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ABSTRACT 

CONLAB (CONcurrent LABoratory) is an environment for developing algorithms for 
parallel computer architectures and for simulating different parallel architectures. A 
user can experimentally verify and obtain a picture of the real performance of a parallel 
algorithm executing on a simulated target architecture. CONLAB gives a high-level 
support for expressing computations and communications in a distributed memory 
multicomputer (DMM) environment. A development methodology for DMM algorithms 
that is based on different levels of abstraction of the problem, the target architecture, 
and the CONLAB language itself is presented and illustrated with two examples. Simu­
lation results for and real experiments on the Intel iPSC/2 hypercube are presented. 
Because CONLAB is developed to run on uniprocessor UNIX workstations, it is an 
educational tool that offers interactive (simulated) parallel computing to a wide audi­
ence. © 1993 by John Wiley & Sons, Inc. 

1 INTRODUCTION 

Today. IIlllCh alf!oridun dt>,.,i~:[n for pamllt>l com­
puter architeCillrt>s and nw,.;t implemelllatiotb art> 
donf' in <'OllYPntional pro!!rammin!! lan!!ll<t!!e,.; like 
Fortran and C. :\"ormalh·. thi,.; i,.; a ,-pn· time-. . 
constuning: proce,.;;;;. especially in an innoYatiYe 
phase wbere differelll idea,; and prototype imple­
mentations are examined. It \Yould lw de,.,ira],]p to 
!Je able to expre,.;,.; the computation,., in as hif!h 
len·! of abstraction a,.; po,.;,.;ible and to focus on the 
paralldization i;;sue,.; and problt>nb for different 
architectures. The application art>a we lun·e in 
mind is matrix eomputations that are ba,.;ic in 
most ,.;cientific. economic. and t>nf!ineering: appli-
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cations. It is well known that block alf!nrithms are 
amenable for many paraiiPI architeetures [1-.3:. 
Good interactiYe den·lopment enYironments for 
,.;equelllial <·omputations exi,.;t. notably ~1:\.TLAB 
(~lATrix L.-\.Boratory! [-± ~. ~IATLAB has simple 
operators and built-in function,; for matrix addi­
tion and multiplications. matrix factorizations. 
etc. Thi,.; paper pre,.;ents the CO:\"LAB em·iron­
ment with focus on alf!urithm de,·elopnH"nt for di,.;­
trilmted memory multicomputers :D~I~l). 

COl\LAB iCOl\cuJTt'nt LABoratory 1 is an t>m·i­
ronment for dt>\ t'loping: al!!orithm,.; for parallel 
computt>r architecture,.; and for simulatinf! differ­
ent parallt>l architecture,;. This mean,.; that tlw 
Uf'er can experimentally 'erify and obtain a f!oml 
pict tire of the real performance of a parallel alf!o­
rithm t>xecutinf! on a ,.;imulated tarf!et architec­
tme. The aim with CO:\"LAB is at lea,.;t twofold. 
namely, to pro\·ide an enYironment for deYelopinf! 
and te,.;tinf! parallel al!!orithms. and an educa­
tional tool for introducinf! parallel computin!! in 
hoth teachinf! and re,.,earch. Becau,.;e COl\L-\.B is 
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developed to nm on tmiproct'ssor L:\IX work,;ta­
tions it offer,; intt:>mctive (,;inwluted) parnllel com­
putin~ to a wide audience .. -\t prt>sent. CO:\L:\B is 
mainly focused on algorithm design for. and ,;imu­
lation ot D.\l.\1 architectures with me:'isage pass­
ing communication. 

COi\L-\B gives a high-len·! support for ex­
pres,;ing computation,;; and communication,; in a 
D.\l.\1 environment. Section :2 gives an introduc­
tion to the COl\LAB hmguag<'. the simulation of 
parallel execution in CO:\LAB. and diffPrell! tools 
related to parallel algorithm design and ,;;imulation 
of D:\l.\1 architectures. Section :3 introduce,;; a de­
velopment methodolof.'Y for D.\1.\1 algorithm;; that 
is based on different le\·eb of uh,;traction of the 
problem. the target architf>CIUrt:>. and the CO:\­
LAB lanf.rttage itself. In s1~ction -L the dnelopnwnt 
methodology usinl-! CO.\LAB i:-> illu . .;;trated with 
two examples. Simulation results for and real PX­
periments on the Intel iPSC/2 hypercube are pre­
sented in section 5. Finally. in section 6 some con­
clusions are given and the future developmem of 
f:Oi\L\B is discussed. 

2 THE CONLAB ENVIRONMENT 

CO:'\LAB has inht>ritNl mam· characteri,:;tic,; from 
~IATLAB [-!]. It is an interacti\-e em·ironment for 
scientific and engineer·ing computations that also 
offers parallelism. The lanl!uage u:->ed for pro­
gramming in COI\LAB is similar w the .\IA TL\B 
language (in reality a sub::;et because all facilities 
of :\L\ TLAB are not implemented) and j,- ex­
tended with con,;trucb u;;ed for expre:;,;ing paral­
leLism, synchronization. and communil'ution. In 
the discussions and dec->criptions that follow we as­
sumP th<:H tbe reader has some familiaritY with. 
and experience in. using .\IATL\.B [·( or a 
.\L\.TLAB-like environment. A.s in .\L\TL-\B the 
only data structure are matrices (scalars are 1 X 1. 
vectors are 1 x n [row vector,;] or m X 1 [column 
vectors J, and matrices. e.g .. m X n ). The colon 
notation is used to specify columns. rows. or sub­
matrices of a matrix A. For example. A(:. i) de­
notes the i:th column of A and rl (i :j. k: /)denotes 
the entrie,; of A in rows i through j and columns k 
through l. We will frequently refer to and u,;;e con­
cepts like predefined and user-defined functions. 
different matrix operations. ete. 

Because CO::'\LAB is an interactive environ­
ment it frees the user from issues like compilation, 
linking, etc. The user can define a function in-

tem('tin·h· and eall it immediatelY. Jn the ,.;anw . . 
way. u pnH·e,.;s (~ee ,,.ction :2.2\ can lw defined. 
assigned to a set of proce::;sors. and simulated par­
allel execution ean be ,;tarted iu,tantaneou:'ih·. 

In the followinl! we ~iYe an introdtwtion to t!w 
parallel conceph of the CO:\LAB language. tlte 
simulation of parallel execurioJJ in CO:\LAB. and 
different tool,; related to parallel algorithm desig11 
and simulation of D.\I.\1 architectun--s. lllustm­
tion,; of their use an' shown in two examples of 
section .of. Other report,; prodde more information 
about CO:'\LAB [0-7]. 

2.1 Where Does CONLAB Run? 

CO.\L:\B is mainly intPnded to nm on uniproee::;­
snr l-.\[\. work,;tation,.;. but it could profitably b~:• 

ported to muhiproceso;or work;;:tation,; or t'Yen ,;;u­
percomputer,.; to achit>ve bettt>r twrforrnntH'e of hi!£ 
simulation:->. The computational part of CO.\L\B 
is based on the high-performance linear alw·hra 
packa:re L-\P.\CK [:3]. which is portablt> to many 
of tnda;-· s adnl.nced computer architecturr>,:;. In 
fact. by running CO.\L-\B on a Yery powerful nw­
chine it i,o, poiisible to ,.;imulate the actual compu­
tations faster than running the ;;amP application 
on dw D.\I.\1 targt•t machiw~ (at lea,;t for the fir,;t 
and second lft'!leration:-> D.\1.\1 architectures\ 

2.2 Extensions for Parallelism 

Paralleli,;m is exprps,;;ed with a new control ;;true­
ture. the proct•ss. A process is very similar to a 
function_ in that it is a nanwd eollt>ction of :'itatt'­
ments that can be initialized with a set of argu­
nwnt,;, . .-\ procl'-:~ can he a,;,:;itrned to nrw or mnrP 
Yirtual processors. and parallel execution of the;,e 
processe,.; can be ;;;imulated by timP ;;haring on a 
Ci\1X workstation. Argumt>nts ean he pa;,,;t>d to 

the process wht>n it is assigned nnd thPy an· typi­
callv u;;ed for different initializations. 

Comnnmication na message passing 1,.; 

achieved with send and receive primitives .. \ 
message can be serlt to one or more proees:oes and 
a type is specified for the message. Reception of 
messages can be done by specifying the sender 
and/ or me,;;;age type. Communication can be ei­
ther synchronous or a:->ynchronous. ,'\.hen syn­
chronous cornmunicarion is used the ;;t>nder waits 
until the messatre is completely received by the 
receiver. whereas for a:->ynchronou:-> conulnmica­
tion the sender continues execution immediatelY 
after submittin~ the message. 



