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Abstract: Communicationis an importantbut difficult as-
pectof parallel programming. Thispaperdescribesa parallel
communicationinfrastructure, basedon remotemethodinvo-
cation, to simplify parallel programmingby abstracting low-
level shared-memoryor message passingdetailswhile main-
taining high performanceand portability. STAPL, the Stan-
dard TemplateAdaptiveParallel Library, builds uponthis in-
frastructure to make communicationtransparent to the user.
Thebasicdesignis discussed,aswell asthemechanismsused
in the current Pthreadsand MPI implementations.Perfor-
mancecomparisonsbetweenSTAPL andexplicit Pthreadsor
MPI are given on a variety of machines, including an HP-
V2200,Origin 3800anda LinuxCluster.

1 Motivation
Communicationis oneof themostfundamentalaspectsof par-
allel programming.Not eventhemostembarrassinglyparallel
applicationcanproducea usefulresultwithout someamount
of communicationto synchronizeresults. However, express-
ing efficient communicationis alsooneof the mostdifficult
aspectsof parallelprogramming.

Therearecurrentlytwo commonmodelsof communication
in parallelprogramming:shared-memoryandmessagepass-
ing. In shared-memory, a group of threadssharea global
addressspace. A threadcommunicatesby storing to a lo-
cationin the addressspace,which anotherthreadcansubse-
quently load. To ensurecorrectexecution,synchronization
operationsare introduced(e.g., locks andsemaphores).The
shared-memorymodelis consideredeasierto program,andis
portableby standardssuchasPthreads[10] andOpenMP[22].
However, its lack of manualdatadistributionmechanismscan
hinderscalability[21]. In addition,many large machinesdo
not implementshared-memory. One solution has beenthe
introductionof softwaredistributedshared-memory(software
DSM), which providesa softwareimplementationof a global
addressspace(e.g.,[1]).

In messagepassing,a group of processesoperateusing
private addressspaces.A processcommunicatesby explic-
itly sendinga messageto anotherprocess,which must use
a matchingreceive. Synchronizationis implied throughthe
blockingsemanticsof sendsandreceives(e.g.,a blockingre-
ceivedoesnot returnuntil themessagehasarrived).Themes-
sagepassingmodelis consideredharderto program,although
it is more portablethanksto the MessagePassingInterface
standard,MPI-1.1 [16]. Sinceprocessesuseprivateaddress
spaces,datadistribution mustbe manuallycoded,potentially
�
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improvingscalability. However, becauseall sendsandreceives
mustappearin matchedpairs, dynamicor irregular applica-
tionscanbedifficult to express.

One-sidedcommunicationis anothermodel that combines
someof the strengthsof shared-memoryand messagepass-
ing [26]. A set of processesoperateusing private address
spacesas well as sectionsof logically shared-memory. A
processcommunicatesby explicitly putting information into
the shared-memory, which anotherprocesscansubsequently
get. Becauseputsandgetsoperateasynchronously, andhence
memoryconsistency is relaxed,synchronizationoperationsare
introduced(e.g.,afenceblocksprocessesuntil all communica-
tion is complete).One-sidedcommunicationpreservessome
of the easeof shared-memoryprogrammingwhile maintain-
ing the datadistribution of messagepassing. Although it is
still not widely used,several commonimplementationsin-
cludeSHMEM,ARMCI [19], LAPI [25] andtheupdatedMes-
sagePassingInterface,MPI-2 [17].

Remotemethodinvocation(RMI) is anothercommunica-
tion model,oftenassociatedwith Java [11]. RMI workswith
object-orientedprograms,wherea processcommunicatesby
requestinga methodfrom anotherobjectin a remoteaddress
space. Synchronizationis implied throughthe blocking se-
manticsof RMI requests(e.g.,Java RMI doesnot returnun-
til it completes[18]). RMI is relatedto its function-oriented
counterpart,remoteprocedurecall (RPC)[30], which allows
a processto requesta function in a remoteaddressspace.
Although RMI is easy to program, it is generally associ-
atedwith distributedapplications,not high performancepar-
allel applications[7, 8]. High performancerun-timesystems
thatdo supportRMI- or RPC-relatedprotocolsincludeActive
Message[29], Charm++[12, 13], Tulip [2], and Nexus [7].
WhereasJava RMI alwaysblocksuntil completionto obtain
the returnvalue,many of the high performanceimplementa-
tions never block andnever producereturnvalues.Here,the
only way to obtainthereturnvalueis throughsplit-phaseexe-
cution,wherefor example,objectA invokesa methodon ob-
ject B andpassesit a callback.WhenobjectB completesthe
RMI, it invokesobjectA againvia the callback. Split-phase
executionhelpstoleratelatency, sinceobjectA cando some-
thingelsewhile it waits,but complicatesprogramming.

Recently, we have developedSTAPL, a parallelsupersetto
the C++ StandardTemplateLibrary, which providesparallel
containersandalgorithms[24, 23]. The goal of the underly-
ing STAPL communicationinfrastructureis to simplify par-
allel programmingwhile maintaininghigh performanceand
portability. It utilizesbothblockingRMI (to alleviatetheneed
for difficult split-phaseexecution)andnon-blockingRMI (for



high performance)to provide a cleaninterfacefor an object-
oriented� C++ program. SinceRMI’s areasynchronous(i.e.,
don’t requirematchingoperationsasin messagepassing),syn-
chronizationsimilar to one-sidedcommunicationis used.

In this paper we introduce the communicationabstrac-
tions in STAPL. The communicationinfrastructureprovides
an RMI-basedinterfaceto abstractthe underlyingprogram-
ming model(s)usedto implementit. Parallel containersuse
theinfrastructureto providedistributeddatastructures.Paral-
lel algorithmsusethecontainersto abstractsomeof theneces-
sarycommunication.Finally, theusercancombinecontainers
andalgorithmsto expressa program,completelyunawareof
theunderlyingcommunication.

