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Task Pool Teamsfor Implementing Irr egular
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Abstract

The characteristic®f irregularalgorithmsmale a parallelimplementatiordifficult, espe-
cially for PCclustersor clustersof SMPs.Thesecharacteristicenayincludeanunpredictable
accesdehaior to dynamicallychangingdatastructuresor strongirregular couplingof com-
putations.Problemsarean unknown load distribution andexpensve irregularcommunication
patternsfor dataaccessesnd redistritutions. Thus the parallelimplementationof irregu-
lar algorithmson distributedmemorymachinesandclustersrequiresa specialorganizational
mechanisnfor a dynamicload balancewhile keepingthe communicatiorandadministration
overheadow.

In this papemwe proposdaskpoolteamdor implementingrregularalgorithmson clusters
of PCsor SMPs.A taskpool teamcombinesnultithreadedorogrammingusingtaskpoolson
singlenodeswith explicit messageassingetweerdifferentnodes.Thedynamicloadbalance
mechanisnof taskpoolsis generalizedo a dynamicload balanceschemdor all distributed
nodes. We have implementedand comparedseveral versionsfor task pool teams. As appli-
cation example,we usethe hierarchicalradiosity algorithm, which is basedon dynamically
growing quadtrealatastructuresannotatedy varyinginteractionlists expressingheirregular
couplingbetweerthe quadtreesExperimentsare performedon a PC clusteranda clusterof
SMPs.

Keywords: taskpool teamsdistributedmemory irregularalgorithms hierarchicaradiosityalgo-

rithms, clusterandclusterof SMPs

Intr oduction

Irregularity of algorithmsmay be causedby differentcharacteristicsncluding unpredictableac-
cessedo datastructuresdue to sparsityor dynamic changesyarying computationaleffort be-
causeof refinemenbr adaptvity, andirregulardependenciglsetweercomputationsExamplesare
sparsdinear algebramethoddik e sparseCholesly factorization grid-baseccodeswith dynamic
refinementdike adaptve FEM, or hierarchicalalgorithmslik e the fastmultipole or hierarchical
radiosity algorithm. Although mosthierarchicaland adaptve algorithmshave beeninventedto
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1 INTRODUCTION 2

save computationtime while still gettinga good solution,thereis still needfor a parallelimple-
mentationsincethecomputatiortime for thosemethodsanbequitelargewhenrealisticproblems
areconsidered.The computationatharacteristicef irregular algorithmscanbe different, but all
irregular algorithmshave in commonthat the actualprogrambehaior of a specificprogramrun
stronglydependon the specificinput dataof the program. Thus, not muchinformationis stati-
cally availableandstaticplanningof parallelismis difficult. Especiallywhenanirregularalgorithm
hasunpredictablyevolving computationalvork, dynamicload balanceis requiredto employ all
processorsvenly.

For sharedmemoryplatformsthe conceptof taskpoolscanbe usedto realizedynamicload bal-
ance.Thebasicideais to managdasksin a specialglobaldatastructurecalledtaskpool, seee.qg.
[4] or [13]. Eachprocessorcantake tasksfrom the pool andaddnew tasksto the pool until the
entirecomputations done. Taskpool implementationgor dynamicload balancehave beenpre-
sentedn e.g.[17, 12]. Detailedinvesticationsof differenttaskpool versionshave beenpresented
in [11].

For distributedmemorymachineghereis a closeconnectiorbetweendynamicload balanceand
communicatiorsincea redistritution of work at runtime canonly be achiezed with communica-
tion. For an efficient parallelimplementatiora trade-of betweendecreaseduntime dueto bal-
ancedload andincreaseduntimedueto communicatioroverheachasto be found. Furthermore
theunpredictableaccesbehaior forcescommunicatiorfor the exchangeof datastructures.

This paperintroducesthe realizationof irregular algorithmson PC clustersor clustersof SMPs
(symmetricmultiprocessorsyvith anew approachgalledtaskpool teams A taskpool teamcom-

binesthe conceptof task poolsfor single nodeswith explicit communicatiorfor non-localdata
accesseandredistribution. The integration of multithreadedporogrammingand communication
resultsin a two level scheme.Load balancingon individual nodesis achieved by task poolsfor

sharednemorynodesandinteractionbetweerdifferentnodess reachedy a dynamiccommuni-
cationschemausinga specificcommunicatiorthread.Explicit communications alsousedfor the

executionof remotedataaccessesccurringirregularly.

We have implementedaskpool teamson top of the MessagdPassinginterface(MPI) andPOSIX
ThreadqPthreads)althoughthe conceptis moregeneral. The MPI standards usedfor commu-
nicationand Pthreadsare usedto implementtaskpools. A thread-basetmplementatiorof task
poolsofferstheadwantage®f fastaccesse® shareddatastructureslow threadcreationtime, and
adistribution of threadsof oneprocesgo severalprocessorsMPI guaranteeportability, because
MPI implementationsreavailableon a wide rangeof parallelmachines.Thus,theresultingim-
plementatiorof anirregularalgorithmwith taskpool teamsis entirely realizedon the application
programmetevel. Theadwantagds thatthe mechanisnof taskpoolteamscanbe usedfor aneffi-
cientparallelimplementatiorwhile theapplicationprogrammecanstill exploit algorithmspecific
propertiesxplicitly.

Our hybrid programmingmodelis suitablefor PC clustersor clustersof SMPsandfor applica-
tions with arbitrary task graphsor arbitrary dynamicdatastructures. We illustrate und testthe
modelwith the hierarchicaradiositymethod,a globalillumination methodfrom computergraph-
ics. This applicationhasseveral of the propertiesof irregular algorithmsmentionedabore. Data
areorganizedin differentdynamicallygrowing quadtreesndcomputationgreguidedby varying
interactionsbetweennodesof thosequadtrees.The resultingparallelalgorithmis testedon two
platforms,aBeowulf cluster(CLIC) andaclusterof SMPs.We have implementedseveralvariants
for taskpoolsandexperimentedwith differentapproache$or the combinationwith communica-
tion to form taskpool teams.Thetaskpoolsdiffer in theinternaladministratiorusingoneor more
taskqueuesandin the accessstratgy to queues.The applicationimplementationgliffer in the
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numberof threadscreated.Thenumberof threadsnfluencegheexecutiontime of theapplication,
alsoin the caseof the PCcluster

Specialcarewastakento designthe communicatiommechanisnbetweernremotethreadsunning
on differentclusternodes.Generalproblemsarethe absenc®f thread-safeommunicationn the
implementatiorervironmentor a potentialof deadlockgor blockingcommunicatioroperationsn
irregularthread-basegrograms.We introducecommunicatiorprotocolswhich successfullydeal
with thoseissuesghusguaranteeingafecommunicatiorwithin a taskpool teamwhile providing
efficiengy. Severalcommunicatiorpatternsarediscusse@ndhave beenimplementecndthemost
efficientonehasbeenusedin thefinal implementation.

The paperis structuredasfollowing: Section2 presentsonceptsandrealizationsof taskpools.
Section3 introduceghe taskpool teamapproach.The implementatiorof the traveling salesman
problemwith our programmingnodelis illustratedin Sectiord. Section5 describeshehierarchi-
cal radiosityalgorithm(HRA) anddiscussespecialrequirement@andadaptationsvith regard to
thetaskpool teamrealization.Experimentsaandmeasurementgrepresentedn Section6. Section
7 discusseselatedwork andSection8 concludes.