2.3 Simulation of Parallel Execution 

Tlw ~imulation in CO:'\LAB j,.; ba~ed on a ,.;ra .. k 
lll<ll'hine. The COi'L\B "latenwllt,.; an· compilt>d 
to a p;;eudo t·mle dwt j,.; exect!lf•d by a 'inual 
;.(al'k 111achine. The \·:dtw,.; on tlw ,.;t:wk are matri­
ce;.. which are dw only data type in CO:\L\B. and 
rhe m;whine in...;tructions perform matrix opera­
timh on the ,.;tack t•!Pmenl:'. 

The pn H't•,.;,.;t"~ ,hare the CPl of tlw ~iulllla tor 
awl t>xecutt• a ,.;erit':' of :'tack macltiut> iu,.;tnwtion,.; 
op••ratinr: 011 tlwir prinue hip-ll-lt>Yel stal'k. 

To control the ;;imulatt·d parallel execution of 
tlw ]li'Pt't·,;.~t>,.;. all pnwe,.;,;t":-' an· prmidt•d with a 
lime \:due. which de,.;crilw,.; how far in t•xt•t·ution H 
pro(·e,..,.. lws n•w·lwd. The,..e nlhw,.; ure u,..pd to dP­

termine the ,.;dwdulinrr (If tlw ]H'on"'"'"t':'i a,; well a:­
tn I'Otllrol dw ,.;yn('hnmizntion of thP prot'l''-"t-'"'· 

Fort'H<'h ,.,uwk tnadtitw itbtrtt('tioiJ a prt~t't'"" t'xe-

1'\llt-':'. ih time ndut• j,; iucrea,;,t>d arcnnliu!! to a 
time modPI. de,..crilwd iu :-t>ction :2.-t. 

Parallt·l exennion of proce~,-e~ i;o m·hien·d b~­
leuin/2' the procp,;;,;;e,.; t•xecute in a time ,.;harPd 
IIHIIHH:'L Dl!l-illl! Ollt' tilllt' :-lice a proct>,.;,.; j,; allmn·d 
to t:X('<'tllt' H few "tack llJa('hille in,.;tructioth. oper­
atinl! oJJ i~,.; own prinlle "t<H·k. a" lonl! a,; it doe" 
1101 execu!f~ in,;tnwtion,; with ,.;ide t·ffet·t,., · e ·!!·· 
communication,;;:. Beenu,;e a ,.;ide effect i,- dt"JWH­
dt>llt on and chan!!e,; the !!lobal ,;tate of tlw "Y"If'Ill 

of proct"""'""- a proce"" that PXet·ute,.; an in,.;tnw­
tiou with ~ide effect:" mu:-t lw the prot't',;,.; with the 
lowt•,..t \ irtual , ,..jmulated, time ntlue. Odwrwi"~" it 
lw,.; to wait for tlw otlwr pron•s,.;e, .. catchin(!: up" 
in Yirtual time [-:' . After one time :-lice attotlwr 
proce,;,-, i,; H"le('ted for t'XectHiotL and the new ac­
tin~ proce,.,- operate,; on ih priYate ,.;tack. uud ,..o 
OIL 

Aftt"r each in,..tntetion a proct•,;,; t->XPCllte,-,_ a 
Itew tinw \·alue j,.; r·m11putt->d for the proce""· This 
time \·altw j,.; che!'kt->d a!!ain,.;t the tinw ,.;}i('P nnd 
the proce,.;,; is allowed tn t'ontinue exel·wion a,.; 
lonr: th tlw time ndue does not exceed the time 
,.,fie•'· 

At each ,;tt•p the prot•e,;,.; with tht> ~nwlle,;t time 
Yahw is ,.;elected for execlltion. TJJi,-, en,oure,;; that 
alljH\tn•sst•,:; will t'H'ntually be allowed to execute. 

prm·idet! that they perform lloating point optTa­

tiuu,; and/ or cDmlllunication. 

2.4 The Time Model for Simulation of 
DMM Architectures 

The executioll of the proce,;,.;es on the Yirnml pro­
ce,.;sors is controlled by a time model dwt com-
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putt·, dtt> elap,..cd time on •·aeh Yirtual]!l'oce,;sor. 
Tlw lilt Hit-) is di,·ided into two p<trh. comptll<ttioJl,; 
and communicatiotb. Diffl'rt"lll D.\L\1 an·hitP<'­
tun•,- can lw "inwlutt·d by cb:.1nginl! thi,.; titue 
nwdd. 

Tlw ti11w nwdt·l for <·omputatinns j,.; La,..t•d on 
the numlwr of Jloatin!! point uptTatiotb Jlop,.;: a 
pro<'e,.;,.; jwditrms. and the co,;t for one flop. In thi,.; 
<'<lntext multipli('ation,; a,.; well a,; addition,;. :-.ub­
traction,;;. and did:-ions are con,..idered a,; floatill!! 
point operation, with the ,..alllt' l'O~L Tlw u:-er 
,.;pecilies with a cull to the fmwtion.floptime. the 
co,..t for o1w float in!! point o1wration. T~ piculh-. 
thi,.; ntlue repre,.;t•nh au an·ra)!e of the practil'al 
perfonllallct' of tht• node pron·,..,< >!'. Each tinw a 
computation j, pn-formed hy a prw:e,.;s tht• tww 
time ntlut>. trnl. of that proct'"" i,; computed a" 

\\·lwrt-> /,J.,l' i~ tlw time co."l as,.;ociatPd with a lloat­
in!! point operation. 

The time nwdel for communication,; ou D.\L\1 
architt't'tlln·,; is !JH,.,Pd on the fan tlwt on a n·al 
D.\I.\1. t'iHHIIIUili<'ation can take diff<"Wtll >'c<"­
nario,; dependin!! on the relutin· order in which 
the ,;;ending and recei\ intr nodt>s i,;.sue the send 
and receive call,;. re,.;pectiYeh-. 

1. L'nbuffered communinnion I>' the re,;ult 
when tlw recei\·inl! node has is,.-ut>d a receiYe 
call lwfnre the mc:--~<1;!!' )w,.; arriYed ut the 
twdt•. \'\-hen this lwppell:" tlw ('ommutlica­
tion "Y"u~m kno"'·" wlwre tu put the me~,.;ap:e 
and no comnnmication bufTt>r~ haYe to lw 
lhPd. 

·) Buffered eonl!mutication twcur,;; \Ylwn tlw 
receiYer ha,;; not performed the receiYe call 
when the llH_·,;~a!!e arriYes. Becau,.;e dw 
commtmication :-\·,;~em cannot know where 
in the u,er daw area the me:osage i,.; to lw 
placed it i:; forced 10 u,.;e internal !Juffer!i. 

The communication time model ha,; the follow­
ing components: 

1. Send time i:o the time it take,; for the sendt>r 
of the message to contact the local com­
munication ;;ystem. The send time includes 
copyin!! the !llt':'iid!!C from the local data 
area to the communication system Lufft>r;;. 
The ,.;end time is di\ ided into buffered ,;;end 
time aud unbuffered send time to distin-
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p 

-send( ... )-

time 

Q I I receive time 

- receive( ... ) 

FIGURE 1 Communication time c-ompont·nt~ for buffered communication. 

guish between the two types of communica­
tion. 

2. Receive time is the time it takes for the re­
ceiver to deal with a messaf!e that has ar­
rived at the node. 1'\ote that receiYe time 
only concerns buffered communication. 

:3. Delay time is the time it takes for the rne:'­
sage to reach the target node aftf'r the 
sender has initiated the send operation. 

4. Total communication time. \\.hen unbuf­
fered communication is used the receiYer is 
blocked on recein· when tlw mes,.age ar­
rives. The total communication time for un­
buffered communication is the time it take,; 
for the message to be fully transmitted to the 
receiver from the point where the ;-;ender is­
sued the send call. 

The following small prof!ram illu,.;trate,.; the 
cmnmunication time components. 

process P 

send message to (),. 

end 
process () 

receive,' mcssup:e from P 

end 

p I send time I 
-send( ... )-

delay time 

The process P sends a message to the process 
Q. u;-;ing the send statement. Process () recei\·e,; 
the message from the process P. with the rccehe 
call. 

If Q initiates the receive after P has made the 
call to send then buffered communication i,- used. 
Figure 1 shows the relation,.;hip,.; between tlw tinw 
components when buffered communication i>< 
achieYed in the abm·e program. 

If the receh·e call is executed before the call to 
send then unbuffered communication is used. 
which i,.; depicted in Fif!ure 2. In Figure 2 the <lt·lay 
time decides when the recei\·er changes state from 
idle. waiting for a message to actiYe in communi­
cation. During simulation the delay time i,; usPd to 
determine if the messap:e has reached tlw recPiv­
inp: node by the time the receive calli,.; don!:'. Thi,.; 
information is thPd to dt>cidP if buffered or unbuf­
fered communication is to he tH-compJi,..hed. 

