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Abstract. In recentyearstherehasbeena trendtowardsusingstandardvorkstation
componentgo constructparallelcomputersdueto the enormouscostsinvolved in
designingand manufcturingspecial-purposbardware. In particularwe canexpect
to seea large populationof SMP clustes emeging in the next few years. Theseare
local-areanetworks of workstations gachcontainingaroundfour parallelprocessors
with asinglesharednemory

To usesuchmachinesffectively will be a majorheadachéor programmersand
compilerwriters. Here we considerhow well-suitedthe BSP model might be for
thesetwo-tier architecturesand whetherit would be usefulto extendthe modelto
allow for non-uniformcommunicatiorbehaiour.

1 Introduction

Thestructureof this paperis asfollows. Firstwe shallreview theexisting Bulk Synchronous
Parallel (BSP)modelof computatiorandillustrateits cost-predictiormodelwith a suitable
example. Thenwe shall considerhow the BSP computerdiffers from emegenthierarchi-
cal supercomputin@rchitecturesNext we definea two-tieredBSPcomputerwith arefined
cost-predictiormodel. A representatie selectionof algorithmsare parallelisedusingthe
nev model,andtheir performanceés analysedo seewhetherary significantgainin scalabil-
ity is achiezedwith respecto the existing model.

The BSPcomputatiormodel

The BSPcomputer[3 consistof a numberof processor/memoryairsconnectedy acom-
municationsnetwork. Eachprocessohasfastaccesdo local memoryanduniformly slow
accesgo remotememory
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TheBSPprogrammingnodelis a prominentexampleof theuseof remotememorytrans-
fer. Thisis analternatve to messag@assing,n a distributedmemoryervironment. Each
processcandirectly write andreadto the memoryof a remoteprocess. Theseactionsare
one-sidedvith no actionby theremoteprocessandhencethereis no potentialfor deadlock.

Executionof a BSP programproceedsn supestepsseparatedy global syndironisa-
tions A superstegonsistf eachprocessloing somecalculation,usinglocal data,and/or



communicatinggomedataby directmemorytransfer Theglobalsynchronisatiomventguar
anteeghat all communicatiorhnascompletedbeforethe commencementf the next super
step.

BSPprogramsareSPMD,which standdor singleprogrammultipledata Eachprocessor
runsanidenticalprogram but the programmehasaccesgo the currentprocessd (whichis
in therangel to nprocs—1, wherenprocs is thetotalnumberof processedp allow different
behaiour to beimplementedat eachnodeif required.

ThemainBSPcommandsreasfollows:

bsp_begin, bsp_end definestartandendof SPMDcode
bsp_pid getlocal processd

bsp_nprocs gettotal numberof threads

bsp_sync performbarriersynchronisation

bsp_put, bsp_get transferdatato/from otherprocessesin someimplementationghis may
take placeat any time during superstegoonemustnot use/changéhe datauntil after
thenext globalsynchronisation.

Let us considera FORTRAN programfor the numericalsolutionto Laplaces equation
over arectanguladomain,with fixed valueson the boundaryusingthe techniqueof Jacobi
iteration[]]. Thesequentiatodefor asingleiterationis asfollows:

DO J = 1, JMAX
DO = 1, |MAX
UNEW,J) = 0.25 * ( U(I1-1,J) + U(l+1,J)
+ U1, J-1) + U(1,Jd+1) )
END DO
END DO

We couldparallelisethis usingBSPby arranginghegrid into overlappingstrips,eachto
beworkedon by a separat@rocess.
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Eachiteration involves a computationphase,then a communicationphase,and finally a
globalsynchronisation.