2 Taskpoolsfor shared memory

For theimplementatiorof taskpool teamswe assumehe following basicprogrammingnodelon

a cluster: Thereis one procesdor eachclusternode,which canbe a one-processomachineor

an SMP with several processorsA processconsistsof a virtual addresspaceandone or more
threadsof controlwhichareexecutedoy timesharingpntheprocessorsf thenode.Theinteraction
betweerprocessesunningon differentnodeswith differentaddresspacess realizedby explicit

messag@assing.Thetaskpoolteamapproactconsidersaskpoolsfor clusterswith onetaskpool

for eachclusternode.A taskpool manageshe computationwork of the correspondingnode.

This sectionpresentghe task pool conceptfor a single clusternode. The actualcombinationof
taskpoolswith messag@assingandspecificstratgiesfor implementingaskpoolteamdor entire
clustersareintroducedn the next Section3.

2.1 Generalapproach

Application programsrealizedwith taskpoolsare structurednto a setof interactingtasks. Each
taskconsistof awell-definedsequencef command®ftencapturedn afunctionor procedurdo
beexecutedoy asinglethreadof theprocessThecommandganincludethecreationof child tasks
which canlaterbeexecutedby a differentthreadof the sameprocessAll tasksof aprogramform
a graphof taskswith arrons expressingdependenciebetweentasks. Althoughthe taskcreation
andexecutionis codedwithin theimplementatiorof the algorithm,eachrun of a specificorogram
may actuallycreatea differenttaskgraph,especiallyfor irregularalgorithms.

A taskpoolis asharedlatastructurgo storeandmanagehetaskscreatedor onespecificorogram.
All threadsof the processexecutingthe programhave accesgo thetaskpool. They extracttasks
from the pool for executionandinserttasksinto thetaskpoolif thecurrentlyexecutedtaskcreates
new child tasks. Correspondingaiccesdunctionsfor the insertionof tasksinto the structureand

for remaving tasksareprovided. The cooperatiorof taskspossiblyexecutedby differentthreads
is realizedvia the commonsharedaddressspaceof the processwherethe dataof the program
arestored.To realizethe correctprogrambehaior the executionof lock andunlodk operationgs
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neededo guarantea conflict-freeaccesso memorylocations. Programmingernvironmentsfor
sharedaddresspaceusuallyprovide suchlock andunlock operations.

The entiretask programcan be executedby a fixed numberof threadsalsoif the taskgraphof

the programhasa quite irregular structureand the numberof tasksis varying during program
execution. Sofor eachprocessve createan arbitrary but fixed numberof threads.Becausdhe
numberof threadgemainsconstanturingruntime,theoverheador threadcreationis minimized.
Moreover this hasthe adwantagethat a varying numberof tasksis mappedto a fixed numberof

threadyieldingadynamicloadbalancdor theexecution.Theactualsuccessf thisloadbalancing
stratgy may dependnimplementatiordetails.

Thereareseveral possibilitiesfor the internalorganizationof taskpoolsandthe storageof tasks.
Oftenthe tasksare keptin queuesandtaskpoolsdiffer in the numberof queuesandthe access
stratgy to queuesConcerninghe numberof queueghe maincasesare:

e Central task pool: Only onetaskqueueholding tasksexists andall threadsof the process
accesghis queueto remove or inserttasks. To avoid accessonflicts eachaccesdo the
taskqueuehasto be protectedby a lock operation. Threadsremove tasksfrom the queue
for executionwhenthey arereadywith previouswork andsothe centralqueueoffersgood
dynamicload balance.But frequentaccessefo the queue,e.g.for mary smalltasks,may
leadto sequentializationlueto thelock protection.

e Decentralized task pool: (often also called distributed task pool) Eachthreadhasits own
gueuefrom which only this threadcanremove tasksandinserttasks. The adwvantages that
accesset thequeueslo nothave to be protected On the otherhandthe staticinitialization
of taskqueueamay leadto imbalancesf theinitial tasksin the queuescreatean unequal
numberof new tasks,whichis usuallyunknovn in adwancein the caseof irregularapplica-
tions. Specialheuristicamightbeusedto fill thequeuestthebeginningof thecomputation.

e Decentralized task pool with task stealing: Thistaskpoolvariantof adecentralizedaskpool
allowsthreadgo accesgjueuef otherthreadsf its own queues empty Thisis calledtask
stealing[16]. Taskstealingavoids load imbalancedut requiresa locking mechanisnfor
guaranteeingxclusive accesgo queues.

More variationsof thosemain classef taskqueueorganizationswithin taskpoolsareproposed
andinvesticatedin [11]. Anotherimplementatiordecisionconcernghe orderof insertingtasks
into andextractingtasksfrom taskqueues.We distinguishthe FIFO (first-in first-out) andLIFO
(last-infirst-out) accesstratgiesfor queuesandhave implementedhosevariationsfor different
centralanddecentralizedaskpoolswhich we describan the next subsection.

2.2 Specifictask pool implementations
We have implementedhefollowing setof taskpools:

(1) tp_fifocenis acentraltaskpoolwith FIFO accesstratgy. Thecentralqueuds protectedy
alock mechanism.

(2) tp_lifocenis a centraltaskpool with LIFO accesstratgy. The centralqueueis protected
by alock mechanism.

(3) tp_fifo is adecentralizedaskpool with FIFO accesstratgy. No lock mechanisnis neces-
sary
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(4) tp_lifois adecentralizedaskpoolwith LIFO accesstratgy. No lock mechanisnis neces-
sary

(5) tp_fifostisadecentralizedaskpoolwith FIFO accesstratgy andtaskstealing.Thestealing
mechanismis the following: If the private queueis empty a threadtries to stealtasksby
locking andinvestigating the queuesof otherthreads. The threadvisits the queuesof the
otherthreadsoneafteranotherlf thethreadis successfuin stealingonetask,it executeghe
stolentaskandthenvisits the next queue.lf thethreadcouldnot stealatask,it immediately
visitsthenext queue.Thethreadblocksif thethreads notableto stealarny taskfrom another
queue.

(6) tp_lifostis adecentralizedaskpoolwith LIFO accesstratgy andtaskstealing.The steal-
ing mechanisms the sameasfor tp _fifost

(7) tp_fifost2 is a decentralizedask pool with FIFO accessstratgy and task stealing. The
stealingmechanisnis the following: Taskstealingis initiatedif the numberof tasksin the
privatequeuedropsbelow a predefinedhresholdvalue. In contrasto the stealingstratgy
in tp_fifost the stealingprocesss split into locking andstealing:First a threadtriesto lock
the queueof anotherthread. After a threadhassuccessfullylocked a foreign queueit can
only extractataskif morethana certainpredefinechumberof tasksis available. This avoids
the stealingfrom almostemptyqueuesvhich would force the ownerthreadof thatqueueto
stealatasktoo. Thethreadtrying to steala taskvisits the queuef otherthreadsoneatfter
anothewntil it cansuccessfullystealatask. Otherwiset continuego executetheremaining
tasksin its own queue.

(8) tp_lifost2 is a decentralizedask pool with LIFO accessstratgy and task stealing. The
stealingmechanisnis the sameasfor tp _fifost2

Our task pool implementationgrovide a userdefinednumberof task pool threadsonly ableto
executetasks. The main threadcan perform arbitrary codelike creatinginitial tasks,working
on the taskpool, andleaving the task pool to preparedatafor the reactvation of the pool. The
advantageespeciallyfor clusterswith single processomnodesis that no additionalcostsemepe
from the synchronizatiorof threadson codewhich wasdesignedo beexecutedoy asinglethread.
Furthermorethe expensve creationof new threads,in casethat the task pool is usedagain, is
avoidedbecausall taskpool threadsvait passvely for new tasks.