The communication time component,; art' pre­
sented to the CO:\"L:\.8 simulator by specifying a 
function expressed in CO:'\L:\.B notation. Thi,.; 
function is implicitly callt'd every time a conummi­
cation i,- initiated by a send call and it is re,.;pon,.;i­
hle for computing tlw time componPnt,.; de><l'rilwd 
above. The function take,; the me,.,,.;ap:t· ,.;izt· aw I 
t~-pt'. and th<> ,.;endPr and re<·Pin·r prncps,;ps a,; ar­
p:umPnh and delivpr,.; tlw st•n<l. receivP. dt>laL and 
total communication tinws a,; resulh. Th~· timt> 
compon<>nh are tlwn 11:-'Pd to calndate nt·w ti!IH' 

time 

total time 

receive( ... ) -----

FIGliHE 2 Communication time comrHm•·nh for unhufT,·rl'd comtmlltication. 
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~~tlon (bs, br, us .. ut .. dlJ :: tPSC2o.-esUra., to. t~. stz~) 

bst.able = [ 
% $l.le .,}ph.! beta 
z ------··---------------

0 0 166 
12 1.768 221 
tnf 2.0096 .(2$): 

lrt.t>lt = [ 
% SlZe dlpha beta 
z ------------·---·------

0 0 332 
12 1. 997& 342 
1nf 0.~ 321]: 

ustdble :; ( 
% s 1Zf!" dlph<\ beta 
% ----------------------· 

0 0 167 
12 1.51211 224 
tnf 2.8672 36SJ; 

uttabl~ = ( 
X s1ze alpha beta 
% ----------------------

0 0 272 
12 5.6496 322 
wf 2.6736 631); 

dtablf'!::: { 
% sue <blpha beta 
z --------··-------------

0 0 188 
12 3, 3472 245 
tnf 2.8736 631); 
tnf 2,884 6931: 

row= flnd<stze <= bstable<:. 1})~ 
row row(i}; 
!}s = bstable\r'l:*, 2} • s;z:e • bst~le<r-0110~ 3}; 
br = brtable(row. 2) • si:~:e • brt&ble(row, 3): 
U$ :: ustable\row, 2} * size • U$table(r01111, 3)~ 
ut :: uttable<row, 2> • s1ze • utt!!lble<row, 3>; 
dl .:; dt«>le(row, 2) * s.t.z.e + dt.able<row, 3>; 

,, ' . '·,·· 

. 

'' ... 

FIGCHE :J CO:\L\B function for r·nmpmin.!! mm­
nntnit'ati<nl ti11w r·omporwnt,- f,,r the iPSC/:2 lnp<'l'­
t'lll><'. 

ntlue~ for dw pron·,,..e,.; in\oln:·d in the commtmi­
cation. 

Fi;.rurP :3 ;.;how>'; an t·xalllplt' of a CO:\L.-\B func­
tiou tlwt c<HllJHIIe;.; the comJuuninnion timP ('!Jill· 

pollt'nt;.; of tlw ln~t·l iPSC/:2 hypercube. Tlw time> 
COI1lf><ll1PtH;.; for buffered communil'Htion 'bs, br: 
and unbuffc>rt'd commu11inll ion us, u t, dl : aw 
approximated l1y the> u,.;uallinear modd 

when• (3 and a dt'JWH' the> ,..tart-up co.'t and dw 
pt>r-uuit ('o,.;t for 1 rau,.;fetTillf! a me,.;,.;a~e of ,.;ize .\1 
doublt· word,.; ;3 byte,..;. n·,.;pet·tiYely. DPtailt>d 
cowmtmil'ationlwnclmwrk;., re,..ultill!! in thi,.; time 
mod<•J for l'OilllllUllietllion j,.; de.'-C'ribt~d in [8;. 

B~· dwll!!ill,!! tlw ndue offloptime and/or the 
taiJJp,.; of the COlllllHillinlliun time futwtion. thP 
u,;er ('U!l. for t•xalllple. Pxamine diiTerent compu­
tation-to-collllllt!l1inuion ratio, of a D.\L\1 nwdd. 
DifferPnt D:\l.\1 an·hitt'<'IUI't'" t•an be ,.;imulated bY 
writ in~ !lew funetion,.; for eomptnin~ eommunica­
tion tinw comp<mPnh. ThP time model !'or com­
putatiotb dnc>,.; not incorpnrat<:> the ,.;imulwion of 
m<·tw•n· bi<·mrTbiP,. It would then lw uece,;. . ..;al'\' 10 . . 
('Xlt'lld .floplime to a i'un<'tion tlwt approxinwtp,.; 
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different components as in the communication 
time model (e.g .. cache effects, pipe-lining). 

2.5 Performance Measuring 

The functions timer. arithtime. and commlime are 

used to calculate the timing characteristics of a 
COl\'LAB program. The timer function returns the 
current time \·alue of a process iit is initialized to 

zero when the proce;;s stun,.;) and it can Le used to 
lllPa;;ure tlw elapsed execution time of a process. 
Siruilarh-. the functions arithtime and commtime 
t·eturn the <·urrent times for arithmetic computa­
tions and <'OI!II11tll1ication;.;. r<:>,.;pectivd~· ,J)Oth ini­
tialized to zprn when tlw proce,;,.; starts). 

The arithmetic time can also be computt'd as 
.fluplime ·.flops. wht.'re t lw funnion .flops rPturns 
the numlwr of t1oatin,~r point uperations performed 
bY the pro<·e,.;;;, 

2.6 Monitoring Process Status During 
Simulation 

Durinp: ,;imulation tlw u,.;t>r <'1lll obtain information 
about the statu,.; of all prncp,;~e,;. Pmn•,.;;.; utiliza­
tion :the number of l>u,.,y pro<·e,;,;e;; and proce,;,; 
,.;tatll,; .}m,.;y or waitiup:; can lw plotted a,.; a func­
tion of time · ,..ee Fip:. ~ :. Pnwes,;e,; in bu,.;y ,-wte 

are mHrked in IJlaek f!n•en <Ill a c<Jl< If' ,;<Tt'Pll :. 
\Yhilt' pmce,.,,.,e,.. 111 wanm;.r or idle ,;tat<>" are 
marked in whitt> rt•(L 

2.7 Animated Replay of Messages 

.\,.; an option CO:\L\B will,!!<'lWntte tran: iile,- of 
all communication,.; and ('1\11 therefore offer tlw 
lht'l' a way or replayinp: the ;..imulation in term,; of 
L'Olllllluuinllion by me;;,-a;.re pu,o;,-in)!. Thi,.; rt:>play 
,;ho\\·,- ;.;endin,!! and n·<·ei\·iu~ prol't',.;,;e,.. re,.;ppc­
tiYely. for each me,;,.;a)!t' tlwt \VIIs trnn"ft'JT('d. It 
al,..o ,..how,.; the IJH~>i:-iHf!P 1 yp<> and ;.;izt• and the 
time,; dw me,.;~a~e wa,.; ,.,ent and re('eived. The 
colltt'llh of the me,.;,;a;.rf' cull ul~o be priut<>d out. In 
thi,; way. tlw nw,.;,.;a~e n'play is a tool for dt>bU)!· 
!!int-r the ('OIIlliiUnication of a di,.;trilmtrd alf.!o· 
rithm. Bdore the rt>play ,.;tans. the n,;cr has tlw 
option to ,.;ort tlw me,;,;a,!!PS by ,;end tinw or recei\·p 
tinw. The nws,.;a~P rc play \Yiw low is ,Jwwn in F i,!!­
ure ;), This window dump ,.;hm,·;:; that node 11 j,.; 

rel'einn~ a JlJe,;,.;a~e (of type :2 und len)!lh :2;)6 
b~·te:") from node 8. 
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FIGlJRE 4 The performance utilization (perf; win­
dow. 

2.8 ParaGraph 

There is a possibility to use trace files gt>nerated by 
CO);LAB in the visualization tool ParaGraph [9]. 
ParaGraph, which primarily is intended a,.; a 
postprocessor to the instrumentation packa;:.re 
PICL [ 10 j, include::; ::;everal graphs de::;criLing al­
gorithm performance when used with CO:\"L-\B. 

3 ALGORITHM DEVELOPMENT 
METHODOLOGY 

The methodology for developing parallel algo­
rithms in COJ\"LAB is based on different levels of 
abstraction of the problem. the tar;:.ret parallel ar­
chitecture, and of the CO);LAB language itself. By 
following the methodology the user will imple­
ment. at as high abstraction level as possible, 
functions and processe;; in CO:'\L-\B that define 
the architecture topology. communication on the 
topology. node and host algorithms, and a user 
interface. Below, we describe the different levels of 
abstraction. 

PWI55~t~ 

~tt~•t··u• 

~f'l(l toN 

R•c:•ptoor'l ti...­
(a-.,.nlc•tlon tl-

,. 
72•22.8 
7432'S.'S 
IM2.68 

0 

0 

8 
8 

!Stop lw:kvard!i6o baci<w.-dl~lr.o r..-w.-d!lstep fonoardl 
:~~~~~!·~!~~~~~~~~>~~~~ .. ~;!sort~ receive tt..eiJPr-Int ttessareiiENttl 

FIGL'RE ;) The mPs~ai!'' replay ·,.,.p/u_, .. window. 