ME = BSP_PI IX)
NPROCS = BSP_NPROCS()

.1 MAX
) = 0.25 * ( U(I-1,J) + UI+1,J)



+ ur,J-1) + u(l,J+1) )

END DO
END DO
| F (ME .GT. 0) THEN

CALL BSP_PUT... ! update process to the left
END | F
|F (ME .LT. NPRCCS - 1)

CALL BSP_PUT... ! update process to the right
END I F

CALL BSP_SYNC()

BSPcostmodelling

Perhapghe mostimportantfeatureof BSPIis its cost-predictiormodel,which makesit rel-
atively easyto evaluatethe potentialefficiency of analgorithmprior to implementation.In
this modelthe parallelcomputeiis reducedo four constantss, p, [, g) where

s = processospeedMflops)

p = numberof processors

__lateng/synchronisatiotime

~ timefor 1 floatingpointop

_ timeto get/send. fp. value
9= timetodol floatingpointop.
Thecostof asinglesuperstefis then

No + Neg + 1
andthe predictedexecutiontime is givenby
57 (ne 4+ neg +1)

where

n, = maxnumberof f.p. operationgperformedoy ary process

n, = maxnumberof realvaluescommunicatedby any process

The BSPcostof thewholetaskis justthe sumof theindividual supersteps.

In the caseof the above Jacobiiterationexamplewe evaluatethe BSP costfunction as
follows. Let usassumehatthe grid hasdimension!/ in eachdirection. Thenthe amount
of datapointsto be updatedby eachprocessors %2. Eachupdaterequiresfour arithmetic
operationsowe have:
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The mostcommunicatiorthatarny processohasto dois to outputtwo completecolumnsto
neighbourgand simultaneouslyto input two nenv columnsfrom the sameparties). Sowe
have:

o

n. = 21
This leadsto anoverall costfunction,for a singleiteration,of
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Notethatwe couldreducehecostby partitioningthedatagrid into squaresatherthanstrips.
In thatcasethe costwould be
412 N AIg
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Usingthe Oxford implementatiorof BSP[J, parameterss, p, [, g) have beenmeasured
for awide variety of architecturesThesemaybe usedto predictthelik ely performancef a
BSPalgorithmprior to execution(or evenprogramconstruction) Certainalgorithmscanbe
iImmediatelyconsignedo thewaste-bin perhapsvoiding monthsof futile effort.

Herearesomeexamplesof BSPparametergor someparticulararchitectureshasedon
the Oxford BSPlibbenchmarks[§

+1

Machine s| p I g
Origin 2000 101| 4 1789| 10.24

32| 39057| 66.7
CrayT3E 46.7| 4 357 1.77

16 751 1.66
PentiumNOW 61| 4| 139981 1128.5
10Mbit sharedether 8 | 826054| 2436.3
Pentiumll NOW 88| 4| 27583 39.6
100Mbit switchedether 8| 38788| 38.7

2 Extending the model

TheBSPmodelhasbeenvery successfuasareliablemeansof producingtruly portablepar

allel software. A catalogueof efficientBSPalgorithms coveringawide spectrunof compu-

tationalproblemshasbeenconstructedy researchersy Oxford andtherestof theworld.
Howeverrealhardwaremaydiffer from theBSPmodelin certainimportantrespects.

1. Local memoryaccesgimesarevariable— they areaffectedby the usualhierarchyof
memory cacheandregisters.

2. Accesdglimesto remotememorymayvary becaus®f non-uniformitywithin theinter
connectiometwork.

Differencel may be absorbednto the BSPmodel,if required by allowing the valueof
s, the processospeedto becomeapplication-specificlt may be measuredor a particular
programby benchmarkingyn a singleprocessar

Difference2 may alsobe concealedisingrandomplacemenbf processe$o processors
andrandommessage-routingyhichinvolvesdivertingall messagesgia somearbitraryinter-
mediatelocation. However, to do this removesary possibility of improving performancédy
exploiting fastlocal communications.

In an SMP cluster the costof communicatiorbetweerseparaté&SMP units may far out-
weighthe costof local communicationijnvolving only processorsvithin the sameunit. So,
althoughwe canmale sucha beastehae like a BSPcomputeltby theabore techniquewe
may notwishto do so. Let usconsideranextensionto the BSPmodel,which allows for two
levels of synchronisation.



TheBSP2computer

A BSP2computerconsistsof a numberof BSP units, connectedy a communicatiomet-
work. EachBSPunit, in turn, consistsof a fixed numberof processor/memorgairs, con-
nectedoy alocal network. Eachprocessohasfastaccesso its local memoryanduniformly
slow accesgo memorybelongingto otherprocessorsvithin the samenetwork. EachBSP
unit hasuniformly sloweraccesgo the memorywithin otherBSPunits.
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Executionof aBSP2programproceedsn supersupestepsseparateddy globalsynchro-
nisations. On eachsupersupersteachBSP unit performsa completeBSP computation
and/orcommunicatesomedatawith otherBSPunits.