2.3 Application programmer interface for task pools

For the programmingwith ataskpool theuserAPI providesfunctionsfor initializing anddestrgy-
ing the task structure insertingtasks,and extracting tasks. Thosefunctionsare usedwithin an
applicationprogramandthe additionaleffort for the applicationprogrammeiis to formulatethe
functionsor proceduresstasks.Thefollowing setof accessunctionsis provided:

(1) Allocateandinitialize thetaskpool structure:
void tp_init ( unsignednumber_of_threads) ;
The parametenumber_of_threads denoteghetotal numberof threadswvorking at the task
pool.
(2) Reinitializethetaskpool:
void tp_reinit () ;
(3) Destrg thetaskpool:
void tp_destroy () ;
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(4) Insertinitial tasks:
void tp_initial_put ( void (* taskroutine)(), arg_type *arguments) ;
The parametetaskroutine is a pointerto the functionrepresenting task. The arguments
for thatfunctionaregivenby the pointerarguments.

(5) Inserttasksdynamically:
void tp_put ( void (* taskroutine)(), arg_type *arguments, unsignedthread_id) ;
The parametethread_id hasto containthe identifier of the threadinsertingthe task. The
otherparameterareidenticalto the parametersf tp_initial _put.

(6) Extracttasksfor processing:
void tp_get ( unsignedthread_id) ;
Theparametethread_id denotegheidentifierof thethreadremoving atask.

Theapplicationprogrammesexplicitly guidesthe creationof tasksby usingthosefunctions. The
stratgy of the choserntaskpool variantis known, but the actualmechanisms hiddento the user
sothatthe programmeicanconcentraten the task structureof the program. The taskstructure,
e.g.thegranularityof tasksor the dependenciebetweertasks,might influencethe efficiencgy for

sometaskpool versions.

3 Taskpool teams

In this section we presenthe combinationof severaltaskpoolsby mutualexplicit messag@ass-
ing to build taskpool teamsfor clustersof PCsor SMPs. Mutual communicatiorbetweercluster
nodesis realizedwith MPI. The combinationof suchdifferentprogrammingmodelsfor imple-

mentingirregularalgorithmsrequiressomegenerakonsiderationaboutthe compatibility of both

modelsandthe communicatiorstructureof applications.At first we investigatethe communica-
tion behaior of task-pool-basedistributedalgorithmsandtheresultingrequirementso form task
poolteams.The subsequergectiondiscussesomeproblemsof MPI implementationgoncerning
thecombinatiornwith threads.Thenwe presenburapproachesf communicatiorschemesieeded
in taskpoolteams At lastsomeimplementatiordetailsaregiven.

3.1 Communication behavior of task-pool-baseddistrib uted algorithms

Dependingon the specificapplicationtherearedifferentsituationswhich may requirecommuni-
cation. Thesecommunicatiorsituationscanbedividedinto two mainclasses:

e administrationacommunicatioremepging from the needto balanceload and synchronize
clusternodesand

e applicationspecificcommunicatiorto exchanganput data,(intermediateyesultsandother
datastructuredor calculation.

Dueto thebehaior of irregularalgorithmstheactualcommunications hardlypredictableén most
casesMoreover, in atask-pool-basetnplementatiorthe threadsof differentclusternodeswork
asynchronouslyn different partsof the code so that the counterpariof communicationopera-
tions,whichis neededor the communicatiorin the SPMD style of the MPI programmingmight
be missingwhen calling a communicatioroperation. In orderto solve thoseproblemswe usea
separateommunicatiorthreadfor eachtaskpool, which is responsibldor communication.The
communications thenrealizedusinga specificprotocolfor the interactionof threadsexecuting
tasks(calledworker threads)the correspondingommunicatiorthread,andthe worker andcom-
municationthreadsof othertaskpoolsin thetaskpoolteam.
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3.2 Thread-safecommunication

A thread-safedesignand implementationof the MessagePassinginterface guaranteeshat the
threadsof a processcancall MPI operationsimultaneouslyithout mutualinterferenceor influ-

ence.Althoughthe MPI standardvasdesignedhread-safenostimplementationgrenot thread-
safe. The extensionMPI-2 of the MPI standardorovidesfunctionsto supportmultithreadedoro-

grams. Thereare differentlevels of threadsafetyrangingfrom only one userthreadto multiple

userthreadswhich can perform MPI operationssimultaneously Currently implementationf-

ten supportonly the single-threadednode. For thatreasonwe protecteachMPI operationby a
lock. This ensureshatMPI callsareonly madeby onethreadatatime, however, the combination
of blocking MPI operationsand accesgrotectioncanleadto deadlock. Thereforenonblocking
communicatioroperationsaareusedwhennecessary

NodeO Nodel

Queues Queues

TI—wrn TTIT-wr

MIT-w. M—w.

request | acknav- request | acknav-

@ ledge @ @ ledge
T T d n <
Communicatioff——_+[ Communicatiof
Thread receie Thread
@ send

Figure1: lllustration of the communication scheme for a task pool team with 2 task pools run-
ning on a cluster with 2 nodes. Each node employs n worker threads (WT). All worker threads
WTy,...,WT, use the communication thread for communication with the other node. The com-
munication protocol with the steps (1), (2), (3), and (4) is described in the text.

3.3 Communication schemewith separatecommunicationthread

To integratea communicatiorthreadthe basicprogrammingmnodelof taskpoolsfor sharednem-
ory nodesis modified. The modifiedtaskpool of eachnodeconsistsof a fixed numberof n +
1 threads: n worker threadsresponsiblefor processingtasks,and a separatecommunication
thread.Figurel illustratesa taskpool teamof two decentralizedaskpoolswith n worker threads
WTi,...,WT,, their correspondingask queuesand one separateeommunicatiorthread. The
figure alsoshavs the communicatiorscheme The basiccommunicatiorprotocolfor the configu-
rationgivenin Figurel consistf thefollowing steps:

(1) If aworkerthreadof NodeO needdatasituatedn theaddresspaceof Nodel it signalsits
communicatiorthreadandwaitspassvely.

(2) The communicatiorthreadof Node 0 sendsthe requestto Node 1 andthe corresponding
communicatiorthreadrecevesthemessage.

(3) Accordingto the messageype the communicatiorthreadof Node 1 reactsandsendsdata
back.
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(4) Thecommunicatiorthreadof NodeO recevesthe dataandawakestherequestinghreadfor
continuingits work.

In this approactthe communicatiorthreadis designedo handlethe entirecommunicatiomeeds.
Slightly modifiedschemesrepossibleandareintroducedn the next subsection.

3.4 Modified communication protocol
A modificationof the communicationprotocol is to split the stepsof communicationbetween

worker threadsandcommunicatiorthreadof the samenode.Figure?2 illustratesdifferentpossible
communicatiorschemes.

Node0 Nodel Node0O Nodel Node0 Nodel NodeO Nodel

'WT]| IWT] ® WTx @ IWT] ©)
CD(l:Tr®<i CT %\ CT CT k CT GDC&\ CT

R — -~

® ® ®
a) b) c) d)

Figure 2: Simplified illustration of possible communication schemes only showing one worker
thread (WT) of Node 0 involved in the communication and the communication threads (CT) of
Node 0 and Node 1.

