e wi!! prbeot n•,;.uh.;; for shnred 

nwnh>l"}' mnchinrs {Sequent S~·mmi~rry and the 

En(:on• \1uhimuxc. di;.lribjttt'd nwmory nwd1irws 

{iPSC:/2 and iPSC/860 hypvrcube_;(:. and for a 

network of Sparc,;;uuion,;. connr:-clt:d by an 

etbenwt. The "ame Lindn pro.J.:ram \YtlS PX<'Cut!:"d 

on u!l dw,-e machine;;; nnd ih performmw<~ v.:a,; 

en~luated and comparNI to that of impleuwnw~ 

tion,; tHing ahnnati,·e nu•dwd"' <n:ni!;;ble on nil 

maehitw;;. 

In our ~·x pNit•nce, dw~ Lindn fJI'Of.l'!'i!ltl has w·n·· 

;,·nllh- been ~·nsier and nwre con,.enit'IH tn wriw 

than. lilt:' nmin~ ,·ero>lon,; for each mrwhiJV". AI~ 

dlOugh {hh i,; a :mhjt'C!iYe j;;.c;uc it is certainly tnw 

lhar .the portability t'lf 1!w Linda n•r..;ion (a,. t'Yt­

i'knced In· our abilitY w nm it d'iidemh· on widd\' 

differing ;nnchines ~·irhout haYin§! to ;.'IHWfW th;• 

cotk in M1Y '1\'ay; n1ak''"' it ~·;:1:'-'i<~r and rnore con­

n.:·niem than writin; .n sepanw; code !11r <';wh ma­

chinf' under con~id<"'n'ltion. Oh\'iou.~ly. then: i."' a 

price to pur 11J.r this ease of use bw ,·n· shn!l ~ee 
that tlw lo,.;s in efficit•twy i:ii n'lati·ndy ;.>nw!l on aH 
tlw machines that Wtc' huve <:on:"i(kred. 

2 THE SHALLOW WATER MODEL 

The ;-;halhl\V water equatimH are a sirnplifinnion 

of the primi!ive eqw1til)ns of ntmo,.;pht•rie mmion. 

They rcrweseot a c;imple ~wd eompui<Hionally dfi­

t'iem approximation to m.ore M:<:urnle bm mon' 

romp!ieated models n:·pn~~Nl!iug n·al Htmo­

;;pheric Hmv. HoweYer, they :-til! involve most of 

the parallel algorithmic and programming i>'.~U<".S 

exhibited by tlw mort comple.x modeb .. \lore gen­
erally. !lw p:1ra!lel i;;stu•s we con,;id~~~· <1re app!ica~ 

ble to mo:>t explicit time nmrchin,~: HdwnH'" for 

!ime dept:!ldPnt (system;> on partial differenthtl 

eq ua 1 ions. 

In Carte!:\ian coordinuws, the equmions are of 

dw fonu 

(lu fJ/1 au tldl . 
+ 1< - + r - + --~ - /c "" 0 

Jf f!,r i:l, 1 · J,r · · 

<Jr fJr Jr rl¢ 
-· + u- + r- + --- + {u "'' 0 at iJ.r r~1· ()~· , 

aq, a:.fu \ . w~~~< () 
-- .j_ -- "l'' ,~- "" 
iH iJ.r 8,1· · 

whttl't' u. t' <1n' dw \dneity i'OilljH•IWilh in tlw x.­

and y-din>r·tklt:t>\. $ = ;;;h [,..:tilt' hve . ..;urf<tt't> (.Wnpn­

tt•miH!. a i.;; t b:• ;H"!'eh·nn iiHt dm· lo ~ru~·itL {i.• t!u• 

Codolb,pnrnmt·wr. H nd h is dw lwi,~IH of; ll,t' fluid. 

Th•• ntHIH'ric;d "'olwion nf 1 h<':<l' t>(pwdou,; ;,. 

u:<tm!h· requitvd in u n•ct<uw;u!ar rteuinu 0 < .r < L 

nud 0 '< y < lJ fnr f > 0. Th:• l.omHlary enndiJion-. 

a re fH' riodic i r\ dw x- d i n·ctinn 

w(.r. y. (; = w:x + L. y. ( 

\Yiit·n· w""' ::11. r. tb .,. j,- !lw .~nhnion. 