2 STAPL Overview
The C++ StandardTemplateLibrary (STL) is a collectionof
genericdatastructurescalledcontainers (e.g.,vector, list, set,
map)andalgorithms(e.g., copy, find, merge, sort) [28]. To
abstractthedifferencesin containers,algorithmsarewritten in
termsof iterators. An iteratoris ageneralizedpointerthatpro-
videsoperationssuchas‘advanceto next element’or ‘deref-
erencecurrentelement’. Eachcontainerprovidesa special-
ized iterator(e.g.,a vectorprovidesa randomaccessiterator,
whereasa list providesa bi-directionaliterator).

TheStandardTemplateAdaptive ParallelLibrary (STAPL)
is a sequentiallyconsistent,parallelsupersetto STL [24, 23].
STAPL provides a set of parallel containersand parallel al-
gorithmsthatareabstractedfrom eachothervia parallel iter-
ators,namedpContainers, pAlgorithmsandpRangesrespec-
tively. ThepContainersprovideashared-memoryview of data
by internallyhandlingdatadistribution. ThepRangepresents
anabstractview of a scopeddataspace,which allows random
accessto a partition, or subrange,of the dataspace(e.g., to
datain a pContainer).ThepAlgorithmsusepRangesto oper-
ateondatain parallel.

We aredesigningSTAPL to supportmany differentparal-
lel architectures,from small SMP’s to massively parallelsu-
percomputers.Onegoalof STAPL is to allow a singlecode-
baseto operateefficiently on thesedifferentsystems.Some
architecturesprovide efficient shared-memorysupport,while
othersareoptimizedfor messagepassing.Additionally, some
systemsmay most efficiently be programmedby combining
shared-memoryand messagepassinginto mixed-modepar-
allelism [6, 4, 27, 20]. For instance,clustersof SMP’s can
usemessagepassingbetweennodesin thecluster, andshared-
memorywithin nodes. In supportof this, we have createda
parallelcommunicationinfrastructurethatabstractstheissues
of shared-memoryandmessagepassingprogramming,allow-
ing for a single interfacethat may be optimizedfor specific
machines.

3 Requirements for Parallelism
We recognizetwo fundamentaltypesof communicationin a
parallelprogram,regardlessof programmingmodel:

1. statement- a processneedsto tell anotherprocesssome-
thing (e.g., a result or to perform someaction, as in a

produce-consumerrelationship). A statementis asyn-
chronous,meaningthe sendingprocessdoesnot gener-
ally wait for the receiving processto receive or process
theinformation.

2. question- a processneedsto ask anotherprocessfor
something(e.g.,a result,which may or may not be cal-
culateda priori). A questionis synchronous,meaning
the sendingprocessmustwait for the receiving process
to processtheinformationandreply.

In both cases,the receiver doesnot necessarilyexpect the
communication,asin a dynamicprogram.Eachcommunica-
tion typecanalsobeabstractedto handlemultipleprocessesat
once,makingastatementabroadcast(i.e.,tell many processes
something)andaquestionacollection(i.e.,askaquestionand
tabulatetheanswers).

Closelyrelatedto communicationis synchronization,which
alsohastwo fundamentalforms[5]:

1. mutualexclusion- operationsto ensuremodificationto
an objectareperformedby oneprocessat a time. This
is explicit in shared-memory(e.g.,locks),andimplicit in
messagepassing,whereall memoryis privateto a pro-
cess.

2. eventordering - operationsto inform a processor pro-
cessesthatcomputationdependenciesaresatisfied.This
is explicit in shared-memory(e.g.,semaphoresignaland
wait operations),andimplicit in messagepassing,via the
semanticsof messagesendingandreceiving.

Cleanlyexpressingthesetypesof communicationandsyn-
chronization are requirementsfor a parallel programming
model’s success.Shared-memoryandmessagepassingboth
fulfill all of theserequirements,althoughin slightly different
ways. Onegoalof thecommunicationinfrastructureis to ab-
stracttheseissues,yieldingacleaninterfacethatlendsitself to
efficient implementationwith eithermodel.

4 Case Study: Parallel Sorting
To illustratehow differentparallelprogrammingmodelsaffect
communication,we considera commonparallelalgorithmfor
sorting:samplesort[3]. Samplesortconsistsof threephases:

1. Samplea setof ����� splittersfrom theinput elements.
2. Givenonebucketperprocessor, sendelementsto theap-

propriatebucketbasedonthesplitters(e.g.,elementsless
thansplitter0 aresentto bucket0). Becausethey aredis-
tributedbasedonsampleddata,bucketswill havevarying
sizes,andhencesamplesort is highly dynamic.1

3. Sorteachbucket.

Considerthe following codefragments,which presentim-
plementationsusingexplicit shared-memoryor messagepass-
ing.2 We assumetheinput hasalreadybeengenerated,and,in
thecaseof messagepassing,distributed.

1Most implementationsoversampletheinput to increasethechanceof bal-
ancedbuckets.Wehave removedthis sub-stepfor simplicity.

2In general,shared-memoryalgorithmsaresequentialuntil afork (line 11),
whereasmessagepassingalgorithmsarealwaysin parallel.



1 / / shar ed � memory sampl e sor t
2 voi d sor t ( i n t � i nput , i n t si ze ) 	
3 i n t p = / / . . . number of t hr eads , 0 � p . . .
4 st d : : v ect or 
 i n t � sp l i t t er s ( p � 1 ) ;
5 st d : : v ect or 
 v ect or 
 i n t ��� buck et s ( p ) ;
6 st d : : v ect or 
 l ock � l ock s ( p ) ;
7
8 f or ( i n t i =0; i 
 p � 1; i ++ )
9 sp l i t t er s [ p � 1] = / / . . . sampl e i nput . . .