Thefirst communicatiorscheme) is identicalwith the schemeproposedn Figurel. Thecircled
numberscharacterizehe differentstepsto execute.Figureb) shavs a directreceve of requested
databy therequestinghread.Thisforcestheworkerthreadio wait actively for themessageFigure
c) reduceghe communicatiorto step2 and 3 andalsorequiresactive waiting of the requesting
worker thread. Communicationschemed) avoids the additionalsynchronizatiornof schemea)
and active waiting of schemeg) andc) by introducinga direct requestfrom the worker thread
requiringremotedata. In communicationrschemed), a threadthat needsnon-localdatasendsa
directrequesto the correspondingiodeandwaits passvely for reply. The communicatiorthread
of theremotenoderecevestherequestindsendshedataback. Thecommunicatiorthreadof the
localnoderecevesthedataandsignalsthewaiting worker threadthatnon-localdataareavailable.
Experimenthave shavn thatthis schemdeadsto the bestperformance.

3.5 Implementation details

Programdor taskpool teamsarewritten in an SPMD style and eachclusternoderunsthe same
SPMD program. The programfor a nodehasa task-orientedstructureand usesa task pool for
processinghetasksasdescribedn Section2. Additionally, the programcodecontainsMPl com-
municationoperations.In the following we give detailedinformation aboutthe communication
andsynchronizatiorof worker andcommunicatiorthreadsaccordingto the describegrotocold).
During the processingf tasksworker threadscancall MPI operationsnitiating a communication
procesgFigure2, step2). Therearetwo mainstepswvhich have to beperformed At first the send-
ing of therequestandsecondlythe waiting for thereply. Thefollowing codefragmentillustrates
thefirst step:
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tag = create_tag(nessage_type, thread_id);

pt hr ead_nut ex_| ock(comuni cati on_| ock);
MPI I send(buffer, count, type, destination, tag, comrunicator, request);
pt hr ead_nut ex_unl ock( communi cati on_I ock);

Tagsareintegervaluesusedby the MPI communicatioroperationdo identify amessageWe use
themfor the uniqueidentificationof worker threadswithin thecommunicatiorschemendfor the
transmissiorof the messageaype. The lower bits of the tag containthe identifier of the thread
initializing the communicatiorprocess.Theidentificationof worker threadds necessarypecause
the communicationthreadof the sameprocesshasto distinguishthe incomingdatain orderto
assignthemto worker threads.The higherbits of the tag representhe type of the messageThe
messageype indicatesthe communicatiorthreadwhich actionit hasto perform. The application
programmenhasto definea uniquetypefor eachspecificaction.

Dueto themissingthread-safetyheactualsendoperatiorhasto beprotectedoy alock (pt hr ead_
mut ex_| ock, pthread_nutex_unl ock). MPI _I send is a non-blockingoperationfor sending
the datalocatedin buf f er of lengthcount andtypet ype to the processesti nati on. (The
conmuni cat or denoteghesetof processorableto receve themessagandr equest senesfor
theidentificationof the operation.)After sendingtherequestheworker threadwaitspassvely for

reply:

pt hread_nut ex_| ock(wait | ock[thread_id]);
whil e(!received[thread_id])
pt hread _cond wait(wait_cond[thread_id], wait_lock[thread id]);
received[thread_id] = 0;
pt hr ead_nut ex_unl ock(wait | ock[thread_id]);

/* ... read the requested data out of buffer[thread_id] ... */

The Pthreadlibrary providespt hr ead_cond wai t for passve waiting. This function usesthe
conditionr ecei ved[ t hr ead_i d] . Aslongasthisconditionis nottruetheworkerthreadblocks.
If therequestedlataareavailabletheworkerthreadis avakedby thecommunicatiorthreadwhich
hassetthe conditionvariabletrue. That meansthe worker threadleavesthe loop and altersthe
conditionto falsefor the next use. The entiremechanisnhasto be protectedoy alock to prevent
theconcurrenmodificationof the conditionvariableby theworkerandthe communicatiorthread.
Therequestedlataarestoredin the buffer denotedoy buf f er [t hr ead_i d] .

Sincethereare multiple worker threadscapableof sendingrequestghe variableswai t _| ock,
wai t _cond, received aswell asthebuffer buf f er for therequestediatahave to be available
for eachworker threadexclusively. Thereforewe chosearraysfor eachvariableindexed by the
worker threadidentifiert hr ead_i d.

Thecommunicatiorthreadrecevesincomingmessage@-igure2, steps2 and3) andperformsthe
correspondin@ctions.It workson a functionwith a predeterminedtructure.Thefollowing code
fragmentgivesanoverview of thatfunction:

int receive = 0;
MPI _St at us st at us;

while(l) {
pt hr ead_mut ex_1 ock( comruni cati on_| ock);
MPI _| probe( MPI _ANY_SOURCE, MPI _ANY_TAG MPI _COVM WORLD,
&receive, &status);
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pt hr ead_nut ex_unl ock( comuni cati on_I| ock) ;

if(receive 1= 0) {
thread_id = extract _id(status. MPl _TAG
nmessage_type = extract _type(status. MPl _TAG;
switch (message type) {

case TYPE_ 1: /* ... */
case TYPE 2: [* ... */
[* ... */

case TYPE n: [* ... */

MPI _| pr obe checksfor incomingmessagesf ary origin (MPI _ANY_SOURCE) with ary tag (MPI _
ANY_TAG) within a setof all processegvPl _COMMWORLD). The communicatiorthreadhasto dis-
tinguishbetweenwo classe®f messagesOn the onehandmessagewhich requesdata(Figure
2, step2) andontheotherhandmessagewhich containrequestedliata(Figure2, step3). Thefirst
classrequiresthe sendingof the requestedlatabackto the origin of the receved messageThe
secondnerequireshe completionof the communicatiorprocess:

pt hread_nut ex_I| ock( comruni cati on_I| ock);

MPI _Recv(buffer[thread_id], count, type, status. Ml _SOURCE
status. MPl _TAG MPI _COW WORLD, &status);

pt hr ead_nut ex_unl ock( comuni cati on_I| ock);

pt hread nutex | ock(wait |ock[thread id]);
received[thread_id] = 1;

pt hr ead_nut ex_unl ock(wait _| ock[thread_id]);
pt hread_cond_si gnal (wait_cond[thread_id]);

At first the messagés recevedin the buffer buf f er associatedvith the worker threadidentifier
t hread.i d. Thevariablest at us containsnecessarynformationlike the origin andthe tag of
the messagédo receve. After thatthe conditionis settrue and the worker threaddenotedby
t hr ead.i d is awakedby thefunctionpt hr ead_cond_si gnal (Figure2, step4).

4 The traveling salesmanproblem

We chosethe traveling salesmarmproblem(TSP)asa lesscomple irregular examplein orderto
illustrate the conversionof a sequentiaprograminto our hybrid programmingmodel. We have
concentrate@n the corversionprincipleratherthancreatingthe mostefficientimplementation.