Wt> U>"<' the finin• diflf>n•tln' apprn:dmarinn>" dth 
scrifwd b\· Hnhen Sadnmnt~v r-+;. \\ hkb han• 

. • . . . ~ I. . . ' 

bej•fl u;;ed in prc,·imh .'<wdi6 of dw ,:anw fl!'(l!l­

lem. \\'e ,;nln: dw"" P(jU~t!inn;.: numt•rica!ly u,.;iJl!! 

;;i ru p!e. fi nile diff;;· f('IH't' appro x!m;,u i<nb: 

HI' (:,r ·i- .l.r: - (.c ·- ;)x' 

o:t' "'" . 2 .l.r 

\\·hidr nw lw dcrin•d frnm th•· T.;tylor ,.;;>dt'."- .:• . ..:· 

pan,. inn for n functiun, Thb ii' u .·~·nJnd-nrdcr np· 

proximm inn dJ<!t r~·,~u!t." in nn <>xpli,-i! tinw ntnrFh· 

in,~t a i~Zo r·ir h m for ;;nhi ng t! w <'t pw rio n". Tlw". 
yi\·en the nt!ue,; nf 11. r. and i/1 at I and I + !::..t. """' 

can {:akuhHe their Ya!ne .. ;. at r + 2~t <H uU v:rid 
point;;; .,;imuli<uwoush·. "'a,;hin:!!tnn and Parkin· 

"on [::lj rmwide fl det;,~llt'd de.;;eriprion of the a!t.'l)' 
rithm;;. · 

3 LINDA IMPt.EMENTATION 

The Linda impknwntation nf om probh•m rdie,:: 

un the prnrhwti<m and eon,.;umplinn of tupk;; for 

How control. As alwny;;. we would like to minimize 



the atuouttl of time ,.;peut I 'Y ea('h proce,.,,., in I'Ol!l­

lllUlli('ation. In tlw ca~!' of Linda pro!!ram,.;. thi,.; 

Hwath minimiziup: tlw ntulllwr of acce,.;,.;e,.; to wpJ,. 

,.,p;we and at the ,.,anw time limitinf! tlw amount of 

data tcxdwnl!ed lwtwn·11 dw pnl<'t·,.;,.,e,., by mini­

mizillf! dw ,.,jzt~ of tlw tupk" !'X('hanf!e<L 

Tuple:-- n~,.;ide in dw ,.,!Jared main nwmory 011 

,.,Jwn·d l!WmorY m;whine,.; and are di,;trilnttt·d 

<l<'I'o:'i,.; tlw loeal uwmorit·,.; of d~t· indi,·idual pro­

~'"""or,.; in a di,.,trihuted lllt'llWn· machitw. * Then~ 
j,.; a t'Oill!lltll1it'ation ('(),;( a~,.,nt"iated with perform­

in!! a Linda operation 011 a tuple. Thi,.; \'O,.,t de­

jH'IHI,.; on the lat<-'IH'Y a,-,.,ociatt:>d with tlw undt>rly­

inp: t'Ol!llllUllinllion medium a, \\-ell "" tlw ,;in· of 

dw tupl<'. 

If t!1e lmt·w·y [,., larf!e. \\'t' wo11ld like tominimizt· 

tlte totaltllllllllt>l' of <l<'<'t'"i'f'" to tuple ,..pat·e f'\f'll at 

dw co:-t of <·ommuninllillf! more !J~te,., uf ,lata. 

Thi,., tnllhintt> into di,iditlf! dw !!rid into ,..trip,., 

awl alhwaliuf! one "trip I<J each pro<·e,..,.,or. Ew·h 

pro•·e,.,,-or then !H't'd" to <'Oll111Hlllintte twn ed;.res 

to it,.; nei;..dJboriJtf! prof•t•:--:-;<Jr,.; in e\ery time ,.;tep. 

Howen·r. if the latenc\· j,.; ;;mall. we \\·ottld like 

10 minimize tlw totalntunlwr of ll\te:- •·ommtmi­

•·ated e\e!l thonf!h thi~ may requirP mort-' Linda 

"lwrmion,.;. Thi~ tran,..!ate;; into diYidinf! tlw f!rid 

into tile,.; and alln('atillf! one tile to eaf·h pnwe,_;,.;or. 

Ead1 JH'oce,;.,..or would then need to communicate 

data aiOHf! the edf!e,.; of dw tile to ei;.rht nei;!hbor­

ll1f! pro(·e;;,.,or;;. 