1. The first level of abstraction concerns pro­
cess topology funrtions. The,.;e functions 
describe the topoloi-~· of the target architec­
ture I real or virtual) and are used tn nm·il!ate 
in the topolop:y. For examp!P. proces,; topol­
Oi-'Y functions in a two-dimensional me,;lt 
tran,;late a two-dimensional proces,;or in­
dex into a single proces,; number and vice 
versa. Typically. a binary reflected Gray 
code numberinf! of the proct>,;.~or,.; in a to­
polutry ,'e·l!·· rintr. me,.;h. ur hypercu1Je 1 i,;; 
used to assure that lot-rica! adjacent proce,.;­
sors are abo physical nei!!hbor,.;. Other to­

polo~· function,.; may deliver the phy,.;ical 
neighbors in the four direction,;; of a two­
dimensional me,;h (north. south. east. and 
we,;t). 

2. The second level concerns rommunicution 
functions. These functions are problem de­
pendent but can of course be general. Typi­
cally, they perform some kind of compound 
communication on the target architecture. 
for example, rolling messal!es row-wise in a 
two-dimensional mesh or broadcasting a 
mes,;al!e to a set of node,.;. The communica­
tion functions use the process topoloi-'Y 
functions to direct the messages and the 
send and receive primitives in the COl\-



L.\B laugua/-(e to ext·<·ute the intendt·d com­
munication by mt•ssal!e passinl!. 

:3. Tlw third lt·n-·l ddines the nod<:> proces,.; that 
implements the distriiHH<:>d al/-(orithm. Typi­
<'ally. a node prof!WIIl "tarts l1y r<'<'t>i,·inf! 
pmi.Jem data from the host is<:>e the twxt 
Je, t>li before elltering a loop comprising 
computations and internode commtmica­
tions. Finalh-. the rt',.,tdh are delin·red to the 
ho,.,t prnct>ss. ColllfHltations are expn•s,;ed 
in the high len·l eonstnwts and OJWrations 
offt'n•d h~- tht' CO:\"L.\£3 lall/-(ttap:e. Com­

lllllllieation,., an• t>xpn·sst'd l1y u,;inl! tlw 
<"<Jill Ill uni< ·at i< m fun< ·ti< lib. 

-t. The founh It~,,-( delitw,.. tlw ho:-t pnwt':-,; 
thnt :-larh tlw rwdt~ processe,; by a,..signinf( 
them to Yirtual ]JI'Ot"t'""ors. T,·pi(·alh·. tlw 
ho,o;t proce,;s distriLutes problem data to tlw 
node JH·m-es,;es and collect,.. re,;ult,; at the 
end of the t•.v·cution. Abo the ho,.,t-to-node 
<·ommunication :and Yice ,-er,;a: is ex­
prp,o;sed in terms of the communication 
functi01ts. 

:>. The fifth and topmo;.;t len·] i:-; the simulation 
function that defines the iutnface to the 
CO:\"LAB u:'ter. a,,.,igns the ho"r pron'"" to a 
Yirtual proe<:>s,o;or. and start;.; the simulation. 
Typically. tlw simulation function commu­
nicates problem and architecture parame­
ters e.f! .. problem size. input data. and the 
number of proce,.;:-;orsL 

Conc<:>ptually. the de;.;eribed developnwnt 
mf'thodolof.,•Y i,o; well known and hopefullY used hY 
most all!orithm de,.;ipwr~ for D\L\1 arehitecwres. 
The noyeJty is that CO.'\LAB giYes a high-lnel 
support for expn-•s,;inl! tlw coll1fllltations and dt>­
fiuin!! topolOf.'Y and communication functions. 
CO:\LAB is extensible in the ,.;ense that functions 
and prnces,.;c;.; once defined will afterward,; exist 
within the em·ironment and can be used similnrh· 
to predefined functions. 

The host and node processes define the distrib­
uted all!orithm. which is a composition of commu­
nicating proct'sses. The concept of a host process 
and node proce,.;ses is motivated hy the commer­
cial~\- available D\1\1 architectures. and in CO:\"­
LAB, they are con,o;idered equal. ,,.ithin each pro­
cess all computations are sequemial and 
performed within a ,.;ingle address space (tl1t' local 
memory of the node). 

The simulation function can be seen as the 
problem lor· application) leYel of the ab,.;traction. 
By changing problem sizes and/ or the number of 
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processor~. the user can e\ahwtt" thP parallel per­
formarwe of the di,;trihuted alf!orithm for tlw ~im­
ulated :,;<'alable) D\L\1 architecttne. 

See ul;:,o tltt' .\YZ al1stnwtion lew!,; defint•d !Jy 
::;nyder [ 11. 12~ when· the .\-le\el i,; formed hy the 
,;equentinl operation,; pf'rfornwd within a pnwe""· 
PlmH':-i. tlw parallel n lll1Jlosition of proct'""es. de­
fine the Y-len·l. Finally. problems. tlw compo,i­
tion of pha,t·~- dt•fine ti1P Z-lf'Yel. 

4 TWO EXAMPLES OF ALGORITHM 
DEVELOPMENT FOR DMM 
ARCHITECTURES 

In this :-en ion we illustrate the all!orithm de\t>lop­
ment methodolo/-(y for D\1.\l architecturP". de­
scri!Jed in the pn·,·iotb H"t:tion. with two exam­
pJP,.,. The first examp];· :-how~ how a distributed 
algorithm for block matrix multiplication on a 
torus connected t wo-dimen,;ional me,;h of proce"­
sors i, deYeloped and implemented in CO.'\LAB. 
The second examplf' ,-hows how an already exist­
in/! serial all!orithm for a block QR factorization. 
expre,;,.,NI a" a \IATLAB function.* can be paral­
lelized into a rinf(-oriented distributed block all!o­
rithm ill CO.'\"LAB. 

4.1 Block Torus Matrix Multiplication 

GiYen n X n matrices .·L B we "-ill compute C = A · 
Bon a two-dimen,;ional me,;h ofp proce:-;,;ors lp = 
s · s) with torus connecti\ity. To ,o;implify the nota­
tion we as,;ume that n = nh · s. that is. A. B (and 
Ci hme s'2 blocks denoted A,1 . B,J (and Cui. re­
spectiYely. of size nh X nb. Otherwise. the last 
block column atJd block row of the matrices will 
haYe n:·ctangular block". 

The "erial ij'k-al/-(orithm for block matrix multi­
plication :block inner-product) looks as follows. 

fori 1 :s 

forj=l:s 
Cu := o 
fork= 1 :s 

cij := Cu + . ..Jjk * Bt1 
end 

end 
end 

In the distributed alf!orithm the processors are 
organized in a two-dimensional mesh where com-

* \IATL\B anJ CO'\L\B functions han· the same "·ntax 
so tlw ,;amp!(' function could also lnwe been Jen·loped in 
CO'\L\B. 
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munication takes place between nearest neighbors 
as well as around the edge in both directions. In 
order to compute Cu at node (i. j) we need access 
to block row i of A and block column} of B. 

Initially, the matrices A and B are distributt:d 
block-wise among the nodes in the nwsh so that 
node (i. j) has the blocks Aik and B,1 . where k = 

Cu := o 
fort 1: s 

(i + j- 2) mods + 1. Thi5 mean,; that the matrix 
A is skewed row-wise and B is 5kewed column­
wise. This distribution scheme allows node (i. j) to 

compute Cif with only nearest -neighbor comnnmi­
cation in the two-dimen,;ional nwsh. The mnin 
step,; of the alwwithm [ 1:3] for node Ci. j) look a:; 
follows. 

Receive Aik and BkJ· whert' k = (i + J + l - :3.1 mods + 1 
Cu . CiJ + A,k * BkJ 
Send A;k to nearest nei~hhor to tht> wp;;t 
Send BA:f to nearest neighbor to the north 

end 

1\"orice. the firM time node (i. }1 receives an A­
block and a B-block thev are dehered bv tlw . . 
host. but the following blocks ori1-:inate from the 
nodes to the east and south. rt>spectiYely. 

It would also be possible to let nodt> (i. ji ini­
tially hold blocks Au and B~1 . However. this would 
impose some initial redistribution of the blocks 
into the ske,,ed pattern described above. ln the 
node alf!orithm above, we assume that the ho,;;t 
process will effect this skt>wed distribution at once. 