10
11 / / . . . f or k p t hr eads . . .
12 i n t i d = / / . . . t hr ead i d . . .
13 f or ( i = si ze / p � i d ; i 
 si ze / p � ( i d + 1 ) ; i ++) 	
14 i n t dest = / / . . . appr opr i at e bucket . . .
15 l ock s [ dest ] . l ock ( ) ;
16 buck et s [ dest ] . push back ( i nput [ i ] ) ;
17 l ock s [ dest ] . unl ock ( ) ;
18 

19 bar r i er ( ) ;
20
21 sor t ( bucket [ i d ] . begi n ( ) , bucket [ i d ] . end ( ) ) ;
22 


1 / / message passi ng sampl e sor t
2 voi d sor t ( i n t � i nput , i n t l ocal Si ze ) 	
3 i n t p = / / . . . number of pr ocesses , 0 � p . . .
4 st d : : v ect or 
 i n t � sp l i t t er s ( p � 1 ) ;
5 st d : : v ect or 
 i n t � bucket ( p ) ;
6
7
8 i n t sampl e = / / . . . sampl e i nput . . .
9 Gather ( & sampl e , . . . , sp l i t t e r s , . . . ) ;

10
11 f or ( i =0; i 
 l ocal Si ze ; i ++ ) 	
12 i n t dest = / / . . . appr opr i at e bucket . . .
13 Send ( i nput [ i ] , . . . , dest , . . . ) ;
14 

15 whi l e ( . . . probe f or messages . . . ) 	
16 i n t tmp ;
17 Recv ( & tmp , . . . ) ;
18 bucket . push back ( tmp ) ;
19 

20
21 so r t ( bucket . begi n ( ) , bucket . end ( ) ) ;
22 


Theshared-memorycodeusesasharedSTL vectorto com-
municatesplitters(lines8-9),asopposedto themessagepass-
ing library call (lines 8-9). Shared-memorymust fork and
calculateeachthread’s local portion(lines11-13),whereasin
messagepassingdatais manuallydistributeda priori. Shared-
memorysharesthebucketsby lockingeachinsertionto ensure
mutualexclusion(lines15-17),andusesa barrier(line 19) to
ensureproperevent orderingof distribution andsorting. Be-
causemessagepassingdoesnotknow theamountandorderof
communication(lines 11-14), it mustprobefor all incoming
messages(lines15-19),which alsoensuresproperorderingof
distributionandsorting.

Neitherimplementationis optimal. Shared-memorymakes
extensive useof locking (one lock per element),potentially
causingbucketcontention.Messagepassingsendsmany small
messages,potentiallycausingnetwork congestion.Theseis-
suesare not intrinsic to the samplesort algorithm, only to
the underlyingcommunicationmodelandsubsequentimple-
mentation.Improvementscanbe madeat the expenseof ad-
ditional lines of code,which areeven further removed from
thealgorithm. For instance,insertionscouldbebufferedinto

groupsbeforelockingor sending,reducingtheoverallnumber
of locksor sendsnecessary.

Wenow contrastshared-memoryandmessagepassingcode
with STAPL. Since STAPL provides a parallel supersetto
STL, it containsa pAlgorithm for sorting,p sort, which a
usercanusedirectly. We illustratea possibleimplementation
of p sort in the following codefragment. Note that addi-
tional codeis usedto wrapthealgorithmin a class.Theheart
of thealgorithm(containedin theexecute method)is actu-
ally shorterthanthepreviousimplementations.

1 / / STAPL sampl e sor t
2 st r uc t p sor t : publ i c st ap l : : p ar al l el t ask 	
3 i n t � i nput , si ze ;
4 p sor t ( i n t � i , i n t s ) : i nput ( i ) , si ze ( s ) 	�

5
6 voi d ex ecut e ( ) 	
7 i n t p = st ap l : : get num nodes ( ) ;
8 i n t i d = st ap l : : get node i d ( ) ;
9 st ap l : : pv ect or 
 i n t � g l ob al Sp l i t t er s ( p � 1 ) ;

10 st ap l : : pv ect or 
 v ect or 
 i n t ��� buck et s ( p ) ;
11
12 g l ob al Sp l i t t er s [ i d ] = / / . . . sampl e i nput . . .
13 st d : : v ect or 
 i n t � sp l i t t er s ( g l obal Sp l i t t er s ) ;
14
15 f or ( i =0; i 
 si ze ; i ++ ) 	
16 i n t dest = / / . . . appr opr i at e bucket . . .
17 st ap l : : async rmi ( dest , . . . ,
18 & st ap l : : pv ect or : : push back , i nput [ i ] ) ;
19 

20 st ap l : : r mi f ence ( ) ;
21
22 so r t ( bucket [ i d ] . begi n ( ) , bucket [ i d ] . end ( ) ) ;
23 

24 


As seenby the user, this pAlgorithm hidesall underlying
communicationby appearingasa simple library call. In its
implementation,the pContainersabstractsomeof the under-
lying communication.For example,the splitter privatization
(line 13) makesa copy of the distributedpVector. This copy
invokesthe pVectorcopy constructor, which in turn usesthe
dereferenceoperatorto obtainandcopy eachindividual ele-
ment.As shown in thefollowing fragmentfor thedereference
operator, if the desiredelementis not local, RMI is usedto
obtainit (i.e.,a question).

1 t empl at e 
 c l ass T�
2 T& pv ect or 
 T � : : oper at or [ ] ( const i n t i ndex ) 	
3 i f ( / � . . . i ndex i s l ocal . . . � / )
4 r et u r n / / . . . el ement . . .
5 el se
6 r et u r n st ap l : : sync rmi ( / � owni ng node � / , . . . ,
7 & st ap l : : pv ect or 
 T � : : oper at or [ ] , i ndex ) ;
8 


The explicit RMI on line 17 tells the destinationbucket to
addanelement(i.e., a statement).3 Becausethe communica-
tion infrastructureensuresremotelyinvokedmethodsexecute
atomically, additionalcodefor mutualexclusionis eliminated.
However, a fenceis usedto ensurepropereventordering(line
19).

3This communicationcould also be abstractedfrom the userusing the
pVector’spush back method.However, sincethis is a 2D pVector, a deref-
erenceis necessaryto obtain the propersub-vector. As definedabove, the
dereferencewill first try to returnthesub-vector, thenapplythepush back.
Weareinvestigatingalternativesto allow thedesiredbehavior.