TheTSPis aminimizationproblemwhichfindstheshortestircularpathin aweightedundirected,
andconnectedyraphGG = (V, E)) with asetof edgesF anda setof nodesl’. A graphis:

undirected if e; = e, for eache;, e; € £ with e; = (4,7), e2 = (4,4) andi, j € V.
connected if theedgee = (vy, v7) existsfor eachnodev, vy € V, v1 # vs.
weighted if acostfunctionc : £ — IN existsassociatinggache € E with anaturalnumber

A circularpathis a setof edgeswhich links all nodesof G in a circle containingeachnodeonly
once. Thecostof acircularpathis the sumof edgeweights. The circular pathwith minimal cost
is theshortestircularpath.Figure3 illustratesthe TSPfor a graphwith four nodes.
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vV ={0,1,2,3}
E= {( ) 1)a (0>2)> (07 3>> (17 2)’ (1a3)> (2 3)}
o 3 5 1
cost matrix = 300 22 )
5 2 oo 7
1 2 7 o~
3,0),(0,2,3,1,0),(0,2,1,3,0)}

possible circular paths = {(0,1,2,
shortest circular path = (0,2, 1

Figure3: The traveling salesman problem for 4 nodes

The TSPis NP-complete.That meansmostlikely thereis no algorithmto resole the problem
within polynomialtime. The simplestway to determinea solutionis enumerationA graphwith n
nodeshas(n—1)!/2 possiblepathsto test. Dueto thisrapidly growing numberof possibilitieswith
anincreasingnumberof nodesonly small problemscan be solved with this methodin adequate
time.

4.1 Sequentialimplementation

We haveimplementedbacktrackingalgorithm(basedntheenumeratiomprinciple)whichsenes
asstartingpoint for the developmentof the distributedtask-orientedvariant. Backtrackingalgo-
rithmsregard a treelike solutionspaceandtry to find the solution stepwise.Eachincorrectstep
will becancelled.

Figure4 shavsthe solutionspaceof the TSPfor agraphwith threenodes.Ouralgorithmsearches
the treeby depthsearchandstoreslocal minima. In orderto reducethe numberof treenodesto
visit, the algorithm cutsthe brancheswvhich containedgesconnectinga nodeof the graphwith
itself. Furthermoreall pathswith a costexceedingthe currentminimum or containingmultiple
circlesarerejected.The following C-codefragmentillustratesthe functionality of the sequential
algorithm:

int n; /* nunmber of graph nodes */
int path[n], cost, node;
int res_mnimum= MAXINT, res_vector[n]; /* solution */

search(int *path, int cost, int node) {

det er mi ne_pat h(pat h, node);
i f(valid_path(path)) {
det erm ne_cost (path, cost);
if(cost < res_mnimm {
i f(check_for_circul ar_path(path))
copy_to result(path, cost);
el se
for (node=0; node<n; node++)
search(path, cost, node);

Beginning from the root of the tree spanningof the solution spacethe functionsear ch is per
formedrecursvely. It determineghe path(det er mi ne_pat h) andthe cost(det er nmi ne_cost)
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up to the currentnode. If this pathis valid, thatmeanseachvisited graphnodeoccursonly once
(val i d_pat h), andthe currentcostis lessthanthe currentminimumwe cancheckfor a circular
path. Thefunctioncheck f or _ci r cul ar _pat h performsthatby testingif eachgraphnodeoc-
cursonly onceandin asinglecircle. A positive testindicateshatanenv minimal circular pathhas
beenfound. A negative testforcesthe resumptionof the searchby investigating the children(if

existing) of the currenttreenode.

B

Figure4: Solution space for a graph with 3 nodes. The dashed boxes mark rejected paths. There
are two identical solutions: (0,1,2,0) and (0,2,1,0).

4.2 Parallel implementation

We have implementeda parallelversionfor distributed memoryby allocatingsubtreedo cluster
nodes. The function sear ch is usedwithout changes.The exchangeof final resultsis realised
with MPI1 operations.The runtimeof this implementations determinedoy two mainfactors:on

theonehandthemissingloadbalanceandonthe otherhandthe missingexchangeof local minima
betweencluster nodesduring the computation. Both problemscan be solved with our hybrid

programmingmodel. We decidedto formulatethe functionsear ch astaskandchangehename
to sear ch_t ask. Thustheresultingcodelookslik e asfollows:

int n;
int res_mni mum = MAXINT, res_vector[n];

typedef struct argument {
int path[n];
int cost;
i nt node;

} arg_t;
search_task(arg_t *arg old) {
arg t *arg = (arg_t *)mall oc(sizeof(arg t);

arg->path = detern ne_path(arg_ol d->pat h, arg_ol d->node);
i f(valid_path(arg->path)) {
arg->cost = determ ne_cost (arg->path, arg_ol d->cost);
i f(arg->cost < res_mni mum {
i f(check_for_circul ar_path(arg->path)) {
| ock;
copy_to_result(arg->path, arg->cost);
send_to_all (arg->cost);
unl ock;
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}
el se
for(arg->node=0; arg->node<n; arg->node++)
tp_put (search_task, arg);

The generalstructureof the function is presered. The recursve partis substitutedby a task-
orientedstructure.Thatmeangheoriginal parameterfor sear ch likecost , pat h, andnode are
wrappedin the structurear gunent andthe memoryfor thatstructurehasto be allocated(mal -

| oc) for eachfunction call of sear ch_t ask. t p_put insertsthe new task(the function andits
arguments)in the task pool. Becausehereare no datarequestshe communicationschemeis
simplified. Thefunctionsend_t o_al | performsthe sendingof locally calculatedminimato all
otherclusternodes.The communicatiorthreadrecevesthe dataandmakesthemavailablefor the
workerthreads.Theprocesf copying calculatedesults(copy _t o_r esul t ) to thesolutionvari-
ableshasto be protectedoy alock becauseseveralthreadscanperformthis processoncurrently

The granularityof taskshasmaininfluenceon runtime. Frequeninsertingandremaoving of tasks
causedry smalltaskscanincreaseuntime. For this TSPexampleit is beneficialto take branches
or partsof brancheof the searchtreeto form onetask. The parallel executioncombinedwith
the exchangeof locally calculatedminimareduceghe numberof branchego searchenormously
(comparedvith the sequentialmplementation) For thatreasorthe speedupaluesareextremely
large andwe do not presenthem.

5 The hierarchical radiosity algorithm

The hierarchicalradiosity algorithm (HRA) represents comple irregular algorithm requiring
dynamicloadbalancingor achiezing anefficient parallelizatiorandthusis suitablefor testingtask
pool teams. The next subsectiongive a shortintroductionto the HRA and provide information
aboutapplication-specifiadaptationso reducecommunication.

5.1 The hierarchical radiosity algorithm

Thebasicradiosityalgorithmis anobsenrerindependenglobalillumination algorithmfrom com-
putergraphicgo simulatediffuselight in three-dimensionacenesThealgorithmusesa geomet-
ric description(input polygons)of the scenewith valuesof light emissionandreflectioncoefi-
cients.Theinputpolygonsaredividedinto smallerpatchesr elementgor which radiosityvalues
arecomputed.Theradiationpower of the overall systemis modeledby the equation

1 2 P]zjl\gy/ ij ; 1)
3a 3

3
4

radiosity= radiationpertime andsurfaceunit.
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1 radiationpower of surfaceelement 3 incidentradiationpower from otherelements
2 emissionof surfaceelement 4 diffusereflectionof radiationpowerincident
3a formfactor from otherelements

3b radiationpower of surfaceelement;

In this systemB; is theradiosityvaluefor element, A; is the surfaceareaof element, and £; is

the emissionpertime andsurfaceunit of elementi, i« = 1, ...,n. The parameter is the number
of surfaceelementsaanddeterminesherefinementevel of thedivision of the surfacepolygons.A

largen causes high quality of thesceneandincreaseshe computationaéffort considerablyThe
form factor F;; describeghe portion of light enegy incidenton an elementfrom anothersurface
element. The computationof form factorsis the mostexpensve part of the algorithm sinceit

involvesvisibility testsandthe computatiorof doubleintegrals. Equationl hasto be solvedwith

adirector aniteratve method.