Fif!ure,.; 6 throu~Jh 10 dP;;crilw the structure of 
the completE' CO:\LAB pml!ram Tht' topolo!!Y 
function,; (see Fig. 6; art> roord:.!node. norle­
:.!roord which convert coordinatP;; in the two-di­
mensional nlf'sh into a node munbt>r (obtained hy 
the predefined CO:\L\.B function getpid i and 
vice versa. and north and u•est which ddiver the 
node number of the neighbors to the north and 
west. re;;peetively. The~· u,.;e the functions [!1"0.1" 

and gim'. which return the gray awl im er,.;p gra; 
codes. respt>eti\·ely. Tlw comnmnication function 
is ro/1 !see Fif!. 6 .~. which s.-mb a IHPS<'af!t' in a 
specified direction of the two-dinwn~ional uwsh 
and receive:-; a new me,-,:o;age from the oppo,..;iu· di­
rection. In Figures : and 8 the CO:'\L\B pn>;:Tam 
for the nodP pnwes:; and an aceompanyin:.r headt>r 
file lorus.h are di,;played. Fif!ure 9 ,;how,-, tl1t> 

COi\L.-\.B program for the ho;;t proces,..;. Be,;ides 
the header tile .. the ho,;t process al;;o indudes the 

file blork.h. which contains tllf:' nuuTo,.; for dw au­
tomatic matrix blockinf! facility [ 6:. :\otief'. tlw 
distribution oL·L B to the nodes and tlw reception 
of C could al~o have lH:>t>n defined a:'i communica­
tion function,;. Finally. the ,.;imulation full<'tion 
with the parameter,.; A. Band the ~ize of thP two­
dimensional mt>sh j,; di,;pla~·ed in Figun· 10. 

4.2 Ring-Oriented Block QR 
Factorization 

In thi,.; exnmplr> we will :'Pf' how an PXhlllli! 

\1:\.TL.-\.B prol!ram ean lw parallelizf•d and impl"­
mented in CO:\L\.B. \\ r> eon~ider a blnck al;..;o­
rithm to perform a QR factorization of an m X n 
matrix A. that i,.; 

....1 = {J·R 

when• tlw m X m matrix (J j,- orthogonal and tlw 
m X n matrix R is uppt>r trian;::ulm 'tnqwzoidal . 
The ()R faetorizatiou ntll be cotnputt>d in ,.;e\eral 
ways. for exumplt>. by utilizin~ !1lock Houst•hnldPr 
tran~formations [ 1-t. ... \.block Hou:-;t:>lwldt>r trans­
formmion (J 1 i,- u pnHhwt of nh . the hl<wk ,-,izt:> 
Houst>lwld<T mutri•·e,.;. Ht'n' we onlY con'"ider <Hl<> 

block algorithm thut is ba:-;ed on tlu; II) repn•,.;('fl­
tation of!J!ock Hous.-holder tran,;fonnation,_; (J; 
f + II] [1 -(. The main ~tep,.; of tht~ al;.:orithm 
art> summarized bt'low. 

(j = I. the identity matrix of order m 
nhl := n/ niJ. number of column hlocb iwith nh column,;· in A 
fori 1:nb/ 

Find 11' anrl r ;;ouch that(),= I+ fi}T zenw,;; block l'Olttmn 
i of A below tht> diaf!onal (('olumn,.; [ i - 1: · nh + 1 : i · nh:. 
Apply Q, to the renwinin;.: column hlocb of .-1 
0 := 0. (J, 

end 



% Convert coordinates in the mesh into a node number 
function node = coord2node (row, col, side) 

node = gray( row - 1) • side + gray( col - 1 ); 
end 

% Convert a node number into mesh coordinates 
function (row, col] = node2coord( node, side) 

row = ginv(floor( rwde I side)) + I; 
col = ginv (node - floor( node I side) * side) + 1; 

end 

% Return node number of neighbor to the north of me 
function node = north( me, side) 

row = floor( me / side); 
col = me - r·ow * side; 
if (row == 0) 

node = gray( gin!'( mtJ') + side - 1) * side + col; 
else 

node gray( girlt'( rot!') - l) * side + col; 
end 

end 

% Retum node number of neighbor to the west of me 

function node = west (me, side) 
row = floor( me / side); 
col = me - row * side; 
if (col == 0) 

node = row * side + gmy(ginv{ col) + side - 1 ); 

else 
node row * side + gray(ginv( col) - 1 ); 

end 
end 

% Send a message M to the node in direction and recei\'e 
% a new M from the node in opposite direction 
function M = roll(M, direction, type) 

end 

send( M, dir·ecfion, type, async ); 
M = rcceive(default, type); 
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FICLHE 6 T"poloi!~ and t'OIIltlillllinttioll lwwttoll:' for l•lock toru, lll<llrix mulrip!it':t­
t i ( ~ fl . 

Til~· \L\TLAB function rvh for thi,.; al)!orithm i,; 
~IJ()wll in Fif!UI'<> 11. 

It i,; ea,.;y to "~'t' tlwt dw application of Vi to am 
ntw of dw l't'lllHillillf! t·olnlllll !JI<wk,.; of .·1 <'Hll lw 
dmw iwlqwtHI~·ntly and dw data flow at the block 
It'\!'! )!<W:- from tlw ld't •t't!ITt'tll !,lock t'olumn' to 

dw rif!ltt n·rwtillifl;! hlo<"k eolullltb ·in a linear li,.;t. 
If \\t' partition d<ttH "" dt<tt t'a\'h 11ode in the li:-t 
f:t'h otH' l'ldtunni,Jo('k of.·l tlwn tlw updatt' ('HIIIH· 

done in pural!t·l. dull i,;. t'al'h nod<> updwc·,; it." 
own !'olttlllll hlo('k of I with (J,. Our lir,t attcmpt 
to a di,tribuwd al;!oridun !!'ot•,; a,; follmY;o;: !lode 1 
t'OillfHlt<"=' Vt- ,.,;·Hd,.; Vt to nodi' :L wl1ich ,..end,.; it 
to !lOtk :). and ~o OIL :'\ode :2 thrmttrh j) dwn up-

date their culumn hlock,; independently uud in 

p:tndlt>l. '\t·xt. t!JP prol'edure j,; rt'!Jt'att·d but we 
>"tart witlt nodt• :2 iw .. tt'ad of node 1. and ,;o 011 

ulllil ull node,., han' cm!tptllt>d their part of (J and 
H. The oln iou,; dnnYha('k with thi,.; alf!oridun j,.; 

tlwt aftt·r tiH· Jir,.;t turn nodP 1 i,.; idlt> and "o on. 
Tlw remedY j,.; to let t'ach node han· more than 
one cohunn ),lock and wrap-nwp tlwm ,.,o dwt 
nodt• i hold,.; column hlocb i. i + fJ· i + :!p and ,;o 
on wlwr<> p j,;, tlw tlllllllwr of Jli'O('t>,;sor,.,. Thi~ !!j,p,.; 

u;.. a ritli-( topolo;!\. with a l!Htch bellt'r load hulanc­
itlf.( of dH' eo!HJHltatioual work. :\ow. tht• main 
"tep,.; of the node al;!oritlun loob a,; follm\·,. 
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#include "torus.h" 

% Node process for block matrix multiplication on a 
% 2-dimensional mesh with torus connectivity 
process torus_node( side) 

end 

% Find out who I am 
me = getpid; 

% Find out my nearest neighbors to the north and to the west 
NORTH = north(me, side); 
WEST = west( me, side); 

% Receive from the host m.Y matrix blocks of A and B 
A = receive(defil11lt, AJNJT); 
B = receive(default, BINIT); 

% Start timing 
time = timer; 

% Initialize C 
C = zeros(length(A)); 

% Loop through all nodes in my block row 
for t=l :side 

end 

C = C + A * B; 

if (t -= side) 

end 

A = roll(A, WEST, ABLOCK); 
B = roli(B, NORTH, BBLOCII"); 

% End t.iming 
time = timer - time; 

% Send the computed C-block to host 
send( C, HOST, CBLOCJ\, async); 

% Send elapsed time for me to host 
send(time, HOST, TIME, async); 

FIGCRE 7 \"()(!.• pro!!rarn for block toru~ matrix lllulriplicati<~tl. 

lbl 0. coumer for the number of blocks m\· node hold;; 
ne:rttogenerate = L keep;; track of which process ~enPrates the next tran;;formation 
fori= 1 : nbl 

if I am ne:rltogerwrate 
1. lbl = lbl + 1 
2. Compute 11"1" fartors for my column block lbl 
3. Send Tl and Y to my right neighbor 

else 
4. Rt>cein- lfJ' factors from my left neighbor and send it furtlwr 

end 

end 

0. Cpdate my remaining column blocks of A with thP £11"\V II' and r 
6. Cpdate my row blocks of Q with the nfw 11' and Y 



% Process id 's 

% Host id is used together with ParaGraph 
% to distinguish it from rhe nodes 
#define HOST -32i68 

% Message types 
#define NDJ.\1 
#define AJNJT 2 
#define BJNJT 4 
#define ABLOC/1. 8 
#define BBLOCII' 16 

#define CBLOCK 32 
#define TIME 64 

FICLHE 8 llt·:Hln fjJ, •. tums.lt. f.,r J,J,wk tmu~ IIWtri.x 

!Ill dt i plical j, >11. 

