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Abstract: Communications animportantbut difficult as-
pectof parallel programming This paperdescribesa parallel
communicatiorinfrastructue, basedon remotemethodinvo-
cation, to simplify parallel programmingby abstacting low-
level shared-memoryr messge passingdetails while main-
taining high performanceand portability. STAPL, the Stan-
dard TemplateAdaptiveParallel Library, builds uponthisin-
frastructue to make communicatiortranspaentto the user
Thebasicdesignis discussedaswell asthemedhanismaused
in the current Pthreadsand MPI implementations. Perfor-
mancecomparisondbetweerSTAPL and explicit Pthreadsor
MPI are givenon a variety of madines, including an HP-
V2200,0rigin 3800anda Linux Cluster

1 Motivation

Communications oneof themostfundamentahspect®f par

allel programmingNot eventhe mostembarrassinglyparallel
applicationcanproducea usefulresultwithout someamount
of communicatiorto synchronizeresults. However, express-
ing efficient communicationis also one of the mostdifficult

aspectof parallelprogramming.

Therearecurrentlytwo commonmodelsof communication
in parallelprogramming:shared-memonand messagass-
ing. In shared-memorya group of threadssharea global
addressspace. A threadcommunicatedy storing to a lo-
cationin the addressspace which anotherthreadcansubse-
quently load. To ensurecorrectexecution, synchronization
operationsareintroduced(e.g.,locks and semaphores)The
shared-memorynodelis considereckasierto program,andis
portableby standardsuchasPthread$10] andOpenMP[22].
However, its lack of manualdatadistribution mechanismsan
hinderscalability[21]. In addition, mary large machinesdo
not implementshared-memory One solution has beenthe
introductionof softwaredistributedshared-memorysoftware
DSM), which providesa softwareimplementatiorof a global
addresspacege.g.,[1]).

In messagepassing,a group of processeperateusing
private addressspaces. A processcommunicatey explic-
ity sendinga messageo anotherprocess,which must use
a matchingreceive Synchronizatioris implied throughthe
blocking semanticof sendsandreceves(e.g.,ablockingre-
ceive doesnotreturnuntil the messagéasarrived). Themes-
sagepassingmodelis consideredarderto program although
it is more portablethanksto the MessagePassinginterface
standard MPI-1.1[16]. Sinceprocessesiseprivate address
spacesgdatadistribution mustbe manuallycoded,potentially
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improving scalability However, becausall sendsandreceves
mustappearin matchedpairs, dynamicor irregular applica-
tionscanbe difficult to express.

One-sideccommunicationis anothermodelthat combines
someof the strengthsof shared-memoryand messaggass-
ing [26]. A setof processe®perateusing private address
spacesas well as sectionsof logically shared-memory A
processcommunicatedy explicitly putting informationinto
the shared-memorywhich anotherprocesscan subsequently
get Becauseutsandgetsoperateasynchronoushandhence
memoryconsistengis relaxed,synchronizatiomperationgre
introducede.g.,afenceblocksprocesseantil all communica-
tion is complete). One-sidedcommunicatiorpreseressome
of the easeof shared-memorprogrammingwhile maintain-
ing the datadistribution of messageyassing. Althoughiit is
still not widely used, several commonimplementationsn-
cludeSHMEM, ARMCI [19], LAPI [25] andtheupdatedMes-
sagePassinginterface,MPI-2 [17].

Remotemethodinvocation (RMI) is anothercommunica-
tion model, often associatedvith Java [11]. RMI works with
object-orientecprograms wherea processcommunicatedy
requestinga methodfrom anotherobjectin a remoteaddress
space. Synchronizationis implied throughthe blocking se-
manticsof RMI requestqe.g.,Java RMI doesnot returnun-
til it completeq18]). RMI is relatedto its function-oriented
counterpartremoteprocedurecall (RPC)[30], which allows
a processto requesta function in a remote addressspace.
Although RMI is easyto program, it is generally associ-
atedwith distributed applications,not high performancepar
allel applicationg7, 8]. High performanceun-timesystems
thatdo supportRMI- or RPC-relategrotocolsincludeActive
Messagg29], Charm++[12, 13], Tulip [2], and Nexus [7].
WhereasJava RMI always blocksuntil completionto obtain
the returnvalue, mary of the high performancemplementa-
tions never block and never producereturnvalues. Here, the
only way to obtainthereturnvalueis throughsplit-phasesxe-
cution,wherefor example,objectA invokesa methodon ob-
ject B andpassest a callback. WhenobjectB completeghe
RMI, it invokesobjectA againvia the callback. Split-phase
executionhelpstoleratelateng, sinceobjectA cando some-
thing elsewhile it waits, but complicategprogramming.

Recently we have developedSTAPL, a parallelsuperseto
the C++ StandardTemplateLibrary, which providesparallel
containersand algorithms[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-phasesxecution)andnon-blockingRMI (for



high performance}o provide a cleaninterfacefor an object-
orientedC++ program. Since RMI’'s are asynchronougi.e.,
don’t requirematchingoperationgsin messag@assing)syn-
chronizationsimilarto one-sideccommunicatioris used.

In this paperwe introduce the communicationabstrac-
tionsin STAPL. The communicationinfrastructureprovides
an RMI-basedinterfaceto abstractthe underlying program-
ming model(s)usedto implementit. Parallel containersuse
theinfrastructureto provide distributeddatastructures Paral-
lel algorithmsusethe containergo abstracsomeof theneces-
sarycommunicationFinally, the usercancombinecontainers
andalgorithmsto expressa program,completelyunavare of
theunderlyingcommunication.