Thu;;. in our impleliH'tltation. •·ach pro<·e,-,.;or j,., 

;.riYen a portion of the domain wither a strip or a 

tile dependin;.r 011 tlw dwrm·teristics of the under­

lyinf! <'OilllllUUication medium:. It is re,-pomible 

for cakulat inp: 'dm·ity alJ(.I pre,.;;;ure ntlue,:; for 

/!rid poim;; in i~,; domain. ln ench time ;.tep. the 

pnH'e,..,..nr ohtain,.. dw IWt'e,.;,.;an· bouudnrT data 

from tuple spacf' where it ha:- !wen ,..tored by 
ueif!hhorinf! proee,.;;;or;.; in the preYiou,; time ,.;tt•p. 

After doint! the nt~(·e,.;;;ary computation,.;. it out puts 

the !HJu!lllarY data to tuple space for nei;.rhborinf! 

procp,.;,.;ors to u;;e in the next time >'tep. The com­

muni<'atioll time;; for tlw Yarious Yer;;ion,.; ranl!e 

from under?>% (for the ,..hared nwmory ,·er,.;ion") 

to about :30 1 ~/o 1:3:2 node Spare network) of the total 

execution time. 

h tunis out that latencY becomes the dominalll 

factor onh· on a network of work;;tations eon-

* lfl pnwtict'. diP stor~ttrt' uf' tuplt• ..... is optitnizPd u~inp- a 

tt•eltniqtw ntllc·d di.,triiHHc·d ha~hinl!. Tlw S\'Ht'lll tri•·~ to ,fllrc 

all tupl.·~ matehinf! a particular t<'tllplate on the ~anw 11odc•. 

which i~ dc·wnnirl('d l"· doe Jw,hinl! function and called tlw 
reudt·z\·ou:-: flode. Bjorn:-.on proYidt.·~ rnon· dt·tail!". 
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m~cted tOf!t'tlwr ou an etlwnwt. H!>Jl('t'. all rc,;tdts 

presentt•d are for tile,.; ex('ept for tht· !Wl\nork of 

work,.; 1 ution,.;. 

4 RESULTS 

Tlw re~ult,.; of our t'XJwriment,; are prt',.;emed in 

term,; of t!w a<'lual ('Xe<'tlliou tilllt'" of the parallel 

n•r,.;ion;; on ntriotb machine,;. In order to fal'ilitak 

t·ompari,.,ou,.;. Wt' u],o pn•;;ent dw "fwedup ol)­

taiw'd for tlw di,.;tribwed nwmon· \·er,.;ion,.,. \\'e 

c·akulate "J!Pedup ba;;Pd oJI u ,..t'<jlwntialtinw. ob­

tained frotH tlw exe<'lltiou time of an d'li .. ieut C 

.not (>Linda Jll'of!nllll for !lw ,..alllt' prollklll on 

the dil'fen-·m llHl('hiw•,., and not from the exe('llliou 

time of tlw parallel <>Linda pro;.rram on one pro­

ce,:--or. .\lt'!llory re,.,tric·tiolb do not pennit u~ to 

,..ohf:' larp:e t:>ll<>Uf!h f!rid,.. on a :"illf!lt> prol'e,.;,.,or. 
HPnce. the ,.,equemial tillw,.; u,.,ed for "lwedup cal­
culation,., art> t'Xtrapolatt·d from tlw~e for ,..nwller 

;.rrids. :The e.xtrapolatioll '''<b done by m<'a:'urinf! 

the ;·xet·utiuH time for the ,.,equ('ntial pn•f!ram for 

a numlwr of /!rid ;;ize,.; [from :2:) X :2'1 to :2.)6 X 

:!:)(): and extmpolntillf! from all the daw. 

Our empha~i,; will be on di,-triLuted memory 

machines and L\:\;; althoup:h we will pre,.,e11l per­

formance data fur shared memorY enYirnnment:' 

a,; well. 

4.1 Shared Memory Machines 

In Tuble 1 'IH~ ,.;how the execution times for the 

pro;.rram u,.;iu;.r Lindu 'Yer,;ion :2.-f 1 on a 20-node 

Sequeut SymnwtrY with ao:31)() proee:-,.,ors Hlld 80 

\lB uf memory and an Hl-node En .. ore \lnltimax 

\\'ith :\S:):Z:t);! pnwe,..,.;or,.; and 6-t \lB of memorY. 