\\ h:tt !li'\Y furwti<>ll:-- d" ,,,. lltTd l<l rt·:dizt· thi,-, 
al!.!<~ritllln" In "tep ~ \\t' n•·•·d a ftuwtion tlwt •·om­
putt·,; II and L but thi,. funnion alrteady exi,.~:-- in 
tlw ,.,Tial alf!orithm ·hshhf.! for llou,.t•lwldter !Jiock 

f.!'' 1 H' rat or . 
In ,-,tt·p,-, :3 and -t \\T n•·•·d to eomruttllit'<Lte with 

tlw lt·ft and rif!ht rwif!ld~t>r,-, in tlw rinf!. Orw ,-,irnplt:> 
\\:ty of doillf! thi,- i,-, to uumlwr tlw nodt>,; from() to 
p - 1 and tlwn tlw left and rif!ht IlPif!hl>or,-, hmt> 
thte nodt' rlltmlwr,; IIW - 1 and me + 1. n·,.;pec­

tiwly. The topolof-'Y furwtion,., lr:ft and r(!!ht are 
,-,hmYn in Fif!Ur<-' 1~. Colllll!Unieation function,; 
rlisth and rech for di,.triiHttillf! and n·t·Pilinf! l.!ot·k 
\\T<lf>-mapped data art' ,-,ho\Yll in Fif!ure 13. For 
t'Xatllplt•. tlw function rech rt't'Pi\t:'o-i column or 
row J.J,wk,.; of a matrix di,-,trihutted \\·itlr column 

•ur rt>w.l.!ot'k wrap-mat•J•inf!all!!J,at·k,; dwm illl<> 
a local arnt\·. 

~It'(':-' :} and () w·p J,a,-,ieally tlw ,-,amP '"' in tlw 
,-,ni:d alf!orithm. :\ow. \\t' only apph the II} fac­
tor,. to the ld<wk,. of.4 and (J tlult eaeh rwdP hold,.;. 
Tlw ( :0:\L\B Jl~'"!!ram for tlw rwdt· procp,-,,; 
t·ompri,.;in;! t\\·o parh and at·t·omJH!llyirl;! lwadtT 

lilt> art' ,-,lwwn in Fi;!un•,., 1-t-1 6. By I .Jock wrap­
mappin;! (J row-wi:-'t:' the update of() i,.; ,;imilar to 

tlw ,;nial alf!oritluu ',,.,. Fif!"· 11 and 1 :> 1. For re­
cei,·in;! !Jlock \\Tap-nwpped data from tlw ho,;t we 
the dw communication function rech '."ee Fi;!. 
1 :) '. The ho,t ()J'O;!ntlll i,.; ,traif!htforward: it a,;­
,;ipb tlw IHHlf' prof!ram to the different node,;. 
,tart,; tlw ,;inwlation. di,trilJtltt'>i .4 and (J. and fi­
nalh·. rpn·in·,; the rte,.;ulh from dte nodte,;. Tlw di,;­
trihution of-~ and (J i,.; t·ffected by u,inf! tlw com­
llltlllication function disth :,;et:' Fif!. 13 '. Fi;!urt~ 1 ""'! 
,Jww,; tht:> CO:\LAB codt:> for the h<bt proce,.;,;, Fi­
nally. the ,;imulation function qrb_sim with pa­
ramet<,rs A. the block ,;izt• of .·1 and the size of the 
rinf! i,; di,.;played in Fif!ure 18. 
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5 SIMULATION RESULTS FOR AND REAL 
EXPERIMENTS ON THE INTEL iPSC/2 

Tlw two al;!orithm,.; pre,.;ented in ,-,e,·tion -t hmt· 
abo lwt·n impl<-'mPnted in C hl<wk tonh matrix 
multiplication and Fortran rinf!-oriemed J,Jock 
<)R factorization! and !(·,ted on our Intel iP~C/1 
hypt'JTtdw. Tlw machine ha, 6-t ""alar~.\ rwdt•" 
•·ach t·quipJwd "·ith a 1 h .\1Hz lr11t·l so:Wh proce,.;­
,.,or "·ith -t .\li•Yt<' nwmory and a \'\.eitPk 11 {)""'! ~.\ 

with a tlwon·tical peak JWrformaJH't' jtbt under 
O.h .\(flop, in douJ,Je prPci,;ion n·al aritll!lwtic. 
Tlw iP~C/~ t'llllllllllnicati"'J module u,-,p,., a di­
rPt't-•·onJW<'l rotltinf! moduiP DC.\1 on t·ach 
nodt•. with a i>and"idth of1.1) .\ll>ytP,.;f,,.,. in t•adt 
din·<·tillll. Detailed conuntlllil'ation lwndunark,.; 
and m<HkJ,., dcfininf! tlw communit'ation tinw 
fuJll·tiuJJ iu CO:\ LAB f"r t!Jt· iP:-:iC:/~ are pn·,.,eutt·d 
(,y .Ja .... b,on [ g ,et:' Fi;!. :~ . 

Table 1 ,;hmy,-, tht• re<d and ,..imulated n•,;tdt,-, for 
the block tont, matrix multiplication. TaJ,Jp ~ 
,;how,; ,;imilar n·,ult,.; for the rinf!-orientPd block 
(JR fat'torization. In TaJ,J,.,., 1 and 1 we ll>it' tlw 
foiJm,·in;! notation: 11 • = 111 tlw matrix ,;ize. p tlw 
ntlmlwr of prot·p,.;,..<>r,-,. 1~, tlw parallr·l tinw in sees 
for p J!!'<we,,.;or,;. : .. ;1, the parallt·l "JWt:>dup com­
puted a,; 0/ T 1 • L~, tlw parallel efficiem·y t'()lll­

puted a,; Sl'lp. 
Tlw re,.,ttlh for tht:> rinf!-oriPilled J,lock (JR fac­

torization H;!J't't, almo,._t t'<!!llpltetely. wlwrt'a" the 
rt:'>itdh for tlw toni" matrix multiplication do not. 
Tlw main rea,-,tJII i,.; the ,-,up<·r-linear ,.;ppedup of 

tlw ldock tonb alf!<>rithm on t!Jt:' iPSC/1. whieh i,; 
hard to undt•r,tand complt:>tte!y 'tlw nodt:> proct•,.;­
,;or,.; are utilizPd more t:>f!iciPntly for ,;mailer matri­
t't:'>i · .. CO:\LAB tutdnt•,.,timat<'>i dtt:> t'Xt:'<'lltion time 
on orw J>l'llt't''"''"'OL n·,.;ultinf! in wo pt•,.,,.;imi,;tic 

"JH'!'dup factor, for -t. 16. and h-t prtH't'"""~'"· 
Ho\\.t'\·er. tht:> re,.;ult,.; from CO:\L.\B corTt:>>'pond to 
what i,; expt•ctcd in tlwury: for fixt·d numlwr uf 
proce,;,.;ors dw parallt:>l efficit'JH'Y incn·a,.;p,.; a,; a 
function of dw proJ,lem ,.;ize hut kepp,.; below 1.0. 
The time nwdelmake,; it imJHJS:-'ib!P to obtain ,u­
per-linear ,;pePdup in CO:\'L\B. 

Fif!ure,; 19 anJ ~() ,;how window Jumps from 
ParaGraph displayin;! characteristics of the PXP­
cutions of the rin)!-oriented block (jR alf!orithm on 
the iPS( :12 and in COi\'L.\B. The Spacetime dia­
!!rams ,;how tilt' communication paths. where a 
line lwtwt:>en two node,; indicate,; communication. 
a horizontal line indicatt:'s computation. and the 
ah,;encP of a horizontal line means that the pro­
ces,;or is idle . .'\otice that the implementations are 
not identical. On the iPSC/2 the rinf! is ordned 
"·ith Gray code numlwrin;!. whereas the rinf! in the 
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•include <block.h> 
•include "tonu.h" 

process torus_host(p, A, B) 

end 

side = sqrt(p ); % Length of side of two-dimensional mesh 
nb = length(A) J side; % Blocksize of A, B and C 

% Create blocked versions of matrices 
% A, B and C called A_blk, B_blk and C_blk 
blockmatrix( A, A_blk, nb, nb ); 
blockmatrix( B, B_blk, nb, nb ); 
newmatrix( C, C_blk, rA, cA, nb. nb); %Zero matrices 

% Load node programs and assign virtual processes 
assign( torus_node( side), O:p-1 ); 

% Distribute A and B skew-wise to the nodes 
for i = !:side 

end 

for j = l:side 

end 

k = mod(i + j - 2, side) + 1; 
node = coord2node( i, j, side); 
send(A_b/k(i, /c), node, A/NIT, async); 
send(B_b/k(k, j), node, BINIT, async); 

% Receive C-blocks from the nodes 
for i = l:p 

end 

% Receive block of C from any node 
[Block, node] = receive(default, CBLOC/\); 
[row, col) = node2coord( node, side); 
C_b/k (row, col) = Block; 

% Check the result by computing the 2-norm of the residual 
disp( 1 norm(A*B-C) = 1 , norm( A * B C)); 

% Receive elapsed times from the nodes 
time = []; 
for i=l:p 

time = [time, receive(default, TIME)]; 
end 
% Parallel time is the maximum over the node elapsed times 
disp( 1 Parallel time = 1 , round( max( time) / 1000 ), ' msec '); 

FICl:RE 9 llo~t f'r<l)!l'Ulll f11r block toru~ matrix tnultiplication. 

function dummy = torus( A, B, side) 
% Compute number of nodes 
p = z- side; 

end 

% Start host process on virtual processor p 
%giving it process id HOST 
assign( torus_host(p, A, B), p, HOST); 
simulate 

FICUHE 10 Simulation function for hl<wk toru,.; matrix multiplication. 



function [A, Q] = qrb(A, nb) 
% QRB computes a QR-factorization of A by utilizing block-Householder 
% transformations, where nb is the column block size. 
% This variant uses the WY-representation (method 1, Bischof- Van Loan). 