In orderto decreaséhe coststhe numberof form factorsis reducedwith a hierarchicalapproach.
The computationof form factorsis basedon the basiclaw for the transmissiorof radiation. That
meansthe enegy exchangedoetweenelementss decreasingjuadraticallywith the distanceof
theseelements. This fact makesit possibleto performlessexact computationgor remotesur
faceelementswvhile gettinggoodrealisticresults. The hierarchicalapproachresultsin anuneven
division of input polygonsinto patchesor elementsasillustratedin Figure5. After finishingthe
algorithmtheentirescends representetly asetof quadtreesvith onetreefor eachinputpolygon.
The leaf elementsof all treesrepresenthe surfacesto displaybut all levels of the quadtreesre
requiredfor computation.

input polygon G

internal patctwith
area A and
radiosity value B

Quadtree of the subdivision of input polygon q

Figure5: Uneven subdivision of input polygons and representation as quadtree

Thesubdvision of asurfaceelementdepend®nits sizeandontheportionof enegy incidentfrom
otherelements.The refinemeniprocessstopsif a minimal sizeis reachedr the form factorsfor
two interactingelementsare small enoughto createa realisticscene.Due to the fact that distant
elementexchangdessenepgy thanelementssituatedcloseto eachotherthe interactionof those
elementdakesplaceon higherlevels of the tree. Neighboringelementsnteractat leaf level. To
storethe diverseinteractionpartnerseachpatchor elementrepresentetby a quadtreenodeowns
an interactionlist which containspointersto thoseelementsproviding portionsof light enegy.
The interactionlists are changeddynamicallydueto the dynamicrefinementof patchesdepend-
ing on the specificgeometryand enegy situation. Figure 6 illustratesthe two possiblecasesof
refinementlf theareaof element is largerthanthe areaof elementy, thenp is subdvided,if not
alreadydone,into four smallerelementswith new interactionlists containingpointersto element
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g. Theold interactionto ¢ is invalid. Theright sideof Figure6 shaws the secondcasewherethe
old interactionto ¢ hasto bedeletedandfour new interactionsareinsertedn theinteractionlist of

p.

For all patches q of interaction list I(p) with

area(p) > area(q) For all patches g of interaction list I(p) with

area(p) < area(q)

delete

RN

e
. 1
insert "/}
,

()]

~ S~ o
\ N < - v
v \| S- - s
- N i e

insert

Figure6: Subdivision of surface elements and required changes in the interaction list I(p).

5.2 Theradiosity implementation of the SPLASH-2 benchmark suite

The SPLASH-2benchmarksuite containsan implementationof the hierarchicalradiosity algo-
rithm with taskpoolsfor sharednemory The HRA computegheradiosityvaluesby aniteratve
methodfor solvingthesystenof equationsvith top-davn andbottom-uppassesverthequadtrees
accessinglataaccordingto the interactionlists. We startedwith the purethread-basegrogram
versionmodifiedby [12] andfurthermodifiedfor Pthreadsvithin the scopeof [11]. Furtheradap-
tationswere necessaryor the useof our specifictaskpoolsandfor the integration of the entire
communicatiorstructurefor the taskpool teams.Theseadaptationgreintroducedin subsection
5.3.

The HRA createdasksof five differenttypeswhich areexecutedin threephasesThefirst phase
performsinitializationslik e the building of a BSPtreefor visibility computationgndthecreation
of quadtreerootsandtheir interactions.The last phasedealswith the smoothingof the sceneto

improve the quality. The mostcomplex phases the secondonein which the systemof equations
is solved iteratively by the executionof ray andvisibility tasks.During the processingf theray

tasksfor eachquadtreeroot moretasksare recursvely createdfor all child nodesuntil the leaf

levelsof the quadtreesrereached Thentheradiosityvaluesarerecalculatedor innernodesand
theroot nodesof the quadtreesn a bottom-uppassoverthetree.

In particularthefollowing stepsareperformedwithin araytask.At firsttherefinemenbf elements
is doneby a passover theinteractingelements.If elementf the interactionlist arerefinednewn
interactionsareinsertedn thelist. Thatmeanghevisibility factorsarenotyetcalculatedor those
newn elements.For thatreasona ray taskcreatesa visibility task. A visibility taskcomputeghe
missingvisibility factorsandafterwardsit performsthe sameactionsasaray task. This processs
recursve andstopswhenno refinementdake placeanymorewithin atask. If all visibility factors
are calculatedthe radiation can be gatheredand passedon to the children. If the leaf level is
reachedhebottomup passof thetreestarts.

5.3 Application-specificoptimizations

We have alsomodifiedthe HRA implementatiorof the SPLASH-2benchmarksuitefor the us-
ageof taskpool teams. In orderto make the algorithm more efficient several optimizationsand
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techniquedave beenexamined:

1. dummydatastructuredor remotedata(softwarecache),
2. initial distribution of data,

3. detectingredundantommunication,

4. combiningrequests.

Althoughtheimprovementsareapplication-specificthe basicideascanbe appliedto otherirreg-
ularalgorithms.

5.3.1 Dummy data structur esfor remotedata

In thedistributedalgorithmthepatche®r elementandthecorrespondinguadtreesredistributed
over thedifferentaddresspace®f the clusternodes.Accordingly, theinformationin theinterac-
tion lists might pointto remotedata. Thus,the computatiorof radiosityvaluescancauserregular
communicatiorsinceradiosity valuesof otherelementsstoredin non-localaddresspaceshave
to be madeavailable by messaggassing. Becausenon-localdataaccesswith message-passing
takesusuallymuchmoretime thanlocal memoryaccessandin mostcaseghe sameelementis
neededagpinin subsequerntalculationswve usea balancedinarytreeto storenon-localinforma-
tion which allows easyandfastaccesdy ary threadof the processA nodeof thetreeconsistsof
adatastructurewith thetypedumy _t r ee_t ype.

typedef struct dummy_tree {

| ong gl obal _pointer;

El enent *l ocal pointer;

short bal ance;

struct dummy_tree *left, * right;
} dummy_tree_type;

dunmy_tree_type *search_dumy(l ong gl obal pointer, int rank);
void insert_dummy(long gl obal pointer, int rank);

Eachnode containsinformation necessaryo managethe tree, like pointersto the left and the
right sonanda balancevaluefor reoganizationandinformationof theelementepresentetly the
treenodelike gl obal _poi nt er, which denoteghe actualmemoryaddressf the element,and
| ocal _poi nt er, which pointsto thedatafor this elemeniatthelocal addresspace.

Becausef thedistributedaddresspaceof non-localprocessememoryaddressearenot unique.
Soaseparatereeexistsfor eachremoteprocessThefunctioni nser t .dummy allowstheinsertion
of dummiedn atreeidentifiedby r ank. gl obal _poi nt er senesaskey to determinehecorrect
positionin thetree. Thefunctionsear ch_dumy returnsa pointerto adummyelementdentified
by thekey gl obal _poi nt er. Thecorrectnessf datais guaranteedy refreshingdatain eachstep
of theiterative solutionmethod. Our experimentshave shovn thatthis software cacheapproach
leadsto efficiency gains.