The Linda pro;.rram perform" extremely well with 

Table 1. Shart•d :\lemor~· Exeeution Time in 
Seeonds-.312 x 512. 200 Time Steps 

:-:;equent Encore 

Proee~~t ~r~ ::-:n n nwtJT \lultimax . . 

1+t1 ..,_<) 1 :"i:·t-lR 0 

:2 -:'03:>8.0 7566.1 

.... :3:)6(). :2 :3807.:2 

6 :2-+1:2.8 :2.)8-t.:> 

8 17'J9.-t 193-t.9 

10 H71.9 1577.9 

12 1:.U7.-t 1::3:20.;) 

H 1069.9 11:37.9 

16 9·t-t.5 999.1 

18 R7:2.-t 917.8 
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Table 2. Hypercube Execution Time in 

Seconds-512 X .512. 200 Time Steps 

iPSC/2 iPSC/860 

Processors Linda :\.\/2 Linda :\.\/860 

1" 68·i1.-t 68-t 1.-t 1060.6 1060.6 

-t 280.1 :.2"":'b.2 

8 86-t.b 857.1 1-t-t.2 1-t 1.1 

16 -t37.2 -t32.0 69.1 66.9 

:32 227.-t 222.9 .37.2 :3.).0 

6-t 116.7 112.8 19.8 17.7 

128 11.8 9.8 

" f:xtrapu!atptf. 

efficiencies ~enerally in excess of 90'Yo. This pt>r· 

formance is to be expected Lecau,o;e Linda is es­

sentially a shared memory model and tuple ,.;pact' 

and its associated operations can bt> implemented 

verv efficient!\· on sharPd memory machines. . . . 
However. the same Linda prof!"ram can be recom­

piled and executed on distributed memory ma­

chine,o; as we shall see in the follo"in~ sections. 

4.2 Distributed Memory Machines 

The shallow water algorithm maps naturally to 

messatre passing bP~ween nearest neighbor pro­

cessors. Hence. in essencP. our in1plementation 

uses Linda as a hitrh -level messatre pa,.;sintr ,.;ystem 

among worker processe,;. However. the Linda 

programmer does not have to worry about fitrurintr 

out explicit destination processor,- for the mes­

saf!"es: Linda· s tuple matching process takes care 

of that forth. In addition. the Linda program can 

be developed and debutrged in a more u,;t>r­

friendly en\ironmt·nt such a,; a Sparc,.;tation with 

bt>tter utilities for 5nftwart' devt>lopmPnt. ..\,.; a 

re;;ult tht> Linda program i,.; ea,.;iPr to code .. \,.; "·p 

hm·e indicated earliPr. tlwrt' i,; a pricP to pay in 

tt'nu,o; of 1wrformanct' dPtrrarlatinn' for thi,; P1ht' of' 

use. 

In Table 2. we show tht' execution timt':'i for the 

Linda (\"ersion :2.-1: 1 program on tl1P iPSC /2 and 

the iPSC/860. ,,.t' al,;o sh(m· tht> times for the 

same problem u,.;ing tilt' native me,o;sage pa,.;,;in,!! 

primitive,o; on both machines. Clt>arly. d1P Linda 

program demonstrates exct>llt·nt efliciPtw~· whPn 

compared to the natin' mps,.;agP pas,;ing vt'r,;ion. 

The difference in execution time !JetwePn the two 

is about 10'X) for the 6-1:-proct>,.;sor cast'. The dif­

ference i,; due to tlw nvt>rhead associated with 

Linda· s mana!!ement of tuple spaee in tht> di,triiJ­

uted n1emorv environnwnt. 

4.3 LANs 

l\"etworks of workstations connected Lv an 

ethernet are commonplace and have bet>n widdy 

an1ilable as an inexpensive. potential resource for 

parallelism. HowPver. until recently. this potential 

computing power has not been exploited dut> to 

lack of appropriate parallPl programming toob. 

"~orbtations are becnminf! increa,;ingly powerful 

and affordablt> whilt> the ,.;peed and bandwidth of 

LA.\"s promi,o;e to f!nJW in the near future. Finally. 

a number of parallel programming environmt>nh 

are becominf! available for dw,;p machine,;. 