2 STAPL Overview

The C++ StandardTemplateLibrary (STL) is a collection of

genericdatastructuresalledcontaines (e.g.,vector list, set,
map) and algorithms(e.g., copy, find, memge, sort) [28]. To

abstracthedifferencesn containersalgorithmsarewrittenin

termsof iterators. An iteratoris ageneralizeghointerthatpro-
videsoperationssuchas‘advanceto next element’or ‘deref-
erencecurrentelement’. Eachcontainerprovides a special-
izediterator(e.g.,a vectorprovidesa randomaccessterator,

whereas list providesa bi-directionaliterator).

The StandardremplateAdaptive Parallel Library (STAPL)
is a sequentiallyconsistentparallelsuperseto STL [24, 23].
STAPL provides a set of parallel containersand parallel al-
gorithmsthat are abstractedrom eachothervia paralleliter-
ators,namedpContaines, pAlgorithmsand pRangsrespec-
tively. ThepContainergrovide ashared-memoryiew of data
by internally handlingdatadistribution. The pRangepresents
anabstractview of a scopeddataspacewhich allows random
accesdo a partition, or subrangepf the dataspace(e.g.,to
datain a pContainer).The pAlgorithmsusepRangego oper
ateondatain parallel.

We are designingSTAPL to supportmary differentparal-
lel architecturesfrom small SMP’s to massvely parallel su-
percomputersOnegoal of STAPL is to allow a singlecode-
baseto operateefficiently on thesedifferentsystems. Some
architectureprovide efficient shared-memorgupport,while
othersareoptimizedfor messagg@assing.Additionally, some
systemsmay most efficiently be programmedby combining
shared-memoryand messagegassinginto mixed-modepar
allelism [6, 4, 27, 20]. For instanceclustersof SMP’s can
usemessag@assingretweemodesn thecluster andshared-
memorywithin nodes. In supportof this, we have createda
parallelcommunicatiorinfrastructurethatabstractsheissues
of shared-memorgndmessag@assingprogrammingallow-
ing for a single interfacethat may be optimizedfor specific
machines.

3 Requirementsfor Parallelism
We recognizetwo fundamentatypesof communicationin a
parallelprogram regardles®f programmingmodel:

1. statement a processneeddo tell anothemprocessome-
thing (e.g., a resultor to perform someaction, asin a

produce-consumerelationship). A statementis asyn-
chronous,meaningthe sendingprocessdoesnot gener
ally wait for the receving processo receve or process
theinformation.

guestion- a processneedsto ask anotherprocessfor
something(e.g.,a result,which may or may not be cal-
culateda priori). A guestionis synchronousmeaning
the sendingprocesamustwait for the receving process
to procesgheinformationandreply.

In both casesthe recever doesnot necessarilyexpectthe
communicationasin a dynamicprogram. Eachcommunica-
tion typecanalsobeabstractedo handlemultiple processeat
once,makingastatemena broadcasfi.e., tell mary processes
somethinganda questioracollection(i.e.,askaquestiorand
tatulatethe answers).

Closelyrelatedto communications synchronizationwhich
alsohastwo fundamentaforms([5]:

1. mutual exclusion- operationsto ensuremodificationto
an objectare performedby one processat a time. This
is explicit in shared-memor{e.g.,locks),andimplicit in
messageassingwhereall memoryis privateto a pro-
cess.

. eventordering - operationgto inform a processor pro-
cesseshat computationrdependenciearesatisfied. This
is explicit in shared-memorye.g.,semaphoraignaland
wait operations)andimplicit in messag@assingyvia the
semantic®f messagsendingandreceving.

Cleanlyexpressinghesetypesof communicatiorandsyn-
chronization are requirementsfor a parallel programming
model’s success.Shared-memorgand messaggassingboth
fulfill all of theserequirementsalthoughin slightly different
ways. Onegoal of the communicatiorinfrastructureis to ab-
stracttheseissuesyielding a cleaninterfacethatlendsitself to
efficientimplementatiorwith eithermodel.

4 Case Study: Parallel Sorting

Toillustratehow differentparallelprogrammingnodelsaffect
communicationyve considera commonparallelalgorithmfor
sorting: samplesort[3]. Samplesortconsistof threephases:

1. Sampleasetof p — 1 splittersfrom theinput elements.

2. Givenonebucket perprocessarsendelementdo the ap-
propriatebucketbasednthesplitters(e.g.,elementdess
thansplitter 0 aresentto bucket0). Becausehey aredis-
tributedbasedn samplediata,bucketswill havevarying
sizes,andhencesamplesortis highly dynamic?!

3. Sorteachbucket.

Considerthe following codefragmentswhich presenim-
plementationsisingexplicit shared-memorgr messag@ass-
ing.2 We assumeheinput hasalreadybeengeneratedand,in
the caseof messag@assingdistributed.

IMostimplementationsversampléheinputto increase¢hechanceof bal-
ancedbuckets. We have removedthis sub-stegdor simplicity.

2|n generalshared-memorglgorithmsaresequentialintil afork (line 11),
whereasnessag@assingalgorithmsarealwaysin parallel.



1 /] shared—memory sample sort
2 void sort(int* input, int size) {
3 int p = //...number of threads, O—p...
4 std :: vector<int> splitters( p—1);
5 std :: vector < vector<int> > buckets( p );
6 std :: vector<lock> locks( p );
-
8 for( int i=0; i<p—1; i++)
9 splitters[p—1] = //...sample input ...
10
11 /l...fork p threads...
12 int id = //...thread id...
13 for(i=size/pxid; i<size/p*(id+1); i++) {
14 int dest = //...appropriate bucket ...
15 locks[dest].lock ();
16 buckets[ dest]. push_back ( input[i] );
17 locks[dest]. unlock ();
18
19 barrier ();
20
21 sort (bucket[id].begin (), bucket[id].end());
22 }
1 // message passing sample sort
2 void sort(intx input, int localSize) {
3 int p=//...number of processes, 0—p...
4 std :: vector<int> splitters( p—1);
5 std :: vector<int> bucket( p );
6
7
8 int sample = //...sample input ...
9 Gather ( & sample, ..., splitters, L)
10
11 for( i=0; i<localSize; i++) {
12 int dest = //...appropriate bucket ...
13 Send ( input[i], ..., dest, L)
14
15 while ( ... probe for messages... ) {
16 int tmp;
17 Recv( &tmp, ... );
18 bucket . push_back ( tmp );
19 }
20
21 sort ( bucket.begin (), bucket.end() );
22 }