5 Design
The main goalsof the STAPL communicationinfrastructure
areto provide an easyto use,cleanmeansof expressingpar-
allelismin STL-orientedC++ code,while facilitatingefficient
implementationon many differentparallel machines. To be
successful,the requirementsof Section3 shouldalsobe ad-
dressed.Although shared-memoryandmessagepassingcan
both fulfill the requirements,shared-memoryis not yet im-
plementedfor largemachines,andmessagepassingcanmake
writing C++ STL codedifficult.4 As such,we baseour com-
municationinfrastructureon a higher level RMI abstraction.
RMI dealsdirectly with anobject’s methods,andhencemaps
cleanly to object-orientedC++. STL code is composedof
many container-basedobjects,and algorithmscan easily be
written it termsof objects,asseenin our casestudy. In addi-
tion, RMI canbeefficiently implementedusingeithermodel,
aswewill show in Section7.

The communicationinfrastructureprovidestask-level par-
allelism. Eachtask is a C++ objectand is associatedwith a
single processor thread. In messagepassing,an object re-
sidesexclusively in a process’s privatememory. However, in
shared-memoryonly aconceptualassociationcanbemadebe-
tweenthreads.To helpfacilitatethis associationacrosspossi-
ble implementations,we nameeachunit of executiona node.
Uponstartup,all nodesareinitialized andbegin executingthe
samecodein parallel, similar to MPI. Nodesindependently
createlocal objectsandaccessothernodes’local objectsvia
RMI. Wehavecurrentlydefinedtwo baseformsof RMI, which
mapdirectly to thetwo fundamentaltypesof communication.

1. void async rmi(destNode, localObjPtr,
method, arg1...) - makes a statement. The
call issuesthe RMI requestand returns immediately.
Subsequentcalls, such as a rmi fence, are usedto
ensurecompletionof all requests.

2. rtn sync rmi(destNode, localObjPtr,
method, arg1...) - asks a question. The call
issuestheRMI requestandwaitsfor theanswer.

The additionalinformationrequiredcomparedto a regular
C++ methodinvocationis minimal (only destNode is ex-
tra). Note thatlocalObjPtr mustbe local to the destina-
tion node. STAPL is providing a layeron top of thecommu-
nicationinfrastructureto performaddresstranslationto facil-
itate the gatheringandusageof suchpointers. However, the
infrastructureprovidesan additionalcollective function,ex-
ecute parallel task. Eachcalling nodeautomatically
registersthe specifiedparallel task object and begins
executionusingits execute method.This facilitatesparal-
lel algorithms,whereRMI’sbetweenparallel tasks can
simply usethethis pointerasthelocalObjPtr.

We are also incorporatingmany-to-oneand one-to-many
communicationinto the infrastructureto support common
communicationpatterns. We have currently defined two,
basedon the fundamentalcommunicationtypes. Currently,

4For example,MPI requiresa type identifier for all messages,which can
bedifficult to obtainin type-independentC++ templates.

bothpatternsinteractwith all nodes,althoughwe arerefining
this interactionto nodesubsetsvia a schemesimilar to MPI
communicators[16]. As developmentproceeds,we anticipate
addingadditionalcallsfor increasedperformance.

1. void broadcast rmi(localObjPtr,
method, arg1...) - makes a statementto all
nodes. The call issuesthe RMI requestsand returns
immediately. Subsequentcalls, such as rmi fence,
areusedto ensurecompletionof the requestson remote
nodes.

2. void collect rmi(localObjPtr, method,
input, output) - asksa questionon all nodesand
collectstheresults(i.e., a reduction).Thecall issuesthe
RMI requestandwaits for the answer. It is a collective
operationin that all nodesmust executeit before any
nodeproceeds.

5.1 Synchronization
The communicationinfrastructurealsoaddressesboth forms
of synchronization.To ensuremutualexclusion,methodsin-
vokedby RMI executeatomically. Hence,a methodinvoked
by multiplenodesin parallelpreservesthread-safetyby acting
asamonitor. Werecognizethatsomeapplicationsmaynot re-
quiremutualexclusionfor all remotelyinvokedmethods,and
henceareconsideringnon-atomicRMI for thefuture.

Event orderingis supportedin two ways. An rmi wait
operationis providedto allow a nodeto wait for any RMI to
beinvokedbeforeproceeding.Additionally, thermi fence
allowsnodesto wait until all nodeshavearrivedandcompleted
all pendingcommunication.This canbe usedto satisfyflow
dependenciesin a computation. It also allows for straight-
forwardimplementationsof master-slavecomputations,where
theslaveswait at the fencewhile themastersignalsthework
to beperformedvia RMI.

5.2 Data Transfer
In our scheme,only oneinstanceof an objectexists at once,
andit canonly be modifiedthroughits methods.Thegranu-
larity of datatransferis the smallestpossible,the methodar-
guments,andargumentsarealwayspassed-by-value.As such,
thecommunicationinfrastructureavoidsdatacoherenceissues
commonto someDSM systems,whichrely ondatareplication
andmerging. In effect, RMI transfersthe computationto the
data,allowing the owner to performthe actualwork, instead
of transferringthedatato thecomputation.

To supportmessagepassingas an implementationmodel,
theinfrastructurerequireseachclassthatmaybetransferedas
an argumentto implementa singlemethod,define type.
This methoddefinestheclass’s datamembersin a stylesimi-
lar to Charm++[12, 13]. Specifically, eachdatamemberis de-
finedaseitherlocal (i.e.,automaticallyallocatedon thestack)
or dynamic(i.e., explicitly allocatedon theheapusingmal-
loc ornew). Thismethodcanbeusedasneededto adaptively
pack,unpack,or determinethetypeandsizeof theclassbased
on theinfrastructure’sunderlyingimplementation.



5.3 Integration with STAPL
Figure� 1 shows thelayoutof STAPL’s basiccomponents.The
communicationinfrastructureservesasthe bottomlayer, and
abstractstheactualparallelcommunicationmodelutilized via
theRMI interface.

pAlgorithms
pRange

Pthreads NativeMPIOpenMP

Address Translator

pContainers

Communication Infrastructure

Figure1: STAPL Layout

A pContaineris a distributeddatastructure.Although the
user/programmerseesa singleobject,at run-time the pCon-
tainercreatesonesub-pContainerobjectpernodein which to
actuallystoredata.Thecontentsandlocationof eachof these
sub-containersaremaintainedusing the pRangeandaddress
translatorrespectively5. ThepContainer’s main job thenis to
maintainthe consistency of the datait storesas the userin-
vokesvariousmethodson it. Threecommunicationpatterns
result:

1. access- anodeneedsaccessto dataonanothernode(e.g.,
the dereferenceoperationfor a vector). Thesync rmi
handlesthis pattern.