Hence. in our opinion. groups of workstation,; 

connected by hitrh-,.;peed LA.\"s haw emerged as a 

powerful. practical. and affordable re,.;ource for 

Pxploiting parallelism and Linda is emergintr as a 

powerful progranunintr em ironnwnt for writ in!! ef­

ficient and portable parallel program,; for such 

L\.l\"s. 

"~e invPstitrated tlw performance of ;\"etwork 

Linda (Yersion 2.-1:.6) and PY:\l (Yersion :2.:3.2*; 

on a LA.\" of SC;\" Sparcstation,.;. P\.:\l \Which 

stand,; for Parallel \"irtual \lachint' · was den·l­

nped at Oak Ridge ;\ational Labs. tl1P l. nin'r:-;ity 

of Tenne,;,.;et' and at Emory Lni\·t'rsity [-:'-9:. It i,.; 

a direct. mp,o;satre pa,.;,;intr sy,.;tem for nt>tworks of 

computers. 

ln our experiment,;. wt' used PY\l and Linda 

protrrams that used tlw ,o;anH' computation mod­

ule. in order to eliminatt' pu,.;,.;iiJle difference,.; in 

compilation. Tlw two prof!r<.ll1b difft>rerl only in 

the communication routines. The data prt',.;ented 

art' the averatre of several run,; in each CihP. ".t:' 
abo tried to pn,o;urP that the network wa,; fn .. e of 

contPntinn from other unrPlatt>d procp,;,o;e,;. 

ln fitrun' 1 we ,;how ti1P SfWt'dup obtained u,.;­

intr Linda and P\.\1 on a nt>t"·ork of up to 11) ~L .\ 

Sparc,.;tation,.;. Tlw ar·ttwl exPt·ution tinw,., an· 

,;ho"·n in tht"' lir,;t two columth of TahiP :3. Tlw 

lllP<bUrPment,o; w<·re m:.HIP u,;intr the CPL tinw 

,o;pent Pxecutintr the program ,.,_, a me:.hun· of exe­

cution time. :\,.;the graph show,;. both tlw Linda 

and PY:\1 program,; demon,;trated t'xcdlPnt and 

practically identical pt>rformancP on the Il!'twork. 

Thi,.; w<b a surpri,.;intr and unexpPctnl n·,;tdt. 

lwcau,.;p our expt>riPIH'e with both the Linda and 

P\.\l ypr,;ion,.; suf!gt>,;tPd that both took ,;onlt·"·hat 

* \\." trit•d \-.. r,..,ion :2.-t.1 IHJI tlw tin1i11,!! data wa .... \Try in­

I'IHJ...,i:-'ll'llt. and wt· wt·n· unaltJ,. to .!!''' any Jnt·anill~ful n·:.;tdt:"''. 

In .~t·\·t·ral ca_..;p:.;_ d1t_. t'XPI'tHion tillH' u~in,!! \"t•r:..;ion :.!.-+.1 wa .... 

~n·at1·r than that u:.;in~ \"1T:-.ion :2.:t:2. \r,. lHnT notitit·d tl1(' 

author~ and an irt\"t':·'fi,!!ation j:-; CIITTt'11tly in pro~n·:.;..;, 
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FICL'HE 1 ~peedup mer a L.\.'\ .. 3]:2 X :)1:2. :.WU 

time ,;tefh. 

loui!Pr in practi('e than t!w CPC timinf!" ~lll!i!C'"I. 

.\1ort>O\'t'L tlw CPL data implit>,o; thm addi111! mort' 

and more work,.tation,o; will ('Olltitlllt' to ,-ield im­

proYed 1wrfornwnee. Howt>Yer. the ll('twork is a 

,.,Jwn·d rt>,o;ourTt' mtd addin,!! work,o;tation,;; dtt>rt->by 

irwtTa,.,inl! tht> amount of ('Oilllllllllicatiou· ,.hnuld 

t:\'('Jlt twlly re;;ult in a ~il!niJicant dt>l!radation in ef­

licif'tH·y due to colJi,.ion:'i of transmi,-,.;iotb from 

n1rious ,.;tation;;. * This drop in network eflicielle\· 

,_Jwuld ,;how up in our performance data in th~ 
form of increast>d commutJication time and re­

dtwed eflil'ien('\'. 