BSP2costmodel

TheBSP2computeiis modelledby sevenparameterss, p, ¢, 1, L, g, G), where
s = processospeedMflops)

p = numberof processorg eachBSPunit

g = numberof BSPunits(total processocount:p x q)

__lateng/synchronisatiotime for BSPunit

N time for 1 floatingpointop

I lateng/synchronisatiotime for all BSPunits

timefor 1 floatingpointop

_ timeto get/sendL fp. valuewithin aunit

N time to do 1 floatingpoint op.

timeto get/sendl fp. valuebetweertwo units
timeto do 1 floatingpointop.

Thecostof asinglesupersupersteps C; + L + n.G

where

C; = maxcostof BSPcomputatiorperformedoy ary unit

n. = max numberof real valuescommunicatedy all the processorsvithin a BSP unit

to/from otherunits.

To realiseprogramsn this extendedmodel,additionalBSP2primitiveswould needto be
provided,e.g.

l

9

G =

bsp_uid getBSPunitid
bsp_units gettotal numberof BSPunits,q
bsp_usync synchronisevithin a unit

bsp_uput, bsp_uget transferdatato/from processorsvithin the sameunit.



Sowe arenow in a positionto develop BSP2algorithmsandto calculatetheir perfor
mancetimes. For the sale of comparisonye shallneedsomemeansof predictinghow fast
ordinary BSP programswould run on the BSP2computertoo. This involvesworking out
BSPparameters$s, p, [, g) for theBSP2machine(s, p, ¢,1, L, g, G).

Clearlythe s-parameterrepresentingrocessospeedwill beunchangedThetotal pro-
cessorcountwill bepq. Overall synchronisatiomf the systemwill requirealocal synchoni-
sationwithin eachunit to befollowedby globalsynchronisatiorandthereforewill have cost
[ + L. Thesoledifficultly arisesn decidinguponavaluefor g.

Due to the randomplacementof processe®n processorgin BSP not BSP2)we can
assumehat communicatiorwill be remoteratherthanlocal. The costof sendinga single
realvaluefrom oneprocessoto a processom anothermunit mustincorporatethe local data-
transmissiorcostof g plus the costof transmissiorbetweenunits. The rate at which the
p individual processorswithin a a unit, cantransmitdatato otherunits shouldbe p times
slower thanthe rate G at which the unit as a whole can transmitdata. Theseconsidera-
tionsleadto a g-valueof g + pG. Thusthe ordinaryBSPparameter$or the BSP2machine
(s,p,q,l,L,g,G)are(s,pq,l + L, g+ pG).

3 BSP2 parallelisation and cost-analysis of representative algorithms

In this sectionwe work out the BSP2costfor the naturalBSP2 parallelisationof certain
importantalgorithms.In eachcasethis is comparedvith the costof runningthe best-knavn
BSPalgorithmontheBSP2machine.Fromnow on, for the purposeof clarity, we shallomit
certainsmallconstantérom costexpressions.

Thealgorithmswe shallconsiderareasfollows:

Diamond DAG: acomputatiorwith adependencpatternshapedsann x n regularsquare
grid.

2
Thecostfunctionfor thenaturalBSPparallelisatiorof this algorithmis r +ng+pl.
p
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Cube DAG: acomputationwith a dependenceatternshapedasann x n x n cubegrid.
n n
TheBSPcostis — + —g + /pl.
P 4P VP
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Matrix-vector multiplication: assuminghatthe matrix dataare predistrilutedacrossthe

processorghe BSPcostis

n? n

—+—g+I
p

VP

3 2
Matrix-matrix multiplication: BSPcost +—g+1.

2
pE

logn

Parallel sort by regular sampling: BSPcost” + gg + 1.

For full detailsof thesealgorithms,andhow they areparallelisedusingBSRE pleasesee[6]
and[7].