2. update- anodeneedsto updateanothernode’sdata(e.g.,
the insertoperation).Theasync rmi handlesthis pat-
tern.

3. groupupdate- a nodeneedsto updatethe overall struc-
ture of the container(e.g., the resizeoperation). The
broadcast rmi handlesthis pattern.

SincepContainers’methodsuseRMI to implementthese
communicationpatterns,they effectively abstractthe under-
lying communicationseenby the user. A library supporting
bothshared-memoryandmessagepassingmight needto pro-
vide two versionsof eachcontainer, one for shared-memory
andtheotherfor messagepassing.STAPL needsjust onever-
sion of eachpContainerby pushingthe detailsanddecision
betweenshared-memoryandmessagepassinginto the com-
municationinfrastructure. In addition,messagepassingis a
difficult modelto implementdatastructureswith, sinceit re-
quiresmatchingsendsandreceives.RMI abstractstheunder-
lying messagepassingto an asynchronousinterface,suitable
for arbitrary, un-matchedinsertionsanddeletions. As such,
the implementorcanstay focusedon the fundamentalissues
of a distributeddatastructure.

5We arecurrentlydefiningtheaddresstranslationoperationsfor thevari-
ouspContainers.Oneexampleis thepVector, which canmaintainthe range
of indicescontainedin eachsub-pVector, alongwith thecorrespondingnode
ID andlocal pointer.

A pAlgorithm expressesa parallelcomputationin termsof
parallel task objects.Theseobjectsgenerallydonotuse
the communicationinfrastructuredirectly. The specificinput
dataper parallel task are definedby the pRange,just
as iteratorsdefinethe input to an STL algorithm. Interme-
diateor temporaryresultsthat areusedacrossnodescanbe
maintainedusingpContainerswithin the parallel task.
As their methodsareusedto modify andstoretheresults,the
pContainerswill internallygeneratethenecessaryRMI com-
munication.

In the event that pContainersdo not offer the necessary
methods,RMI communicationbetweenparallel tasksis
facilitatedby the automaticaddresstranslationdescribedin
section5. Somealgorithmsrequiresuchfacilities, suchasa
depth-firstsearchon a distributedgraph.Onenodebeginsthe
searchon its local vertexeswhile theothernodeswait. As the
searchprogressesto remotevertexes,RMI canbeusedto tell
the owning nodesto continuethe searchon their local data.
In additionto this event orderingbasedcommunication,two
othercommonpatternsresult:

1. data parallel - the sameoperationneedsto be applied
in parallel,possiblywith a parallelreductionat the end.
A largepercentageof STAPL algorithmsutilize this pat-
tern. For instance,in afind, eachnodesearchesits lo-
cal datafor an element. Sincemultiple nodesmay find
a match,a reductionis usedto combinethe results(i.e.,
node0’s resulthasprecedenceover node1’s, etc.). The
collect rmi handlesthispattern.

2. bulk communication- a largenumberof smallmessages
areneeded.A smallerpercentageutilize thispattern,with
sortingbeinga commonexample.Theasync rmi op-
erationshandlesthispattern.

As described,eachlevel of STAPL servesto furtherremove
theuserfrom theunderlyingcommunicationissues.Thecom-
municationinfrastructureprovides the fundamentalabstrac-
tionbetweenshared-memoryandmessagepassing.ThepCon-
tainersbuild uponthisto createdistributeddatastructures.The
pAlgorithms generallyusepRanges,pContainers,and RMI
whennecessary, to createusefulparallelalgorithms.Theuser
combinespContainersand pAlgorithms to write a program,
withoutworryingabouttheunderlyingcommunication.

6 Implementation
We have currently implementedthe communicationinfras-
tructure using two different underlying programmingmod-
els: Pthreads(shared-memory)and MPI-1.1 (messagepass-
ing). Sincetheinterfaceremainsthesame,all that is required
to usea differentimplementationis to re-compile.

In therestof thissection,wedescribethemechanismsused
to implementthe basiccommunicationinfrastructureopera-
tions.

6.1 Request Format
Regardlessof implementation,all RMI requestsareencapsu-
lated internally by a functor [9]. A functor storesan RMI’s



class,methodand argumentinformation, and allows the re-
questto bestored,communicated,andsubsequentlyexecuted.
Thebasefunctorclassonlyprovidesamethodto executeitself,
whereasderived functorsarespecializedbasedon numberof
argumentsandwhetherthereturnvalueis needed.To preserve
C++’sstrongtypingsystem,all functorsmakeextensiveuseof
C++ templates.

6.2 Request Scheduling
RMI requestsdo not requirematchingoperationson the des-
tination node. As such, we must introducemechanismsto
scheduletheprocessingof incomingrequests.Thetwo issues
thatmustbebalancedareensuringatimely responseof incom-
ing requests,which may be blocking the caller, andallowing
the local computationto proceed.This is not a new problem,
andweareawareof four solutions:

1. explicit polling - the codeexplicitly polls for incoming
requests[29, 2,7,25]. Thisapproachis successfulif polls
do not dominatethe local computation,but arefrequent
enoughto yield a timely response.

2. interrupt-driven- a hardwareinterruptis usedto notify a
nodeof incomingrequests[29, 2, 7, 25, 19]. Although
thissolutionis oftenavoideddueto thehighcostof inter-
rupts, it doesguaranteea timely responsewith minimal
userinterruption(i.e.,noextraneouspolls).

3. blocking communicationthread - a separatecommuni-
cation threadpostsa blocking receive for incoming re-
quests[7]. Upon arrival, a requestis immediatelypro-
cessed.This solution is successfulif other threadscan
executewhile thereceive is blocking,andcontrolreturns
to thecommunicationthreadsoonafter thereceive com-
pletes.