Theshared-memorgodeusesasharedSTL vectorto com-
municatesplitters(lines8-9), asopposedo the messag@ass-
ing library call (lines 8-9). Shared-memorynustfork and
calculateeachthreads local portion (lines 11-13),whereasn
messag@assingdatais manuallydistributeda priori. Shared-
memoryshareghebucketsby locking eachinsertionto ensure
mutualexclusion(lines 15-17),andusesa barrier(line 19) to
ensurepropereventorderingof distribution andsorting. Be-
causamessagg@assingloesnotknow theamountandorderof
communication(lines 11-14), it mustprobefor all incoming
messageflines15-19),which alsoensuregproperorderingof
distribution andsorting.

Neitherimplementatioris optimal. Shared-memorynakes
extensie useof locking (one lock per element),potentially
causingoucketcontention Messageassingsendsnary small
messagegyotentially causingnetwork congestion. Theseis-
suesare not intrinsic to the samplesort algorithm, only to
the underlyingcommunicatiormodel and subsequenimple-
mentation. Improvementscan be madeat the expenseof ad-
ditional lines of code,which are even further removed from
the algorithm. For instance jnsertionscould be bufferedinto

groupsheforelocking or sendingreducingtheoverallnumber
of locksor sendsecessaty

We now contrastshared-memorgndmessag@assingcode
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.The heart
of thealgorithm(containedn theexecut e method)is actu-
ally shorterthanthe previousimplementations.

1 // STAPL sample sort

2 struct p_sort public stapl :: parallel_task {
3 int xinput, size;

4 p_sort(intx i, int s) : input(i), size(s) {}
5

6 void execute() {

7 int p = stapl ::get_.num_nodes ();

8 int id = stapl::get_node_id ();

9 stapl :: pvector<int> global Splitters( p—1);
10 stapl :: pvector< vector<int> > buckets( p );
11

12 global Splitters[id] = //...sample input ...
13 std :: vector<int> splitters( globalSplitters );
14

15 for( i=0; i<size; i++) {

16 int dest = //...appropriate bucket ...

17 stapl ::async_rmi ( dest, ...,

18 &stapl :: pvector :: push_back , input[i] );
19

20 stapl :: rmi_fence ();

21

22 sort (bucket[id].begin (), bucket[id].end());
23 }

24}

As seenby the user this pAlgorithm hidesall underlying
communicationby appearingas a simplelibrary call. In its
implementationthe pContainersabstractsomeof the under
lying communication.For example,the splitter privatization
(line 13) makesa copy of thedistributed pVector This copy
invokesthe pVectorcopy constructorwhich in turn usesthe
dereferenceperatorto obtain and copy eachindividual ele-
ment.As shavn in thefollowing fragmentfor thedereference
operator if the desiredelementis not local, RMI is usedto
obtainit (i.e.,aquestion).

1 template<class T>

2 T& pvector<T>::operator[](const int index) {

3 if( /+...index is local ...x/ )

4 return //...element...

5 else

6 return stapl ::sync.rmi ( /«owning nodex/, ...,

7 &stapl :: pvector<T>:: operator [], index );
8

}

The explicit RMI on line 17 tells the destinationbucket to
addan element(i.e., a statementf. Becauseghe communica-
tion infrastructureensuregemotelyinvoked methodsexecute
atomically additionalcodefor mutualexclusionis eliminated.
However, afenceis usedto ensurepropereventordering(line
19).

3This communicationcould also be abstractedrom the userusing the
pVectors push_back method.However, sincethisis a 2D pVector a deref-
erenceis necessaryo obtainthe propersub-ector As definedabore, the
dereferencavill first try to returnthesub-\ector thenapplythepush_back.
We areinvestigatingalternatvesto allow the desiredbehaior.



5 Design

The main goalsof the STAPL communicationinfrastructure
areto provide an easyto use,cleanmeansof expressingpar

allelismin STL-orientedC++ code,while facilitating efficient
implementationon mary different parallel machines. To be
successfulthe requirementof Section3 shouldalso be ad-
dressed.Although shared-memorand messaggassingcan
both fulfill the requirementsshared-memorys not yet im-

plementedor large machinesandmessag@assingcanmake

writing C++ STL codedifficult.* As such,we baseour com-
municationinfrastructureon a higherlevel RMI abstraction.
RMI dealsdirectly with anobjects methodsandhencemaps
cleanly to object-orientedC++. STL codeis composedof

mary containerbasedobjects,and algorithmscan easily be
written it termsof objects,asseenin our casestudy In addi-
tion, RMI canbe efficiently implementedusingeithermodel,
aswewill show in Section?.

The communicationinfrastructureprovidestask-level par
allelism. Eachtaskis a C++ objectandis associatedvith a
single processor thread. In messageyassing,an object re-
sidesexclusively in a processs privatememory However, in
shared-memorgnly a conceptuahssociatiortanbe madebe-
tweenthreads.To helpfacilitatethis associatioracrosossi-
ble implementationsywe nameeachunit of executiona node
Uponstartup,all nodesareinitialized andbegin executingthe

both patternsnteractwith all nodes althoughwe arerefining
this interactionto node subsetsvia a schemesimilar to MPI

communicator$l6]. As developmentproceedsye anticipate
addingadditionalcallsfor increasegerformance.

1. voi d broadcast rm (| ocal Qoj Ptr,
met hod, argl...) - makes a statementto all
nodes. The call issuesthe RMI requestsand returns
immediately Subsequentalls, suchasrm _f ence,
areusedto ensurecompletionof the requestn remote
nodes.