Thefollowing tablelists the BSP2costof eachof the above algorithmsagainsthe cost
of runningBSPcodeonthe BSP2machine.

| Algorithm | BSP2cost | BSPonBSP2machine |
2 2
DiamondDAG Z_q +n(g+G) +pql +qL " n(g+pG) + pg(l + L)
CubeDAG "—3+ 2(—+—)+\/10_ql+\/§L n—3+n2<i+‘[—)+\/—(1+L)
VP 4 a , WP Ve “
Matrix x vector n—+n<i+— +I+L n_+n<i \/—L)_;.l_,_[,
pq VvPa /4 pg VPl Ve
3 3
Matrix x matrix n—+n2< gz+£2)+l+[, o2 92+p3f LI+ L
pq (pg)s  g¢% pq (pg)3 43
1 1
PSRS nogn+n<i+g>+l+L nogn+n<i+g>+l+L
pq Pq q pq Pq q

Whenthesecostfunctionsareanalysedn detailthey do not make ary seriouscasefor
usingBSP2.1f we assuméhat/ andg aresmall,comparedvith L andG respectiely, then
thebestspeedugactoris achievedfor the DiamondDAG algorithm— speedufby afactorof
p in thecommunicationsHoweverthisis acompute-boundlgorithm—thatis to saythatthe
dominantermin theBSPcostfunctionis thecomputatiorelement.So, thereis no particular
benefitin speedingip thecommunication®y, say afactorof 10.

The only algorithmwe have consideredhatis not compute-bounds PSRS.In this case
thereis no benefitatall in BSP2parallelisatioranyway. In generaljrregular problemscan-

not benefitevenfrom single-lezel BSPdatalocality, thereforethe secondevel of datalocal-
ity is of little use.



4 Conclusions

The BSPmodelhasproved a trusty tool in the disciplineof parallelprogrammingfor pro-
ducingreliable and portablecodes,with predictableefficiency. Now, however, additional
compleity in thehardware,forcesareview of themodel.

Herewe have consideredhow to extendtheBSPmodelhierarchicallyin anattempto ex-
ploit fastlocal communicationsHowever, noneof the algorithmswe have analysedshowvs
ary significantbenefitfrom this approachevenwhenlocal communications severalorders
of magnitudefasterthat remotecommunication.lt seemghatthe scalabilityof eachof the
wide rangeof algorithmsconsidereds fundamentallyconstrainedy the slovestcommuni-
cationpathsin the hardware,andthe presencef fastlocal links maybeof little benefit.

Thefailure of the BSP2modelto provide ary major performanceyain providesa strong
casefor usingthe existing, flat BSP modelto programhierarchicalarchitecturessuchas
we have considered Manufacturers’effort shouldbe directedtowardsimproving the global
communicatiorfactors,jn orderto bring themascloseaspossibleto thoseachiesedlocally.

Oneimportantdesigndecisionwe took, whendefiningthe BSP2computey wasto as-
sumethatall communicatiorbetweenBSP unitsis serialisedthroughsingle pointsof con-
tact. Thealternatve would have beento allow eachprocessowithin aunit parallelaccesso
theouterworld.
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This modelwould requirean adjustmento how n., the communicatiorcomponenbf a
supersuperstepis calculated.Now it would be definedasthe maximumamountof global
communicatiorperformedby any one processoin the system. We have analysedall the
algorithmsfrom section4 usingthis slight variantof the model,andwe have foundthatit is
essentiallyequivalentto theBSP2computer(with parametets replacedwith G/p). Sothere
Is no extrainformationthatis likely to berevealed.

Oneapproacho programmingSMP clustersthathasbeenalreadybeeninvestigated[h
is to usea combinationof sharedmemoryprogramming by compilerdirectives)atthelevel
of eachSMPunit andexplicit messageassingwith MPI) betweerSMPs.This mixed-mode
style of codingwould requirethe programmeto be proficientin bothforms of parallelisa-
tion. Theuseof asingleconsistenmodel,suchasBSR shouldbeappealingo programmers
whencontrasteavith this hybrid approactconsideredy others. The existenceof a metric
for performanceredictionis alsoamajorbonus.
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