4. non-blockingcommunicationthread- aseparatecommu-
nication threadperformsa poll for incoming requests,
processesany available requests,then yields [7]. This
solutionis successfulif the threadscheduleris effective.
For example,the communicationthreadis scheduledat
times when no computationis available, or the times-
lice is a goodbalancebetweencomputationandpolling.
Sincetypical timeslicesare1/10of asecond,this is often
a problem.

Our current solution for both implementationsis explicit
polling. Although communicationthreadshave the potential
to yield betterperformance,creatinganefficient implementa-
tion ismuchmoreinvolved,andoftenrequiresplatformdepen-
dentknowledge(e.g.,threadschedulingpolicies).Ourcurrent
focusis on generalimplementationsthat canbe further opti-
mizedfor specificplatforms.As such,we will considercom-
municationthreadsin thefuture.

Both implementationsperformpollswithin communication
infrastructurecalls. This hastheadvantageof beingtranspar-
ent to theuser, andthedrawbackof poorresponseif no com-
municationoccursfor a long periodof time. In caseswhere
the useris awareof this, an explicit rmi poll operationis
available.To handlethealternativecaseof frequentcommuni-
cation,every � th communicationcall will internally perform

a poll, where � maybesetby theuser. Low valuesfor � will
yield moretimely responses,but slow theprogressof thecom-
putation.

6.3 async rmi
Theasync rmi is themostcomplicatedoperationto imple-
ment becauseit is completelyasynchronous(i.e., it neither
waitsfor areturnvaluenorrequiresthedestinationnodeto ex-
pectthe operation). In addition,multiple async rmi’s will
often be issuedat once(e.g., the distribution phaseof sam-
ple sort). Sendingmany small messagesindividually causes
traffic and limits bandwidth. A well-known alternative is to
buffer messagesand issuethemin groups,with the extreme
casebeinga singlecommunicationat the endof the compu-
tationphaseof analgorithm.async rmi’s areautomatically
buffered internally, and issuedin groupsbasedon a default
or user-definedaggregationfactor. Requestsarecopiedinto
an internal aggregationbuffer until the aggregation factor is
reached.Thebuffer is thentransferedto thedestinationnode,
andeachstoredrequestis executedin FIFO order. The ap-
propriateaggregationbuffer sizecan be configuredfor each
machineduringinstallation.

The Pthreadsimplementationactually utilizes a form of
messagepassingwith shared-memory, sincethesemanticsof
RMI imply one nodetelling anothernodeto do something.
Thismessagepassingis muchsimplerthanstandardMPI how-
ever, and hencehasseveral opportunitiesfor higher perfor-
mance.Eachnodehasa requestqueue,which holdsRMI re-
questsfrom othernodes.Insteadof copying theentirerequest
from the origin to the destination,only the requestpointer
is enqueued.As such,the only buffer copiesperformedare
by theunderlyingcachesystemwhenthedestinationactually
startstraversingthe buffer. The requestqueuehasa specific
entry for eachnode, and eachentry can hold only one re-
questpointer. This designalleviatesthe needfor expensive
lock operationsduring access.Instead,the owner cancheck
for non-nullentriesduringa poll, andtherequestercanbusy-
wait until its specificentryreturnsto null if it needsto senda
secondrequest.We foundbusy-waiting to performfasterthan
Pthreadsconditionalsfor event ordering. The requestqueue
canbeabottlenecksinceit canonly holdonerequestper-node
at a time. To alleviatethis, we pipelinerequestsby usingtwo
aggregationbuffersperpossibledestinationnode. While one
buffer is enqueuedat thedestination,theothercanbefilled.

The MPI implementationis similar to Pthreads,although
MPI internally handlesthe requestqueue. Each node ap-
plies the samepipelinedsendingschemeasin Pthreads,and
usesnon-blockingsendsto facilitatefilling onebuffer while
the other is sending. Sincethe implementationis not multi-
threaded,only one incoming requestcan be processedat a
time. We usea singlenon-blockingreceive from any node,
which allows good implementationsof MPI to overlap the
communicationwith computation.The receive is postedand
the computationstarted. Polls simply checkto seeif the re-
ceive completed,in which casetherequestis processed.MPI
mustcopy incomingmessagesinto a user-definedbuffer. We
allocatethis buffer to be large enoughfor all possiblecom-
municationsa priori. We chosethis staticallocationscheme



versusan on-demand,dynamicallocationschemefor perfor-
mance.�

6.4 sync rmi

The sync rmi operation builds upon the foundation of
async rmi. Requestsaresentin the samefashion,andthe
senderblocks until the return value is returned. The block
performscontinuouspolling, enablingquick responseof re-
turnmessages.However, requestschedulingonthedestination
nodebecomesevenmoreof aconcernfor sync rmi, sinceit
doesblock computationuntil the returnvalueis obtained.In
someinstances,thealgorithmrequiresthis. For others,weare
planninga non-blockingversionthat returnsan opaquehan-
dle. Whenthereturnvalueis actuallyneeded,thehandlecan
bequeried.

The Pthreadsimplementationuses a separateresponse
queue,similar to its requestqueue,for the computingnode
to enqueuethe return value. The MPI implementationuses
theexactsamefacilitiesasasync rmi, anddifferentiatesbe-
tweenrequestsandresponsesby themessagetag,containedin
themessage’sheader.

6.5 rmi fence

Thermi fence is a collective operationsimilar to a barrier.
It doesnot releaseuntil all nodesarrive andcompleteall out-
standingcommunicationrequests.Therearetwo complicating
issuesfor a fenceversusa barrier. First, to ensurecorrectex-
ecution,nodeswaiting at the fencemustcontinueto poll for
RMI requests.Second,the fenceprotocolmustcorrectlyde-
terminewhenall RMI requesttransfershave completed.This
issueis furthercomplicatedby the fact thatoneRMI request
could invoke a secondrequest,which in turn invokesa third
request,etc.

Most vendorsprovide blocking barriers,which areunsuit-
able for incorporatingpolling [2]. As such,we were forced
to implementour own fence.To addressthesecondissue,we
overlaya distributedterminationdetectionalgorithm[14]. In
short, the algorithmtracksthe numberof sendsandreceives
performedby eachnode,performsa distributedsummation,
anddeclaresterminationassoonasthesumequalszero.