2. void collect._rm (local GbjPtr, method,
i nput, output) - asksaquestionon all nodesand
collectstheresults(i.e., areduction). The call issueghe
RMI requestand waits for the answer It is a collective
operationin that all nodesmust executeit before ary
nodeproceeds.

5.1 Synchronization

The communicationinfrastructurealso addressegoth forms
of synchronization.To ensuremutual exclusion,methodsin-
voked by RMI executeatomically Hence,a methodinvoked
by multiple nodesn parallelpreseresthread-safetyy acting
asamonitor. We recognize¢hatsomeapplicationgnaynotre-

samecodein parallel, similar to MPI. Nodesindependently quire mutualexclusionfor all remotelyinvoked methodsand

createlocal objectsand accessthernodes’local objectsvia
RMI. We have currentlydefinedwo basdormsof RMI, which
mapdirectly to thetwo fundamentatypesof communication.

1. void async._rni (dest Node, | ocal OhjPtr,
net hod, argl...) - makes a statement. The
call issuesthe RMI requestand returns immediately
Subsequentalls, suchasa rm _f ence, are usedto
ensurecompletionof all requests.

2.rtn sync._rm (dest Node, |ocal QojPtr,
net hod, argl...) - asksa question. The call
issueghe RMI requestindwaitsfor theanswer

The additionalinformationrequiredcomparedo a regular
C++ methodinvocationis minimal (only dest Node is ex-
tra). Notethat!l ocal Cbj Pt r mustbe local to the destina-
tion node. STAPL is providing a layer on top of the commu-
nicationinfrastructureto performaddresgranslationto facil-
itate the gatheringand usageof suchpointers. However, the
infrastructureprovidesan additionalcollective function, ex-
ecut e_paral | el .t ask. Eachcalling nodeautomatically
registersthe specifiedpar al | el t ask object and begins
executionusingits execut e method. This facilitatesparal-
lel algorithms whereRMI’ sbetweerpar al | el _t asks can
simply usethet hi s pointerasthel ocal Obj Ptr.

We are also incorporatingmary-to-one and one-to-mag
communicationinto the infrastructureto supportcommon
communicationpatterns. We have currently defined two,
basedon the fundamentalcommunicationtypes. Currently

4For example,MPI requiresa type identifier for all messagesyhich can
bedifficult to obtainin type-independert++templates.

henceareconsideringhon-atomicRMI for thefuture.

Eventorderingis supportedn two ways. An rni _wai t
operationis providedto allow a nodeto wait for any RMI to
beinvokedbeforeproceeding Additionally, ther m _f ence
allowsnodego wait until all nodeshave arrivedandcompleted
all pendingcommunication.This canbe usedto satisfyflow
dependencieth a computation. It also allows for straight-
forwardimplementation®f masterslave computationswhere
the slaveswait at the fencewhile the mastersignalsthe work
to beperformedvia RMI.

5.2 Data Transfer

In our schemepnly oneinstanceof an objectexists at once,
andit canonly be modifiedthroughits methods.The granu-
larity of datatransferis the smallestpossible the methodar
gumentsandargumentsarealwayspassed-by-alue.As such,
thecommunicationnfrastructureavoidsdatacoherencéssues
commonto someDSM systemswhichrely ondatareplication
andmeming. In effect, RMI transfershe computationto the
data,allowing the ownerto performthe actualwork, instead
of transferringthe datato the computation.

To supportmessageassingas an implementationmodel,
theinfrastructureequireseachclassthatmaybetransferedas
an argumentto implementa single method,def i ne_t ype.
This methoddefinesthe classs datamembersn a style simi-
lar to Charm++12, 13]. Specifically eachdatamembetis de-
finedaseitherlocal (i.e., automaticallyallocatedon the stack)
or dynamic(i.e., explicitly allocatedon the heapusingmal -
| oc ornew). Thismethodcanbeusedasneededo adaptiely
pack,unpack.or determinghetypeandsizeof the classbased
ontheinfrastructures underlyingimplementation.



5.3 Integration with STAPL

Figurel shavs thelayoutof STAPL's basiccomponentsThe
communicatiorinfrastructuresenesasthe bottomlayer, and
abstractshe actualparallelcommunicatiormodelutilized via

theRMI interface.
pAlgorith ms—_ > pContaine@

fRange=—

(Address Translator

Y

Communication Infrastructure

Figurel: STAPL Layout

A pContainetis a distributed datastructure. Although the
user/programmeseesa single object, at run-time the pCon-
tainercreatenesub-pContaineobjectpernodein which to
actuallystoredata.The contentsandlocationof eachof these
sub-containersire maintainedusing the pRangeand address
translatorespectiely®. The pContainers mainjob thenis to
maintainthe consisteng of the datait storesasthe userin-
vokesvariousmethodson it. Threecommunicatiorpatterns
result:

1. access anodeneedsaccess$o dataonanothemode(e.g.,
the dereferenceperationfor a vector). Thesync_r mi
handleghis pattern.

update- anodeneedgo updateanothemodes data(e.g.,
theinsertoperation). Theasync_r ni handleghis pat-
tern.

group update- a nodeneedso updatethe overall struc-
ture of the container(e.g., the resize operation). The
br oadcast _r mi handleghis pattern.

Since pContainers’'methodsuse RMI to implementthese
communicationpatterns,they effectively abstractthe under
lying communicationseenby the user A library supporting
both shared-memorgndmessag@assingmight needto pro-
vide two versionsof eachcontainey one for shared-memory
andthe otherfor messag@assing STAPL needgustonever-
sion of eachpContainerby pushingthe detailsand decision
betweenshared-memonand messageyassinginto the com-
municationinfrastructure. In addition, messageassingis a
difficult modelto implementdatastructureswith, sinceit re-
guiresmatchingsendsandreceves. RMI abstractgshe under
lying messaggassingto an asynchronouinterface,suitable
for arbitrary un-matchednsertionsand deletions. As such,
the implementorcan stay focusedon the fundamentalissues
of adistributeddatastructure.