Lufortttnately. lllt'<hllrilll! (:Pl. time JWI!Iecb a 

,.,jl!nilicant amotuH of the m t>rlwad <h:'ociated 

with l'ommuninuinl! aero,.;;;; tlw network. CPL 

time i,; the actual time ,_;pellt by the "Y"tem to ext>­

cute tlw particular proce,;;.; lwinl! timed. Thi,; 

method of timilll!. in the ('WW of ]loth Liuda and 

P\'.\1. totally il!llon•s the tinw i'JH'lll by Ilw ,;y,_;tt•m 

in mattal!ill;! traffic anoss tlw network. In the ca,.;e 

of PY.\1. tlw CPL time funlwr llt'l!lech the oYer­

head a,;,;o(·ia!f•d with tlw P\'.\f ~y:;tt·m·,.; llHIIHII!e­

meut of Jllp,;,_;al!t' tran.~mih and rel'ein·,;. \Yhich i,; 

* Thi~ i:-> on a~-counl of the coHlllllHiit·ntion protocol IJ~~·d 

on dlt' t•dwnl,·t thnt P:-.~t·Jnial!y pt•ntdt... !--Uition~ to tran .... Ioit 

packPt~ of data a .... ~oon a..; tfwy are n·wh- to du .... o unlt~:--s tlw 

c-lwnn<·l j, ''"'"· llt•rwt•. "' tl~t··load <Ill tl;e ll<'twork irwn·a"''· 

the J"'rfonnan<'<• "''flTad•·~ rapid!,-. 
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Table :3. :\'t>lwork ExN·ution Time in 
Seconds-.512 x 512, 200 Time SIE>ps 

Linda P\'.\1 Linda 
Proces,;or,; CPl' CPL. "'all 

1" :~:no.<) :_n:3o.ll :n~ 1.s 
-t 88:J.(J 8S-t.l 966.:2 

8 -t:J8.:3 -f:')-f _({ :):31. 0 

1:2 J18.:J 31:3.1 :34:3.:2 

16 :2 -t .') .1 :2-t0.:2 ::3:36. -t 

:20 :2()-t_(j 1110.'7 :3H -t 

:2-t 180.0 18:2. 1 :W9.1 

:28 161 .:2 160.:2 :318 6 

·• E:--tr<lJHtlat•·d. 

P\ .\1 
\\'all 

;3:).)1.8 

(/":'1>.0 

6:2"".'.-t 

-t:3o.5 

-t:2tJ.:2 

-t:3"".'.:3 

-t:3"".'.5 
-tO:).".' 

done by lllt'all,; of an additional proep,;,; •called 

tlw P\ .\1 dat·mon 1 nmnilll! on each !lode. Thi,; 

overllt'ad i" included in dw CPL. time for a Linda 

prowam lwntu:ie Linda bundles the wple man­

tlf!'t'lllt'llt code into the ,.;ame prot·e,.,,.; a,; tlw ext·cut­

llll! jli'OI!ram. 

In order to account for tlw extra oYerlwad. we 

Illt'H:'ituTd dw performance in ttTms of the actual 

Plap,o;ed time I wl\H't'll tlw "tart and completion of 
the pnH·e,;,.;_ Thi;;; i:; thC' n·al performancP dwt a 

u,;er \\·otdd ,;ep when executinl! a prowam on the 

JWI\York and i;;. ht>nce. a lwttt'l' mca,ur·e of perfor­

llll:HlCe for dw L-\:\. 
The,.,e exel'ution time:' are :'IJOwn in dw la,.;t two 

l'olumtb of Table :3 for both Linda aml P\ .\1. The 

"lwedtql obtained U:-'illl! thr·,;e wall clock till1t':'i i, 

,.,Jwwn in Fil!urt> 1. Both ,;y,uc>m,; ,.uffn l'on,;ider­

able dt·l!radation in performam·e in l!<>inl! from 

CPl' to wall dot'k time,-. The data ,.;ho\\' the ex­

pt•t·ted reduction in efficiency due to rwtwork eol­

Ji,-ion,; a" the numiH·r of work,tation,; i,; itHTt'a:-'Pd. 

The lnrl!e n·thwtion in "(Wt>dup for lHttit Linda 

and P\'.\1 is dt·mly due to takilll! all tlw on·rlwad 

imo account when llH'<l"ll rill!! time. However. 

Linda dl'arly outperfomh P\'.\1 in thi,.; rel!ard. 