We implementedtwo different fencesfor Pthreads,a cen-
tralizedbarrierwith sensereversal[5] andthetree-basedbar-
rier proposedasAlgorithm 11 in [15]. Both fencesbusy-wait,
whereeachiterationof thebusy-wait performsa poll. It was
straightforward to incorporatethe terminationdetectionsum
within bothfence’sarrival protocol.

We implementeda tree-basedbarrierfor MPI, wherenodes
notify their parentsupon arrival, wait for a releasemessage
while polling, thenpropagatethereleaseto theirchildren.This
communicationpatterncaneasilyincludethe terminationde-
tectionsumwithin thearrival/releasemessages.We currently
have implementedthreedifferenttreepatterns:a flat treewith
a root andall othernodesasleaves,astandardbinarytree(0’s
childrenare1 and2,1’schildrenare3 and4,etc.),andabinary
treeoptimizedfor ahypercube.

7 Performance
We testedour two communicationinfrastructureimplementa-
tions (PthreadsandMPI) on a numberof differentmachines,
includinga Hewlett PackardV2200,anSGI Origin 3800,and
a Linux cluster. The V2200 is a shared-memory, crossbar-
basedsymmetric multiprocessorconsistingof 16 200MHz
PA-8200 processorswith 2MB L2 caches. The O3800 is a
hardwareDSM, hypercube-basedCC-NUMA (cachecoherent
non-uniformmemoryaccess)consistingof 48500MHzMIPS
R14000processorswith 8MB L2 caches,arrangedwith 4 pro-
cessorsper nodeof the hypercube.The clusterconsistsof 5
distributedmemorynodesconnectedwith aprivate1Gb/sEth-
ernetswitch. Eachnodecontains2 1GHzor 1.1GHzPentium
III processorswith 256KBor 512KB L2 caches.

7.1 async rmi and sync rmi
We tested the latency of STAPL versus explicit shared-
memoryor messagepassingcodeusing a ping-pongbench-
mark. Onenodesendsa message,anduponreceipt,the re-
ceiver immediatelysendsa reply. We measuredthe time be-
tweenissuingthe ping andreceiving the pong. STAPL uses
two benchmarks.The first usesasync rmi to invoke a re-
ply async rmi. The secondusesa singlesync rmi. The
Pthreadsbenchmarkusesanatomicsharedvariableupdateas
the message,with orderingpreserved by busy-waiting. The
MPI benchmarkexplicitly matchessendsandreceives.

Theresultingwall clock timesareshown in Table1. Since
STAPL is implementedontopof Pthreadsor MPI, it necessar-
ily addsoverhead.For Pthreads,theincreaseis noticeable,due
to theoverheadof anRMI requestbeingbuffered,enqueuedat
thedestination,thensubsequentlyprocessed,whereastheex-
plicit Pthreadscodesimply performsan update. Both codes
preserveorderingthroughbusy-waiting.

For MPI, the overheadis typically negligible, with theone
exceptionbeing the V2200. Upon investigation,we identi-
fied that HP’s MPI incurs extra startupoverheadfor using
nonblockingsendsandreceivesversustheirblockingcounter-
parts.However, asthenumberof processorsincrease,thenon-
blockingversionstendto performbetter. TheHP receivealso
appearsto take time proportionalto the expectedsize. Since
STAPL usesa size large enoughto hold the largestpossible
message,it takesmoretime to receive thantheexplicitly writ-
tenMPI code,which neveroverestimates.

Althoughsomecodesrequireonly a few isolatedcommuni-
cations,othersrequiremany. As describedin Section6.3, the
communicationinfrastructurebuffers async rmi requests
internallybasedon anaggregationfactorto optimizemessage
transfersizeandminimizenetwork traffic. To measuretoler-
anceto this traffic, we re-timedtheping-pongbenchmarkus-
ing multiple consecutivepingsbeforea singlepong.STAPL’s
aggregationfactorwasvariedfrom 8 to 512messages.

Figures2 and3 show theresultsfor MPI andPthreadsonthe
O3800.For Pthreads,STAPL is fasterafter1000pings,yield-
ing a 70% improvementwith an optimal aggregationbuffer
of 128 messages(4KB). Similarly, the V2200 yields a 16%
improvementwith a 256messagebuffer (8KB). Thevariance
betweenaggregationfactorsis smallerthanwith MPI. This is



V2200 O3800 Cluster
Explicit STAPL Explicit STAPL Explicit STAPL

Pthreads 15 22/22 4 16/15 N/A N/A
MPI 16 35/37 17 17/21 197 197/201

Table1: Latency (us)of explicit communicationandSTAPL (asyncrmi/sync rmi).

becausethecostof messagetransferin thePthreadsimplemen-
tationis low comparedto thecostof sendinganMPI message.
As such,lessoverheadcanbeamortizedwith increasedbuffer-
ing.

For MPI, STAPL is significantly fasterafter just 10 mes-
sages,yieldinga 6.4-fold improvementfor 10,000pings,with
an optimal aggregation buffer of just 128 messages(4KB).
Similarly, the V2200 yields a 2.5-fold improvementwith a
32 messagebuffer (1KB). On thecluster, wherecommunica-
tion is especiallyexpensive, a 2100-foldimprovementwith a
512messagebuffer (16KB) is possible.Our findingsconfirm
that multiple small messagesshouldbe avoided when using
messagepassing.Sincethecommunicationinfrastructureper-
forms suchoptimizationsinternally, the useris ableto focus
on simply expressingtheir algorithm.
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Figure3: MPI (log-log scale)

7.2 rmi fence
We measuredthe overheadof rmi fence againstvendor-
optimizedbarriers.For messagepassing,wecomparedagainst
MPI Barrier. For shared-memory, we comparedagainst
the OpenMPbarrier directive when available (O3800), and
the MPI barrierwhennot (V2200). For Pthreads,we found
STAPL’s tree-basedfenceto performbest.For MPI, wefound
STAPL’shypercube-treebarrierto performbeston theV2200
and the O3800. The flat-treeperformedbeston the cluster,
sincemessagetransferlatency is muchhigher thanmessage
startupcosts.