5We are currentlydefiningthe addresgranslationoperationgor the vari-
ouspContainers.Oneexampleis the pVector which canmaintainthe range
of indicescontainedn eachsub-p\éctor alongwith the correspondingiode
ID andlocal pointer

A pAlgorithm expresses parallelcomputationin termsof
par al | el _t ask objects.Theseobjectsgenerallydonotuse
the communicatiorinfrastructuredirectly. The specificinput
dataper par al | el _t ask aredefinedby the pRange,just
asiteratorsdefinethe input to an STL algorithm. Interme-
diate or temporaryresultsthat are usedacrossnodescan be
maintainedusing pContainerswithin the par al | el _t ask.
As their methodsare usedto modify andstorethe results,the
pContaineraill internally generatehe necessaryRMI com-
munication.

In the event that pContainersdo not offer the necessary
methodsRMI communicatiorbetweerpar al | el _t asksis
facilitated by the automaticaddresdranslationdescribedin
section5. Somealgorithmsrequiresuchfacilities, suchasa
depth-firstsearchon a distributedgraph.Onenodebeginsthe
searctonits local vertexeswhile the othernodeswait. As the
searchprogresseto remotevertexes,RMI canbe usedto tell
the owning nodesto continuethe searchon their local data.
In additionto this event orderingbasedcommunicationtwo
othercommonpatterngesult:

1. data parallel - the sameoperationneedsto be applied
in parallel, possiblywith a parallelreductionat the end.
A large percentag®f STAPL algorithmsutilize this pat-
tern. For instancejn af i nd, eachnodesearcheds lo-
cal datafor an element. Sincemultiple nodesmay find
a match,areductionis usedto combinethe results(i.e.,
nodeQ’s resulthasprecedencever nodel’s, etc.). The
col | ect _r mi handleghis pattern.

. bulk communication alarge numberof smallmessages
areneededA smallerpercentagaeitilize this patternwith
sortingbeinga commonexample. Theasync _r m op-
erationshandleghis pattern.

As describedeachlevel of STAPL senesto furtherremove
theuserfrom theunderlyingcommunicatiorissues.Thecom-
municationinfrastructureprovides the fundamentalabstrac-
tion betweershared-memorgindmessagpassing. ThepCon-
tainershuild uponthisto createdistributeddatastructuresThe
pAlgorithms generallyuse pRanges pContainersand RMI
whennecessaryto createusefulparallelalgorithms.The user
combinespContainersand pAlgorithms to write a program,
withoutworrying aboutthe underlyingcommunication.

6 Implementation

We have currently implementedthe communicationinfras-
tructure using two different underlying programmingmod-
els: Pthreadqshared-memoryand MPI-1.1 (messageass-
ing). Sincetheinterfaceremainsthe same all thatis required
to usea differentimplementatioris to re-compile.

In therestof this sectionwe describehe mechanismsised
to implementthe basiccommunicationinfrastructureopera-
tions.

6.1 Request Format

Regardlesof implementationall RMI requestsareencapsu-
lated internally by a functor [9]. A functor storesan RMI's



class,methodand argumentinformation, and allows the re-

guestto be stored communicatedandsubsequentlgxecuted.
Thebasefunctorclassonly providesamethodo executdtself,

whereagderived functorsare specializecbasedon numberof

argumentandwhetherthereturnvalueis neededTo presere

C++'sstrongtyping systemall functorsmake extensive useof

C++templates.

6.2 Request Scheduling

RMI requestsio not requirematchingoperationson the des-
tination node. As such, we mustintroduce mechanismgo

schedulghe processingf incomingrequestsThetwo issues
thatmustbebalancedreensuringatimely responsef incom-

ing requestsyhich may be blocking the caller, and allowing

thelocal computatiornto proceed.This is not a new problem,
andwe areawareof four solutions:

1. explicit polling - the codeexplicitly polls for incoming
request$29, 2,7, 25]. Thisapproachs successfuif polls
do not dominatethe local computation but arefrequent
enoughto yield atimely response.

2. interrupt-driven- a hardwareinterruptis usedto notify a
nodeof incomingrequestg29, 2, 7, 25, 19. Although
this solutionis oftenavoideddueto thehigh costof inter
rupts, it doesguaranteea timely responsevith minimal
userinterruption(i.e., no extraneougolls).

3. blocking communicationthread - a separatecommuni-
cation threadpostsa blocking receve for incomingre-
questg[7]. Upon arrival, a requestis immediatelypro-
cessed. This solutionis successfulf otherthreadscan
executewhile thereceveis blocking,andcontrolreturns
to the communicatiorthreadsoonafterthereceive com-
pletes.

. hon-blokingcommunicatiorthread- aseparateommu-
nication thread performsa poll for incoming requests,
processesry available requeststhenyields [7]. This
solutionis successfuif thethreadscheduleis effective.
For example,the communicationthreadis schedulecht
times when no computationis available, or the times-
lice is a goodbalancebetweencomputationand polling.
Sincetypical timeslicesare1/100f asecondthisis often
aproblem.

Our currentsolution for both implementationds explicit
polling. Although communicatiorthreadshave the potential
to yield betterperformancegreatingan efficientimplementa-
tionis muchmoreinvolved,andoftenrequireplatformdepen-
dentknowledge(e.qg. ,threadschedulingoolicies).Our current
focusis on generalimplementationghat can be further opti-
mizedfor specificplatforms. As such,we will considercom-
municationthreadsn thefuture.