5.3.2 Initial distrib ution of data

Althoughtheacces®ehaior for irregularalgorithmss hardlypredictablein somecasesisefulin-
formationcanbeextractedfrom inputdata.For theHRA it is possibleto grouptheinput polygons
accordingto its mutualvisibility. If two polygonsare mutually invisible thereis no exchangeof
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enepgy betweerthemandanassignmento differentnodess advantageousWe have investicated
the runtime of the HRA with several simple distribution stratgjieswhich actuallyleadto lower
communication Unfortunately this reductionof communicatiorwasassociateavith a heary im-
balanceof computationalvork. Thusthe bestruntimeresultsare achiezed with a regular cyclic
assignmenof initial polygonsto thephysicalprocessorsalthoughthe numberof communications
wasnot minimized.

5.3.3 Detectingredundantcommunication

Eachworker threadcomputegadiosityvaluesfor elementausingdatafrom interactinglocal and
non-localelementsin mostcasesion-localdataareavailablein thedummydatastructuresHow-

ever, the refinementof a non-localelementcausedby ray tasksrepresents@n exceptionalcase
becauseherefinedelementsareonly presenin the memoryof the ownerprocesslf two threads
of the sameprocessnitiated the refinemeniprocesdor the samenon-localelementconcurrently
redundantcommunicatiorwould occur We have implementeda mechanismwhich initiates a

communicatiorof only onethreadandblocksary otherthreadrequiringthe datauntil the specific
dataareavailable. The underlyingstructureis a smallarrayfor eachtaskpool containingall cur-

rently requeste@lementsThis mechanismequiresthe extensionof the dummydatastructureby

four pointersto the child dummiesof that element. If a non-localelementis not refined(or the
dataare not yet available) the pointersare NIL. The following codefragmentshaws the refine-
mentmechanisnfor remoteelements.To simplify the codewe have omittedthelock andunlock
functions.

[* .00 *
i f(register_el ement (dunmy- >gl obal _pointer, array[rank])) {
whi | e(dummy->child_1 == NULL)

pt hread_cond_wai t (cond[ rank], |ock[rank]);
return;
}
el se {
/* ... send the request and wait passively ... */

/* update the pointers dummy->child_1 .. dummy->child_4 */

renove_el emrent (dunmy- >gl obal _pointer, array[rank]);
pt hread_cond_br oadcast (cond[rank]);

}

return;

Before initiating a communicationeachthreadchecksthe array denotedby ar r ay[ r ank] for

the needecelementwith the functionr egi st er _el ement . If the elementis alreadyregistered
(regi st er _el ement returnsl) the threadblocks. Otherwiseit addsthe neededcelementto the

arrayandstartsthe communicatiorprocesdy arequest.The threadactuallysendingthe request
deletesthe elementfrom the array with the functionr enove_el enent and awakes all waiting

threads(pt hr ead_cond_br oadcast ) afterthe requestediataare available. Thereare at most
asmary entriesasworker threadsper taskpool andsothe searchfor elementsn thosearraysis

cheap especiallywhencomparedvith communication.

5.3.4 Combining requests

In orderto reducecommunicationyequestanbe collectedandsendasa single messageThe
HRA offerstwo obvioussituationsfor the combinationof requests:
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a.) Thepreliminaryradiosityvaluesfor elementomputedat onenodewithin oneiterationstep
areimmediatelyaccessibldor local threads. New valuesof non-localelementsare exchanged
betweennodesat the end of an iteration stepratherthanimmediately This algorithmicchange
resultsin slight change®f the corvergencerate.

b.) During the computationof the radiosity valuesof an elementeachinteractingelementis in-

vesticatedfor locality. If thereare non-localinteractingelementshey are accessedeparately
Theaccesgo interactingnon-localelementssituatedn the addresspaceof the sameprocessan
be combinedbecausalll interactingnon-localelementsarealreadyknown at the beginning of an
iterationstep.

6 Experimental results

Thissectionpresentsomeof our experimentakesultswith thehierarchicakadiosityalgorithm.As

examplescenesve usea.) "largeroom”(532initial polygons),b.) "hall” (1157initial polygons),
andc.) "xlroom” (2979initial polygons).Themodels’hall” and”xlroom” weregeneratedby [12].

"Largeroom”belongsto the SPLASH-2benchmarlsuite[20]. We have investigatedthetaskpool
teamson two architecturesthe ChemnitzerLinux Cluster(CLiC), a Beowulf clusterconsisting
of 528 Intel Pentiumlll processorsvith 800 MHz andrunningLinux. CLIiC hasa FastEthernet
network. SB1000is a small 4x2 SMP clusterof SunBlade1000with 750 MHz UltraSFARC3
processorsThe operatingsystemis Solaris.SB1000usesSCI.

Figures7 and8 shawv theresultsof a programrun of the HRA ontwo processorsThefinal illumi-
natedscenesllustratethe distribution of work betweendifferentclusternodesandcorresponding
taskpools.

Figure7: Results of the distributed computation of the HRA for the scene "hall” on two nodes

Figure9 givesruntimesdependingpnthenumberof threadsandthenumberof processoréof CLIC
andSB1000)of the HRA usingthe scenéxlroom”. Thefigure shavs thattherearedependences
of the runtime on the numberof processoraswell ason the numberof threads. Thereforewe
presengll runtimeandspeedupneasurementsith regardto threadsandprocessorsThespeedup
valueshave beencomputedisingtheimplementatiorwithoutcommunicatiorthreadandwith only
oneworkerthread.

Although CLiC hasonly one CPU per clusternodethe usageof only two threadsper node(one
worker threadand one communicatiorthread)is not reasonablesince an increasingnumberof
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Figure8: Results of the distributed computation of the HRA for the scene "xlroom” on two nodes

threaddeadsto betterspeedupssthe Figures10and11 shaw. Thisfactis causedy thecompe-
tition betweerthreaddor processindime. For alarge numberof threadper procesgheallocated
time for the communicationthread (which mostly performsunsuccessfuthecksfor incoming

messages reduced.Also, the wastedtime dueto blocking worker threadsis minimized. Our

experimentshave shavn thatthe efficiency corvergesfor anincreasinghumberof threads.If the

numberof workerthreadss too highadecreasingf speeduwaluesis possible becauséncoming

messagesannotbe receved fastenough.Figure 12 shows the speedupraluesdependingon the

numberof threadgor the smallestmodel”’largeroom”on CLiC. Especiallyfor threeandfour pro-

cessorghe speedupesultsarelessregular thanfor the models’hall” and”xlroom” (seeFigures
10, 11). Thisis causedby the small numberof initial polygonsfor eachclusternodecompared
with theirregularcommunicatiorrequirements.

Model “xlroom" on CLIiC Model "xlroom" on SB1000

Processors

Threads Threads

Figure9: Runtime for model "xlroom” on CLiC and on SB1000
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Becausall threadshave to competefor two processor®f eachclusternodethe dependencée-
tweenspeedu@ndnumberof threadson the SB1000is similar to theresultsof CLiC. Figuresl3,
14 and15illustratethisfactfor differenttaskpool versionsandfor differentnumbersof processors
simulatingthe models’xlroom”, "hall”, and”largeroom”.