AppmTntl~-- hm·inl! tlw Yarious P\'.\1 pnH't':i,;t•,; 

communinltt-' ,·ia au intt-·rnwdiate PY.\1 daemon 

incur,- ,;ipliJicantly 1-'n·mcr dwn dwt a,.,,_;ociated 

with Linda's IlHIIHII!eiiWllt o[ tuple spact'. ,_.\_ 

planned ('nhatwt•nwnt to P\'.\1 will attempt to re­

du<'t" the,.;e dTt·(·t,;.! 1 It-•tH'e. a tt,t'r tryinl! to ext'eute 

an application in parallel on a liPtwork of work~ta­

tions i~ likely to see lwtter perfornwn<T with Linda 

thall with P\ .\1. 

\'\-e now that tlw P\ \1 ,;y,.;tcm j,.; primarily tar­

t:eted at larl!e-l!rain upplicatiotb with ,.,,.,·era! rda­

ti\·ely independent components. ea<'h uf whit'h 

can run Oll au urchite<'ttHt' lx·,;t ,.uited to its re-
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quirement.'i and communicate u:;int: the machine 

independent mechanbms provided b~- P\-\L 

However. the awhor:; of PY\1 do claim trood pt>r­

formance for traditional parallel applications 

[8, 9]. 

5 CONCLUSIONS 

A number of computer scientists han· contended 

that Linda cannot possibly be implementPd efli­
cienth- on distributed memon· machine:; because . . 
there is simply too much overlwad. They bdien• 

that Linda will not lw nble to compete with mes­

sage passing on such machint>,; eYt'n for soh-ing 

compute-intensive problems. 

\\-e have u:-;ed Linda to soh·e a real problem. 

similar w tho;;e that researchers in ;;ewral fields 

are attempting to solve. Tht> prohlt'm i;; n·latively 

compute-intensive but. on hypercube:;. lws a 

communication structure based entire~\- on near­

est neighbor communication. thus makinl! it ide­

ally suited to the mt>ssat!"e passinf! approach. Thi;; 

communication structun· is explicitly encoded in 

the message passinf! solution that is able to fully 
exploit this regularity in the problem to produce a 

near-optimal solution as evideHeed by the excel­

lent speedup and efficiencies ob;;erYed. 

In contra,.;t. the Linda solution has no explicit 
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FIGURE 2 Speedup comparison across machines us­

ing Linda. 

way to exploit this regularity in the commtmica­

tion structurt' of thl'-' all!orithm. In fact. the Linda 

program wa;; not en·n den·loped on a distrihutPd 

memory macltiue. In ~pite of thi;;. Linda rwrfonns 

fairly well and appears to hold ib own. 

Further. WI'-' portt>d the Linda program to a ntri­

en· of architt>cturt's. It continut's to demnn,;trate 

excellent performance in all these em·irotlllH"llb. 

In Figure :2 we detail the ;;peedup obtained u,;inl! 

Linda on seyeral different machines. \X·e ;;,,e ex­

cell<>nt performance on the tightly coupled shart'd 

memory and di;;tributt>d memorY machine,;. Fur-. . 
ther. Linda also perform;; creditahly on a rwtwork 

of workstation;; where we see p:ood dli1·ieneie;; up 

to about 1:2-lo worbtation,.;. that i,;. until wt> sat­

urate the rwtwork. Current LA:'\;; have limitt'd 

communication bandwidth. But. a;; tlw band­

width and speed of networb continue to irHTeH:-iP. 

we belit•ve rhat the Linda system will be abiP to 

efficiently support inerea,;ingly largt•r rwtworb. 

\"\·e belit>ve that Linda will continut> to 1-w a practi­

cal and powt'rful ern-ironment for exploitilll! thi,; 

vast potential re,;ourn• for paralleli,;m. 
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APPENDIX 1 

Linda IS a hir;h-lton·l coordination lanr;uar;t·. 

which 111<1\. lw coupled with au~- •·omputation lan­

c;uac;e like C or Fortran to prmide a hir;h-le\Tl 

diakct for parallel pmc;ran11uiur; on .\11.\ID ma­

chine,. The Linda nwdd is lw,ed on a ,bared 

a,..,ociati\ t' nwnwry kllo\Yil as tuple space. "·hich 

t"Oibists of a •·ollection of tuple,. A tuple i" jtl:-1 a 

collt·ction of field,... each of which lws a "lwcific 

type. The tylw" are drmYII from tho,.;e aYailalJlt, in 

tlw lw:-t lanr;uar;t-·. Tlwre are l\\o kind,., of tuple:-: 