Bothimplementationgerformpolls within communication
infrastructurecalls. This hasthe advantageof beingtranspar
entto the user andthe drawbackof poorresponséf no com-
municationoccursfor a long periodof time. In casesvhere
the useris aware of this, an explicit r mi _pol | operationis
available.To handlethealternative caseof frequentcommuni-
cation, every nth communicatiorcall will internally perform

apoll, wheren maybe setby the user Low valuesfor n will
yield moretimely responsedyut slow theprogres®f thecom-
putation.

6.3 async_rmi

Theasync_r m is themostcomplicatedoperationto imple-
ment becausédt is completelyasynchronoudi.e., it neither
waitsfor areturnvaluenorrequireghedestinatiomodeto ex-
pectthe operation).In addition, multiple async_r ni ’s will
often be issuedat once (e.qg., the distribution phaseof sam-
ple sort). Sendingmary small message#dividually causes
traffic and limits bandwidth. A well-known alternatve is to
buffer messageandissuethemin groups,with the extreme
casebeinga single communicatiorat the end of the compu-
tation phaseof analgorithm.async _r m 'sareautomatically
buffered internally, and issuedin groupsbasedon a default
or userdefinedaggreyationfactor Requestsare copiedinto
an internal aggraeyation buffer until the aggreyationfactoris
reachedThebuffer is thentransferedo the destinatiomode,
and eachstoredrequestis executedin FIFO order The ap-
propriateaggreyation buffer size can be configuredfor each
machineduringinstallation.

The Pthreadsimplementationactually utilizes a form of
messag@assingwith shared-memorysincethe semanticof
RMI imply one nodetelling anothernodeto do something.
Thismessagpassindgs muchsimplerthanstandardVPI how-
ever, and hencehas several opportunitiesfor higher perfor
mance.Eachnodehasa requestjueue which holdsRMI re-
guestdrom othernodes.Insteadof copying the entirerequest
from the origin to the destination,only the requestpointer
is enqueued.As such,the only buffer copiesperformedare
by the underlyingcachesystemwhenthe destinatioractually
startstraversingthe buffer. The requestjueuehasa specific
entry for eachnode, and eachentry can hold only one re-
questpointer This designalleviatesthe needfor expensve
lock operationgduring access.Instead,the owner cancheck
for non-nullentriesduring a poll, andthe requestecanbusy-
wait until its specificentryreturnsto null if it needso senda
secondequestWe found busy-waiting to performfasterthan
Pthreadsconditionalsfor event ordering. The requestqueue
canbeabottlenecksinceit canonly hold onerequespernode
atatime. To alleviatethis, we pipelinerequestdy usingtwo
aggreyationbuffers per possibledestinatiornode. While one
buffer is enqueuedt the destinationthe othercanbefilled.

The MPI implementationis similar to Pthreadsalthough
MPI internally handlesthe requestqueue. Each node ap-
plies the samepipelinedsendingschemeasin Pthreadsand
usesnon-blockingsendsto facilitatefilling one buffer while
the otheris sending. Sincethe implementationis not multi-
threaded,only one incoming requestcan be processedt a
time. We usea single non-blockingreceve from ary node,
which allows good implementationsof MPI to overlap the
communicatiorwith computation. The receve is postedand
the computationstarted. Polls simply checkto seeif the re-
ceive completedjn which casethe requesis processedMPI
mustcopy incomingmessagemto a userdefinedbuffer. We
allocatethis buffer to be large enoughfor all possiblecom-
municationsa priori. We chosethis static allocationscheme



versusan on-demanddynamicallocationschemeor perfor
mance.

6.4 syncormi

The sync_rnmi operation builds upon the foundation of

async._rm . Requestaresentin the samefashion,andthe
senderblocks until the return value is returned. The block
performscontinuouspolling, enablingquick responseof re-

turnmessagedowever, requesschedulingpnthedestination
nodebecomesvenmoreof aconcernfor sync_r mi , sinceit

doesblock computationuntil the returnvalueis obtained.In

someinstancesthealgorithmrequiresthis. For otherswe are
planninga non-blockingversionthat returnsan opaguehan-
dle. Whenthereturnvalueis actuallyneededthe handlecan
bequeried.

The Pthreadsimplementationuses a separateresponse
gueue,similar to its requestqueue,for the computingnode
to enqueuethe returnvalue. The MPI implementationuses
theexactsamefacilitiesasasync_r ni , anddifferentiatede-
tweenrequestandresponseby themessagéag,containedn
themessage& header

6.5

Ther m _f ence is acollective operationsimilar to a barrier
It doesnot releaseuntil all nodesarrive andcompleteall out-
standingcommunicationmequestsTherearetwo complicating
issuedor afenceversusa barrier First, to ensurecorrectex-
ecution,nodeswaiting at the fencemustcontinueto poll for
RMI requests.Secondthe fenceprotocolmustcorrectlyde-
terminewhenall RMI requestransfershave completed.This
issueis further complicatedby the factthatoneRMI request
could invoke a secondrequestwhich in turn invokesa third
requestetc.

rmi_fence

Most vendorsprovide blocking barriers,which are unsuit-
able for incorporatingpolling [2]. As such,we were forced
to implementour own fence. To addresshe secondssue we
overlay a distributedterminationdetectionalgorithm[14]. In
short, the algorithmtracksthe numberof sendsandreceves
performedby eachnode, performsa distributed summation,
anddeclaregerminationassoonasthe sumequalszero.

We implementedwo differentfencesfor Pthreadsa cen-
tralizedbarrierwith sensaeversal[5] andthetree-basedbar
rier proposedasAlgorithm 11in [15]. Both fencesbusy-wait,
whereeachiterationof the busy-wait performsa poll. It was
straightforward to incorporatethe terminationdetectionsum
within bothfences arrival protocol.