Thetaskpoolteamscomputingthe model”’largeroom”achieve differentruntimeswhenusingdif-
ferenttaskpool variants. In mostcasessomputingthe model”largeroom”, the centraltask pool
or the distributedtask pool with the secondstealingmechanisnst2 (task stealingwith threshold
values)hasbetterspeedupshanthe otherdistributedtask pools. This fact resultsfrom a better
loadbalancébetweerthethreadf oneclusternode. Thedistributedtaskpoolstp_fifo andtp_lifo
(withouttaskstealing)do not balancdoadvery well andthe stealingmechanisnst (stealingwith-
outthreshold)wastegoo muchtime whentrying to stealfrom almostemptyqueuesFor thelarger
models’hall” and”xlroom” theruntimesfor differenttaskpoolsdiffer only slightly. It seemghat
loadimbalancesvithin oneclusternodehardlyaffectthetotal runtimebecaus®f thelong over-all
runtimecomparedvith theidle time causedy loadimbalances.

Theeffect of thetaskpool versionss illustratedagainin Figuresl6,17 and18for afixednumber
of 20threadgertaskpool. For thesmallesimodel’largeroom”the bestspeedupsanbeachiered
with the st2taskpools. The speedupaluesarel.7 (2), 2.5(3), 2.7 (4), 3.4 (5), 3.7 (6) for CLiC
and3.7 (4), 5.4 (6), 5.9 (8) for SB1000. (The numbersin braclets are the numberof physical
processors.)For "hall” the bestspeedup£an be achiared on both platformswith the task pool
tp_fifost2: 1.7(2),2.5(3),3.2(4),3.7(5),4.4(6) for CLiC and4.0(4),5.8(6), 7.4(8) for SB1000.
Thecentraltaskpool tp_fifocenis best-suitedor thelargestmodel”’xlroom”. The speedupvalues
arel.7 (2), 2.5(3), 3.2(4), 3.7 (5), 4.4 (6) for CLIC and3.8 (4), 5.4 (6), 7.1 (8) for SB1000.
Dueto thelarge numberof tasksin proportionto the communicatiorthe speedupaluesof "hall”
and”xlroom” arebetterthanthe valuesfor the smallmodel”largeroom”. Similarly anincreased
numberof processorshangeshe proportionin favor of communication.

7 Relatedwork

Thereareapproachesvhich dealwith the efficient parallelizationof irregular algorithmsfor dis-
tributed memoryfocusingon runtime optimizationsand especiallyon communicatiorbehaior.
ThePARTI [18] andthe CHAOS library [15] aredevelopedto supportheimplementatiorof irreg-
ular problemsby runtimeprocedure®n distributedmemory Optimizationsarecarriedout espe-
cially for theruntimereductionof nestedoopsover distributedarrayswith theinspector/gecutor
model. This modeldetermineshe necessargrrayelementsn a preprocessingtepbeforetheac-
tualloop computatiorandprovidesthemby predefineccommunicatioroperationsThisapproach
requirescompilersupportanddoesnotrealizedynamicload balance.

Especiallyfor problemswith irregular grid-basedatastructuredoad balancecanbe achiezed by

partitioninginto blocks. Theaimis to obtainblocksof approximatelyidenticalsizewith minimal

interdependencerThis problemknown asthe graphpartitioningproblemis NP-complete.There
are mary algorithmsto find solutionsfor that problem,which differ in quality of the produced
partitionsandthe consumedime. The MeTis system[10] implementgartitioningalgorithmsfor

sparsematrix orderingandpartitioningof unstructuredyraphs.The CHACO [9] softwarerealizes
severalpartitioningalgorithms.Theusageof partitioningalgorithmss notusefulif thetimefor the

calculationof partitionsandfor repartitioningexceedshe time savings gained. Especiallyfor al-

gorithmslike theHRA this approactseemso be unsuitablepecausehereis no staticinformation
aboutthe developmentof the datastructures.
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Model "xlroom" on CLiC Model "xlIroom" on CLiC
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Figure10: Speedups for model "xlroom” and task pools with FIFO access (left) and LIFO access
(right) on CLIiC
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Several systemsprovide implicit supportfor irregular applications for example: Titanium [21],
PETS(3] andTreadMarkd1]. Titaniumincludesa Jara-basedanguageandcompilerfor SPMD
programs.TreadMarkss a programmingervironmentoptimizedfor irregulardataaccessesBoth
systemsanapa globaladdresspaceo distributedmemory PETScprovidesdatatypesfor sparse
anddensestructuresandusesthe inspector/gecutormodelto decreas¢ime for communication.
Thesesystemdidethemixedmemoryorganizationfrom theprogrammerThey werenotdesigned
to createdynamicloadbalance.

Thereareseveralapproachefor hybrid programmingpf clusters Most of themtry to benefitfrom
the specialarchitectureof SMP clustersby overlappingcommunicatiorand computation. They
canonly be usedfor applicationsvhich allow a strict separatiorof computatiorandcommunica-
tion phases|2] introducesSIMPLE which providesuserlevel primitivesfor programmingSMP
clustersin additionto MPI operationsand POSIXthreads.SIMPLE allows MPI for communica-
tion within theapplicationandPthreaddor taskanddataparallelism.Threadsanonly beusedfor
datawithout dependenceT hereforethe usagefor irregular algorithmsis restricted.NICAM [19]
is auserlevel communicatiodayerfor SMP clusterswhich allows overlappingof communication
andcomputationn iterative dataparallelapplicationsoy usingthreadsandmessag@assing.

An applicationspecificexamplewhich usesthreadsand remotememoryoperationson an SMP
clusteris presentedn [14]. This approachntroduceshe parallelizationof sparseCholesk fac-
torization using threadsfor the parallel computationof blocks of the factor matrix and remote
memoryoperationgor synchronizatiorof remotedataaccess.

Thereare somepackagegproviding threadson distributedmemory In contrast,our approachs
entirely situatedwithin the applicationprogrammerevel in orderto provide a systematicpro-
grammingapproacho theprogrammewvithout hiding importantdetailsandimplicit loadbalance.
Nexusis aruntimeernvironmentfor irregular, heterogeneousndtask-parallebpplicationd5, 6].
The focusis more on the realizationof the combinationon lower levels. Chant[7, 8] presents
threadscapableof direct communicationon distributed memory This library useslightweight
threadlibrariesandcommunicatioribrariesavailableat the systemused.

8 Conclusion

The parallelimplementatiorof irregular algorithmson clustersof PCsor SMPsrequiresspecial
dynamicloadbalancingandorganizationof irregularaccessed-or this purposewne have presented
taskpool teams,a generalizedaskpool approachsolving both problems. Taskpool teamscom-
bine multithreadedprogrammingwith explicit communicatioron applicationprogrammeievel.
Theefficiengy resultsaregoodon bothplatformsbut dependn the platformandthe specificinput
data. We have chosenthe hierarchicalradiosity algorithm astestprogramsincethis application
programis a very complex programcombiningmary characteristic®f irregular algorithms.The
experimentson CLIC and SB1000have shavn that the approachss suitablefor efficient paral-
lelization.

The task pool teamapproachs entirely embeddedn the applicationprogrammerdevel so that
characteristic®f the applicationprogramcanbe exploited. The userinterfaceis an easy-to-use
taskpool API for SMP nodesandstandardVIPI SPMD programmingwith remoteaccessesBut
still theapplicationprogrammehastheview onthephysically hybrid systemandcaninfluencethe
behaior of thetaskpool teamby picking differenttaskpool versionsor startingdifferentnumbers
of threadgerpool.
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