1wtin· pr<wt•,.., tuple,; and pa,.,,..i\T data tupl,..,.;. Pro­

,.,.,..,.. ltiplt·:- t'.\.t,ctltt· ,·onct!JTt'11tly and t"Oillllllllli­

,·att-· \Yith e1wh otlwr 1,, JTadinr;. \\Titill.!!. and •·on­

~tuuillr; data lllple,., frotn tuple "J'11!"t'. \\·lwu a 

pnwe,s fini:-lw,.; t,XtTUtinr;. it turns i11to an ordi­

twr~ data ttq,k .. \li,·"Illllltlllication i,.. adtit·\nl J,~ 

tt:-inr; four ,..imple opt-·rations on tuple ,..pat·e. Judi­

\ idual proce,..,es arc not a\\·ano of and do not care 

about how otlwr processe,_; do "·hat tlwy d". This 

tulcoupkd ,..tyle makes it easier for pror;ranuners 

to write parallel prof!"rams because they do not 

haYe to worry ahoutlow-le\t'l details ,..uch a:' me,_;­

,a;re de,tiuation:- awl cxplit·it ,.,yuchrouization. 

Tuples can only lw modified after extractin;r tlwm 

from tuple space. thu,.; prm idinr; an implicit luck­

inp: nwchani,;;m. 

There are four basic tuple space operation,.;. 

out. entl. in. and rd. out (t) cause,; tuple t to l1e 

added to tuplt> space: the extTutinr; process con­

tinues immediately. entl (t) is the ,.;ame a,.; out (t) 

except that t i,.; eYalttatt'd after rather than Lwfore 

it enter,.; tuple "lHH'e: eval implicitly forks a new 
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prot"~-'"" to perform tlw e\ultl<ttion. in (s) !"1111,_,,,., 

,.;ome tuple t that match•·, tlw templute s to lw 

withdrawn front tuplt· "1'1ll't': the \ultw,.; of the ac­

tual fields in tare as,i,!!llt'd to tlw formal,.; in!'!. and 

the ext't"tllillf! prot·e,.;, l'ontinttt•,.;. H IUJ nwtt·hinr; t 

is aYailaiJ!t·. the pn HTS" i, ;;u,.;pended until otw 

becomes aYailal,le. If man\· t,.. are mailalde. ont' i,.; 

chosen arbitrarily. rd (s) i, tlw ,.;anw a,.; in (s) 

exet'Jll tlwt the lltatt·hinr; tuplt· t n·nwith i11 ttqde 

,.;pace. 

Ttiple,.; hmt' no addw""''": tlwy an· :-t·lt't"tt-'d l1y 

in or rd on tlw ha:-is of att\ combination of their 

field \<.dtw,.,. Tints the fiYe-t'lenwllt lltpl~-' A. B. C. 

D. E ma\· l~t· n·ferenn·d a,., ··dw fi,•·-··lt·tnt·nt tu­

plt-' wlw,.,e fir,.,t ..!t·nwnt i,., .\.··or 11,.. .. tlw fi,,,_..Jt'­

nwnt lttplt· \\ ho,..e :-t·t·ond ,.],·nwnt i:- Band fifth i,.; 

E · · or In· attY odwr com! 1ination of t•lt·tnt·nt 'altw,.,. 

Tu n·ad a tupk tl,..tll;! tLt· lir."t d,·,..criptitJii. \\t: 

\YO tdd \\Ti It' 

rd(A, ?w, ?x, ?y, ?zl 

'this make,.; A an actual paranwter-it mu,.,t lw 

matched a;.win,.,t-and w throur;h z formab. who,.,e 

Yahw,.; "illlw filled in fn,m the nwtdwd tuplt· To 

read u"in~ dw >it·cond de"t-ription. we write 

rd (?v, B, ?x, ?y, E) 

and ,.;o on . .-\,.,,.;ociatiYe matchin;r IS in fat·t more 

1!e11eral tlwn thi,.;: formal paranwters lor .. wild 

card;-;""'. may appt·ar in tuple, as \\·ell a,.; match­

templalt',.;. and matchin;r i,.; "etbiti\e to the type,.; 

a,.; \\·ell as the n1lues of tuple field,.;. 
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