We implementeda tree-basedarrierfor MPI, wherenodes
notify their parentsupon arrival, wait for a releasemessage
while polling, thenpropagatehereleaseo theirchildren. This
communicatiorpatterncaneasilyincludethe terminationde-
tectionsumwithin the arrival/releasanessagesWe currently
have implementedhreedifferenttreepatterns:aflat treewith
arootandall othernodesasleaves,a standardinarytree(0’'s
childrenarel and2, 1’schildrenare3 and4, etc.),andabinary
treeoptimizedfor ahypercube.

7 Performance

We testedour two communicatiorinfrastructuremplementa-
tions (Pthreadsand MPI) on a numberof differentmachines,
includinga Hewlett Packardv2200,an SGI Origin 3800,and

a Linux cluster The V2200is a shared-memorycrossbar

basedsymmetric multiprocessorconsistingof 16 200MHz

PA-8200 processorsvith 2MB L2 caches. The O3800is a

hardwareDSM, hypercube-basedC-NUMA (cachecoherent
non-uniformmemoryaccessgonsistingof 48 500MHz MIPS

R14000processorsvith 8MB L2 cachesarrangedvith 4 pro-

cessorger nodeof the hypercube.The cluster consistsof 5

distributedmemorynodesconnectedvith aprivate1Gb/sEth-

ernetswitch. Eachnodecontains2 1GHzor 1.1GHzPentium
[l processorsvith 256KB or 512KB L2 caches.

7.1 async_rmi and sync_rmi

We tested the lateny of STAPL versus explicit shared-
memoryor messagepassingcode using a ping-pongbench-
mark. One nodesendsa messageand uponreceipt,the re-
ceiverimmediatelysendsa reply. We measuredhe time be-
tweenissuingthe ping andreceving the pong. STAPL uses
two benchmarks.The first usesasync _r m to invoke are-
ply async_r nmi . The secondusesasinglesync.rm . The
Pthreaddenchmarkusesan atomicsharedvariableupdateas
the messagewith orderingpresered by busy-waiting. The
MPI benchmarlexplicitly matchesendsandreceves.

Theresultingwall clock timesareshowvn in Tablel1. Since
STAPL is implementedntop of Pthread®r MPI, it necessar
ily addsoverheadFor Pthreadstheincreases noticeabledue
to theoverheadf anRMI requesbeingbuffered,enqueuedt
the destinationthensubsequentlyprocessedwhereaghe ex-
plicit Pthreadscodesimply performsan update. Both codes
presere orderingthroughbusy-waiting.

For MPI, the overheads typically negligible, with the one
exceptionbeing the V2200. Upon investigation,we identi-
fied that HP’s MPI incurs extra startup overheadfor using
nonblockingsendsandreceivesversugheir blockingcounter
parts.However, asthenumberof processoricreasethenon-
blockingversionstendto performbetter The HP receve also
appeardo take time proportionalto the expectedsize. Since
STAPL usesa sizelarge enoughto hold the largestpossible
messaget takesmoretime to receve thanthe explicitly writ-
tenMPI code,which never overestimates.

Althoughsomecodesrequireonly afew isolatedcommuni-
cations,othersrequiremary. As describedn Section6.3, the
communicationinfrastructurebuffers async_r m requests
internallybasedn anaggreationfactorto optimizemessage
transfersizeandminimize network traffic. To measurdoler-
anceto this traffic, we re-timedthe ping-pongbenchmarkus-
ing multiple consecutie pingsbeforea singlepong. STAPL's
aggrejationfactorwasvariedfrom 8 to 512 messages.

Figures2 and3 shaw theresultsfor MPI andPthreadenthe
03800.For PthreadsSTAPL is fasterafter 1000pings,yield-
ing a 70% improvementwith an optimal aggreyation buffer
of 128 message$4KB). Similarly, the V2200 yields a 16%
improvementwith a 256 messagéuffer (8KB). The variance
betweeraggreyationfactorsis smallerthanwith MPI. Thisis



V2200 03800 Cluster
Explicit | STAPL | Explicit | STAPL | Explicit | STAPL
Pthreads| 15 22122 4 16/15 | N/A N/A
MPI 16 35/37 | 17 17/21 | 197 | 197/201

Tablel: Lateng (us)of explicit communicatiorand STAPL (asyncrmi/syncrmi).

becaus¢hecostof messagéransferin thePthreadsmplemen-
tationis low comparedo thecostof sendinganMPIl message.
As such Jessoverheadtanbeamortizedwith increasedbuffer-
ing.

For MPI, STAPL is significantly fasterafter just 10 mes-
sagesyielding a 6.4-fold improvementfor 10,000pings,with
an optimal aggreyation buffer of just 128 message$4KB).
Similarly, the V2200 yields a 2.5-fold improvementwith a
32 messagduffer (1KB). On the cluster wherecommunica-
tion is especiallyexpensve, a 2100-foldimprovementwith a
512 messagduffer (16KB) is possible.Our findingsconfirm
that multiple small messageshouldbe avoided when using
messag@assing.Sincethe communicatiorinfrastructureper
forms suchoptimizationsinternally, the useris ableto focus
on simply expressingheir algorithm.

7.2 rmi_fence

We measuredhe overheadof r mi _f ence againstvendor
optimizedbarriers.For messagpassingywe comparedgainst
MPI Barri er. For shared-memorywe comparedagainst
the OpenMP barrier directive when available (O3800), and
the MPI barrierwhennot (V2200). For Pthreadswe found
STAPL stree-basedenceto performbest.For MPI, we found
STAPL's hypercube-trebarrierto performbeston the V2200
andthe O3800. The flat-tree performedbeston the cluster
sincemessageéransferlatengy is much higherthan message
startupcosts.