Figure4 show theresultsfor shared-memory. SinceSTAPL
usesaplatformindependentfence,whichcontinuesto poll for
RMI requestswhile waiting for termination,we expect it to
incur someoverhead.Althoughtypically muchless,we have
foundtheoverheadof polling andterminationdetectionto be
ashigh as23% for STAPL’s Pthreadsfence. Sincethis does
not accountfor all the time differenceshown in Figure4, we
attribute the restof theoverheadto our platformindependent
implementation.

Figure 5 shows the resultsfor messagepassing. STAPL
scalescompetitively on the O3800and cluster, with only a
slight increasein overhead,due to polling and termination
detection. The V2200 is the exception, where the nearly
flat curve implies HP’s MPI Barrier implementationuses
shared-memoryoptimizationsthatarenotavailableto STAPL.
Theseresultsconfirm the findingsof [2], which demonstrate
theutility of pollable,insteadof justblocking,barriersfor use
in librariessuchasSTAPL.
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7.3 Algorithm Performance
We have implementedseveral parallel algorithmsusing the
communicationinfrastructure,suchas our casestudy, sam-
ple sort. We comparedour 30-lineRMI-basedcodeagainsta
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100-linehand-tunedshared-memoryimplementationthatuses
Pthreadsfor communicationon the V2200 and OpenMPon
theO3800.Thishand-tunedversionis significantlyoptimized
comparedto theshared-memorycasestudydescribedin Sec-
tion 4. Specifically, it bufferselementslocally, thenperforms
a mergebeforethefinal sortingphase.Themergeis receiver-
driven,suchthateachprocessorcopiesits portioncontainedin
theotherprocessors’buffer to a local array. This methodhas
thebenefitof filling eachprocessors’cachejust beforebegin-
ning thesortingphase.

We testedsamplesort using both STAPL communication
infrastructureimplementations.We foundthePthreadsimple-
mentationperformedbeston theV2200,asexpected,sinceit
is a shared-memorymachine. On the O3800,we found the
MPI implementationperformedbest. Our experienceon the
O3800shows thatOpenMPoutperformsPthreadsfor shared-
memorycommunication,andhencearepursuinganOpenMP
implementationaswell.

Figure 6 shows the wall clock times for both machines.
STAPL requiresmoretime to performthesort, largely dueto
async rmi’sneedto constructrequestobjectswith eachcall.
Thiseffect is notnearlysopronouncedontheO3800however,
andwe attributethis to theOrigin’s faster, superscalarproces-
sors,which may be utilized more effectively with the extra
work.

Figure7 shows the scalabilityversusrunningon onepro-
cessor. STAPL scalesvery competitively, andat times even
out-scalesthe hand-tunedcodes. This is becausecommuni-
cationis occurringincrementallythroughoutthecomputation,
insteadof onelargemergeat theend.However, asthenumber
of processorsincrease,the per-processordatasetsget nearer
to the cachesize. Sincethe hand-tunedcodes’merge brings
datainto cache,their scalabilityimproves.Notetheespecially
pronouncedimprovementfrom 4-8 processorson theO3800,
duringwhich thedatadoescompletelyfit into its 8MB cache
for thefirst time.

We have also implementeda parallel versionof the STL
inner productalgorithm. Eachprocessorusesthe sequential
algorithm to computeits local contribution, then appliesa
global reductionto combinethe results. STAPL usescol-
lect rmi to perform the reduction. Explicit MPI uses
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Figure7: Scalabilityof sorting1M integers

MPI Allreduce. On the V2200, explicit shared-memory
usesPthreads,and a sequentialsummation. On the O3800,
explicit shared-memoryusesOpenMPandtheparallelreduc-
tion directive. All experimentscalculatetheinnerproductof a
40million elementvectorwith itself.

As shown in Tables 2 and 3, there is negligible differ-
encebetweenexplicit shared-memory, messagepassingand
STAPL. This is expected,sincethemajority of STAPL’s over-
headis thetime to packagethereductioninto anRMI request,
which occursonly onceper reduction. We attribute the mi-
nor variancesin time, suchthatSTAPL is occasionallyfaster
thantheexplicit versions,to machinefluctuationsbecausethe
differencesarenot statisticallysignificant.

Numberof V2200 O3800
Processors Explicit STAPL Explicit STAPL
1 10.658 10.218 2.123 2.290
2 5.329 5.287 1.086 1.159
4 2.665 2.736 0.544 0.578
8 1.309 1.355 0.287 0.294
16 0.667 0.705 0.146 0.159
32 0.076 0.075

Table2: Time(s)to computetheinnerproductof 40Melement
vectorsusingsharedmemory.



Numberof V2200 O3800 Cluster
Processors Explicit STAPL Explicit STAPL Explicit STAPL
1 10.008 10.558 2.301 2.300 .964 .964
2 4.996 5.149 1.165 1.164 .577 .574
4 2.678 2.567 0.583 0.581 .285 .284
8 1.301 1.326 0.343 0.330 .142 .142
16 0.752 0.702 0.171 0.170
32 0.088 0.084

Table3: Time(s) to computetheinnerproductof 40M elementvectorsusingmessagepassing.

8 Conclusions and Future Work
We have developeda parallel communicationinfrastructure
that abstractsthe details of the underlying communication
models,allowing theparallelprogrammerto focuson cleanly
expressingtheir algorithm. STAPL builds uponthis abstrac-
tion using pContainersand pAlgorithms to make communi-
cation transparentto the user. Preliminaryresultsshow low
overheadandscalableperformanceon a wide variety of ma-
chines.

We areactively pursuingadditionalimplementationsof the
infrastructure,includingOpenMPanda mixed-modeversion
usingMPI andOpenMP. SinceSTAPL is makingthetransition
to exclusively usingtheprimitivesfor communication,we are
currently in the integrationphase. This will producenearly
onehundredpAlgorithmsandpContainermethodsusingthe
infrastructure,enablingusto continueto tuneits performance.
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