[rna, na] = size(A); 

% 
% 

nb/ = fix((min(ma,na) + nb-1))/nb; %number of column blocks 
Q = eye(rna); 
for k = 1 : nbl 

s = (k-1)*nb + 1; %start of current block 
e = min(s+nb-1, min(rna,na)); %end of current block 
if k == nbl % last column block may have different size 

nb = e-s+1; 
end 
Generate the block Householder transformation that 
QR-factorizes A(s:ma,s:e) 
[Wk, Yk] = hshbgl(A(s:ma,s:e)); 
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% Apply the block Householder transformation to remammg blocks 
A(s:ma,s:na) = A(s:ma,s:na)+ Yh( Wk' *A(s:ma,s:na)); 

Accumulate block Householder transformation 

Q(:, s:ma) = Q(:, s:ma) + ( Q(:, s:ma) * Wk) * Yk '; 
end 

end 

FIGLHE 11 \1.\.TL.\.B function for ],Jock (JH fanmization. 

(:():\L.\B implenwmati••n i,.. Iltlllllwrt>d t'OJl,..<'t'LL­

LiYt"ly. Bet·atbt' tlw al!!orithm only u,.,e,., nt"are,.;t­
IIt'i!-!"ldHJr <'Oillllllllli('ation. tht> tinw motkl for 

tnulti-hop collllllltllit'ation i,..; IW\ er inYoh ed and 
tlw JJ<Hit· Ili!Illlwrin!! do<",., not allt"t't the re,.;ulh. 
:-;imilur dinl!ram,..; for t!w ldt)('k toni,., matrix multi­

pli('ntion an-· ,.;lwv.-n in Fil!ur<",., 21 and 22. In thi,.; 
t·xnmple W<" lul\e a more t'Olll)llt·x <'Oilllllllllit·atiou 

pattern. but ,.,till the t'Oilllllllllicatiun path,.; of tlw 
CO:\'LAB ,.;imulatiun are accurate. The tl\'t'rhead 

from the tracin!-( fa('ility on the iP:-1C/2 i,.; mow 

\i,.,ihlt' in Fil!un· 21 than in Fil!ure 19. Both tlw:--e 
example,.; do not u,.,e a <'OilllllUnication chaunel of 
tlw iP:-;C/:2 for nwre than oil<" me,.,,.;aw·. Thi,.; 
lllt'aJb that \Ye will not <"IH'OUnter anY comnHllli('a­

tion channrol <·ontt·ntion. At prro:--ent. <·ontt·ntion in 
the <'Ollllllllni<"ation ,.,y,.,tenl i,.; not llltHit'led in 
CO:\LAB. Tht"rt'for<". tlw rro,.,tdt,., from a ,.,imula­
tion in CO:\LAB <'all lw too optimi,.,tit· for all!o­
ritlun,.; that inYohe t'OJllention in the real <·om­

munication ,.;y,.,teJll. Howe\<>!'. our t'XJWI'it>Ilt't'" 
.~how that we ,.;till l!''t a fair pi('ture of the rrobti\t• 

parallel perfornWJJ<'e when dwnl!illl! tlw ,.,izt' of 
the problem or tlw ,.;ize of tlw :o('alable D.\L\1 an·hi­

tect ure. 

function r·Fs = hft (me. p) 
% H'ho is my left neighbor in a ring uf p processors? 
%Processors numbered O:p-1 

if (ll <= me) It; (rne <= p-1) 
r·es = me - 1; 
if (res == -1), res p-1; end 

end 
end 

function r-es = r·ight(me, p) 
% Who is my right neighbor in a ring of p processors? 

if (0 <= me) t (me <= p-1) 
r-es = me + 1; 
if (r-es == p), r·es 0; end 

end 
end 

FICLHE 12 

6 CONCLUSIONS AND FUTURE 
DEVELOPMENT 

All!orithm de\·elopment for D.\1.\1 <IJ'('hitecture,.; l•y 
u,.;in!l' the CO:\LAB emir<JJlllJt>Jlt ll<h lwt·n illll:--­

tratt·d l•y two exampl<',.; <'<JJlt't'rnin!-( matrix <'OlllJHI­
tation,;. Tlw all!oritlun dt""il!n pron•,.;,.; follow,; a 
dt>\'t>lopment metltodoloi!Y for D_\1.\1 all!oritlun,; 
that i,..; ba,;ed on different lt'\·el,; of al.,.;tra('tion of 
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function distb( A, b, nb, p, wise) 
% Distribute matrix A with block row/column wrap-mapping 
% on a ring of processors. 
% b = block size, nb = t blocks, p = t processors 
% wise = distribution (ROW or COL) 
tinclude "qrb.h" 

end 

[m n] = size(A); 
node = 0; 
for i = O:nb-1 

end 

s = j,.b + 1; e = min(s+b-1,n); 
if wise == COL 

send(A(:,s:e),node,MDIST, async); 
else % wise == ROW 

send( A( s:e,: ),node,M DIST, async ); 
end 
node = right( node, p ); 

function [A, mynbl] = recb(nbl, me, p, wi.~e, type) 
% Receive in A my blocks of a matrix distributed 
% by block row or block column wrap-mapping. 
% nbl = total number of row/column blocks distributed 
% p = number of processors 
% wise= ROW if row-wise or COL if column-wise distribut.ion 
% mynbl my number of blocks 
tinclude "qrb.h" 

end 

A=[]; 
if me == HOST 

mynbl = nbl; 
from = 0; 

else 

end 

mynbl = fix( nbl / p ); 

if me < nbl - mynbl * p 

mynbl = mynbl + 1; 
end 
from HOST; 

for i 1 :mynbl 
if wise -- COL 

A = [A, receive(/rom,type)J; 
else % wise == ROW 

A = [A; receive(Jrom,type )]; 
end 
if me == HOST 

from = right(from,p ); 
end 

end 

FIGURE 13 Communication functions for distributinf! and n"cei\·in)! block wrap­
mapped data. 

the problem. the target architecture. and the 
CO'\'LAB language itself. Differt:>nt tools and ways 
for debugging algorithms and interpreting and 
evaluating the results have also been discussed. 

CO.l\'LAB has extensively been used in parallel 

computing courses at our Lniversity. Furtlwr. dw 
parallel algorithms presented (L 2. 15] ha\e first 
been designed in COi\L.\B and then explicitly 
translated by hand to Fortran or C. By designing 
and experimentally verifying the parallel algo-



process qrb_node ( w, nbl, nbla, nblq, m, p) 
% Node process for ring topology block-Householder QR factorization 
% w = column block size, nbl = I block Householder transformations, 
% nbla =I column blocks of global A, nblq = I column blocks of global Q 
#include "qrb.h" 

me = getpid; 
% Receive my column blocks of A, store in A 

[A, nablk] = recb(nbla, me, p, COL, MDIST); 
[ma, na J = size(A); 

% Receive my row blocks of Q, store in Q 

% 

[ Q, nqblk] = rTcb( nblq, me. p, RO 1\', /If DJST); 
[mq, nq J = szze( Q); 
lbl = 0; % counter for \VY-factors generated by me 

ncxttogen = 0; % keeps track of which process gPnerates next IVY-factors 
LEFT = left( me, p); %my neighbors 
RIGHT = r·ight(me, p); 
time = timer; flps = flops; 
for 1 = 1: nbl 

% time this process 

if rzextlogFn == me %my turn to generate next \\'Y-factors 

else 

end 

fbi = lbl + l: 
sf= (fbi- I) * w + I; s = (i-I)*!L'+l: 
d = min(nhu·, mirl( na, sl + m - -' )); 
Generate \\'Y-factors that factorizes A(s:m, sl:el) 

[Wk, Yk] = hshbg(A(s:m, sl:el)); 
send([Wk, Yk]. RIGHT, WYFACTOR, async); 
send([s, d-si+I], RIGHT, I/\'D, async); 