Figure4 show theresultsfor shared-memonSinceSTAPL
usesaplatformindependentence which continuego poll for
RMI requestswvhile waiting for termination,we expectit to
incur someoverhead.Althoughtypically muchless,we have
foundthe overheadf polling andterminationdetectionto be

10K = ashigh as23% for STAPL's Pthreaddence. Sincethis does
Bl ffor all the time diff hawn in Figure4
STAPL (aggregation=32) not accountfor all thetime differenceshawn in Figure4, we
B STAPL (aggregation=128 attribute the restof the overheado our platformindependent
1k STAPL (aggregation=512 implementation.
’g Figure 5 shaws the resultsfor messagepassing. STAPL
o 100 scalescompetitively on the O3800 and cluster with only a
£ slight increasein overhead,due to polling and termination
= detection. The V2200 is the exception, where the nearly
10 flat curve implies HP’s MPl _Bar ri er implementatioruses
shared-memorgptimizationghatarenotavailableto STAPL.
Theseresultsconfirm the findings of [2], which demonstrate
theutility of pollable,insteadof justblocking,barriersfor use
! 1 - in librariessuchasSTAPL
Number of Pings in librariessuchas .
- ) _ == Explicit (V2200) %
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Figure3: MPI (log-log scale)

7.3 Algorithm Performance

We have implementedseveral parallel algorithmsusing the
communicationinfrastructure,such as our casestudy sam-
ple sort. We comparedur 30-line RMI-basedcodeagainsta
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100-linehand-tunedhared-memorimplementatiorthatuses
Pthreadsor communicationon the V2200 and OpenMPon

the O3800.This hand-tunedrersionis significantlyoptimized
comparedo the shared-memorgasestudydescribedn Sec-
tion 4. Specifically it buffers elementdocally, thenperforms
amemge beforethefinal sortingphase.The memgeis recever

driven,suchthateachprocessocopiesits portioncontainedn

the otherprocessorsbuffer to alocal array This methodhas
the benefitof filling eachprocessorstachejust beforebegin-

ning the sortingphase.

We testedsamplesort using both STAPL communication
infrastructuramplementationsWe foundthe Pthreadsmple-
mentationperformedbeston the V2200, asexpected sinceit
is a shared-memorynachine. On the 03800, we found the
MPI implementatiorperformedbest. Our experienceon the
03800shaws that OpenMPoutperformsPthreaddor shared-
memorycommunicationandhencearepursuingan OpenMP
implementatioraswell.

Figure 6 shaws the wall clock times for both machines.
STAPL requiresmoretime to performthe sort, largely dueto
async_r m 'sneedo constructequesbbjectswith eachcall.
This effectis notnearlysopronounceanthe O3800however,
andwe attributethis to the Origin’s faster superscalaproces-
sors, which may be utilized more effectively with the extra
work.

Figure 7 shaws the scalability versusrunning on one pro-
cessor STAPL scalesvery competitively, and at times even
out-scaleghe hand-tunedcodes. This is becausecommuni-
cationis occurringincrementallythroughouthe computation,
insteadof onelargememeattheend. However, asthenumber
of processorsncreasethe perprocessodatasetsget nearer
to the cachesize. Sincethe hand-tunedtodes’merge brings
datainto cachetheir scalabilityimproves.Notetheespecially
pronouncedmprovementfrom 4-8 processorsn the 03800,
duringwhich the datadoescompletelyfit into its 8BMB cache
for thefirst time.

We have also implementeda parallel versionof the STL
inner productalgorithm. Eachprocessomusesthe sequential
algorithm to computeits local contribution, then appliesa
global reductionto combinethe results. STAPL usescol -

l ect _rm to perform the reduction. Explicit MPI uses

44 m—m Explicit (V2200)
20 STAPL (V2200)
36 @@ Explicit (O3800)
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@28 |
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Figure6: Timeto sort1M integers
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Figure7: Scalabilityof sorting1M integers

MPI _Al' | r educe. On the V2200, explicit shared-memory
usesPthreadsand a sequentiasummation. On the 03800,
explicit shared-memorysesOpenMPandthe parallelreduc-
tion directive. All experimentscalculatetheinnerproductof a
40 million elementvectorwith itself.

As shavn in Tables2 and 3, thereis negligible differ-
encebetweenexplicit shared-memorymessageassingand
STAPL. Thisis expectedsincethe majority of STAPL's over
headis thetime to packagehereductioninto anRMI request,
which occursonly onceper reduction. We attribute the mi-
nor variancesn time, suchthat STAPL is occasionallyfaster
thanthe explicit versionsto machinefluctuationsbecausehe
differencesarenot statisticallysignificant.

Numberof V2200 03800

Processorg Explicit | STAPL | Explicit | STAPL
1 10.658 | 10.218| 2.123 | 2.290
2 5329 | 5287 | 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 computeheinnerproductof 40M element
vectorsusingsharednemory



Numberof V2200 03800 Cluster
Processorg Explicit | STAPL | Explicit | STAPL | Explicit | STAPL
1 10.008 | 10.558 | 2.301 | 2.300 .964 .964
2 4996 | 5149 | 1.165 | 1.164 577 574
4 2.678 | 2.567 | 0.583 | 0.581 .285 .284
8 1301 | 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 elementvectorsusingmessag@assing.

8 Conclusionsand Future Work

We have developeda parallel communicationinfrastructure
that abstractsthe details of the underlying communication
models,allowing the parallelprogrammeto focuson cleanly
expressingtheir algorithm. STAPL builds uponthis abstrac-
tion using pContainersand pAlgorithms to make communi-
cationtransparento the user Preliminaryresultsshav low

overheadandscalableperformanceon a wide variety of ma-

chines.

We areactively pursuingadditionalimplementation®f the
infrastructure including OpenMPand a mixed-modeversion
usingMPl andOpenMPSinceSTAPL is makingthetransition
to exclusively usingthe primitivesfor communicationyve are
currentlyin the integration phase. This will producenearly
one hundredpAlgorithms and pContainemmethodsusing the
infrastructureenablingusto continueto tuneits performance.
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