WY = receive(LEFT, WYF.4CTOR); 
se = receive(LEFT, IND); 
if RIGHT -= nexltogen %\\'Y not generated by RIGHT 

send( WY, RIGHT, lVYFACTOR. async); 
send(se, RIGHT, IND. async); 

end 
s = se( I); u·l = se(2); 

1\1 = liT(:. I:wl); 
H = liT(:, wi+I:2•uol); 

Apply \\'Y-factors to my remaining blocks 

sl lbl• w + I; if rzexltogen == me, sl = sl - w; end 
if sl <= na 

A(s:m,sl:na )=A( s: m,sl:na )+ )'h( ll'k '•A( s:m,sl:na) ); 
end 

Table 1. Heal and Simulated Performance Hesults of Torus \latrix \lultiplieation 

Tonb C = .i · B iP:•;C/2 CU\LIJJ 

ll p 1~, s,, L~, 1~, s,, E,, 

1:28 1 O.b-:'-i 1.0 1.00 8.-i:2 1.0 1.00 
-i :2.:29 -i.-:' 1.16 :2.:21 :3.8 0.45 

16 O.b:3 1-:'.1 1.07 0.6:) 1:2.4 0.80 
6-i 0.19 ;).).b 0.87 0.:30 :28.:2 0. -i-i 

:2 ;'")(J 88.07 1.0 1.00 b-:'.:2-i 1.0 1.00 
-i :21.:')8 -i. 1 1.02 17.:2:2 :3.9 0.98 

16 -i. 6() 18.4 1.18 -i .6-:' H.-i 0.90 
6-i 1 . :2-:' 6<J.;) 1.0lJ 1..)-i -i:3. 7 0.68 

:~8-i :2:26. -:'lJ 1.0 1.00 
-i -:'2 .. )-i 1 . () 1 .00 5-:'.W :~. 4 0.98 

16 15.99 -i. ,'j 1 .1:3 15.20 1-i.lJ 0.9:3 
6-i -i. 08 17.8 1.11 -i . .S.S -ilJ.8 0.78 



% Accumulate block Householder transformations 
if mq -= 0 

Q(:,s:nq) = Q(:,s:nq) + (Q(:,s:nq)+~Vk) • Yk'; 
end 
nexltogen = right( nexttogen,p ); %next process to generate WY factor 

end 
total timer - time; 
arith = (flops - flps) • flop time; 
com = total - arith; 
disp(' Time pid = ', me, Total = ', total, ' Arith 
arith, ' Com = • , com) 

% Results to the host 
for i = I: nablk 

send(A(:, (i-1)+w+1:min(iHL', na)), HOST, ARES, async); 
end 
for i 1: nqblk 

send(Q((i-l)•w+l:min(i*w. mq), :), HOST, QRES, async); 
end 

end % process bqr_node 

FIGURE 1.3 :\odt> pro![ram for rin)!-oriented bhwk (JN factorization. part :2. 

% Host id is used together with ParaGraph 
% to distinguish it from the nodes 
#define HOST -32768 

% Message types 
#define MDIST 20 
#define WYF.4CTOR 30 
#define IND 40 
#define ARES 50 
#define QRES 60 

% Type of matrix 
#define ROW 100 
#define COL 110 

FIGURE 16 ll<•ader lilt·. ring. h. for rinl!-or·ientE'd block (,JR factorization. 

process qrb_host (A, nb, p) 
% Host for ring-oriented block-Householder QR factorization 
% nb = blocksize, p = number of processors 
#include "qrb.h" 
[m,n] = size(A); 
nbl = fix( ((min( m, n )+nb-1) )/nb); 
nbld = fix((n + nb - 1)/nb); 
nblq = fix((m + nb - I) /nb); 
Q = eye(m); 

%get size of matrix 
% number of Householder transformations 

% total number of column blocks 
%number of q blocks 

assign( qrb_node( nb, nbl,nbld,nb/q,m,p ), O:p-1 ); 

% Distribute A with block-column wrap mappmg 
distb(A, nb, nbld, p, COL); 

% Distribute Q with block-row wrap mapping 
distb( Q, nb, nblq, p, ROW); 

% Receive results 
[R x] = recb(nbld, HOST, p, COL, ARES); 
[Q x] = recb(nblq, HOST, p, ROW, QRES); 
end 

FIGURE 17 I los! proi!ram for rini!-oriented block (jll factorization. 



Table 2. Heal and Simulated Performance Hesult,; of 
Bing-Oriented Bloek ()fl Factorization 

Hin!! (JH iPSC/2 CU\L 1/J 

Ill = II 

(H 

1•)V -<> 

:2-+11 

fJ 1~, :·;,, ~~~, 1~, ~"~· 
.) . -tOh 1 . () 1 . ()() ?i.-th:2 1 . () 

-+ 1.,)H :3.-+ O.Hh 1.-:' 1 :~.;) 

H 0. 9.) - ...., 
.) .. 0.-:1 0. 9:3 ;)t) 

1 (J O.IH H ,) 0_;):3 O.tJO <). 1 
:3:2 0.-tll 11.0 0 .:3-t 0.-+:2 1 :2 .. ) 

-t:L :2:3 1.0 1 . ()() -+ :2. :2:3 1.0 
-+ 11.:2() :3.H O.'H 11.:28 :3.8 
H h.:2:2 n.H ()_~{.) h. 1-t ()_() 

1() :3. (Jl) 1 1.-+ () -: 1 :3 .. -)() 1 1 . <) 

:3:2 :2.-t-t 1 -:.:3 () .. )-t :2 .:2tl 1 H.-: 
tH 1 l'·) 

.t)- n.:3 () :3tJ 1.?i<J ]()() 

T-t.-:o 1.0 1.!111 T-t.-+0 1.0 
-+ -:O.<JJ :3 _q () <)-: -:o.sq :3 _() 
H :3--:.:20 -:'.-t ()_():2 :r:-. 11 .. -+ 

11J :20. -:.'3 1:3.:3 0.8:3 :20.:2/i ]:{.) 

:3:2 12. -t:1 :2:2. 1 (). (J() 1Ul-:' n1 
(H K.18 :3:3.:2 O.?i:2 -: .h 1 :3(). 1 

function dummy = qrb_sim(A, blksize, p) 
% Simulation function for a ring-oriented 
% block Householder QR factorization. 
% A = matrix to be factorized, blksize = block size. 
% p = number of processors 
% Uses processes qrb_host and qrb_node 
#include "qrb.h" 

% Start tl1e host process on virtual processor p 
% giving it process id HOST 

assign(qrb_host(A, blksize, p), p, HOST); 

simulate 
end 
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1::. ---,.-

FIGURE 20 Spacetime dia;..rram for ring-orit•nted (JH factorization :-;imulatin~ tlw 
iPSC/2 in CO~LAB. 
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FIGURE 21 Spacetime diagram for block toru~ matrix multiplication on tlw Intel 
iPSC/2 hypercube. 
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FIGURE 22 Spacetime dia~-o•rarn for the block torus matrix multiplication simulatinl-' 
the iPSC/2 in COi'\LAB. 



rithm,-, in CO:\L.~B tlw d'fi,·icnl'y and tlw quality 
of tlw dnt•lopuu•Jlt pnw<·,.;,.; hm·<· bee!l impnnt•d 
aJ•jm·•·iald~·· 

Tlw future din·l'tion,.; of clt·\rlopnwnt of LO:\­
L:\B an• twofold. Fir,.;t. dw illtroductiou of tiuw 
modt·],.; for ,.,,., t•ral D.\1.\1 ar<'hitt•<·tttn·,.; i,.; undt·r 
'' m·. ·\ nu•chani,..!lt l'or dtoo,..ittf! a D.\L\1 <tl'l'ilitt>c­

lurP all< l <'o!Tt'"l H Htdinf! archit<·t·t urt' 1 •arallwter,.; 
,.,,j,..t,._ aln·ady. Scf'o!l(l. and in parallt·l. dw dt'\'<'1-

'l(lllll'llt of a CO:\L.\B <'ompilt·r trathlawr lHt:­
,.;t:uwd. lt tak;·,.. a D.\l.\1 alf!orithm in CO:\L.\B 
:-yntax a,.; input awl willl'rodtw<· u ~imilur C pw­
f!l'<ttttto nm lltttht• taq!t't arcltit•·•·tun·. :\,.;in CO:\­
L\B. tlw ll!ttlwrical t'Ollljllttatioth ,,·ill lw l,a,.;t•d 

ott L\P.V :1\. >~ . FuniH•r. tlw t·ottlllllltticutiott "ill 
lw lla,..t·d on t·ffil'it•nt and JHll·t:dJ!t' inqdt·mettta­

tiotb of topoloi.!Y and t'Oilllllltllication fwH·t ion,.; 
:-t'P ,.,,.,·tiott,.. :~ a!lll -t :. 
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