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Abstract NestStep isa parallel programming language
for the BSP (bulk-synchronous parallel) programming
model. In this paper we describe the concept of distributed
shared arrays in NestStep and its implementation on top
of MPI. In particular, we describe a novel method for run-
time scheduling of irregular, direct remote accesses to sec-
tions of distributed shared arrays. Our method, which
is fully parallelized, uses conventional two-sided message
passing and thus avoids the overhead of a standard imple-
mentation of direct remote memory access based on one-
sided communication. The main prerequisite is that the
given programis structured in a BSP-compliant way.

1 Introduction

A sharednemoryview of aparallelcomputemwith dis-
tributedmemorycaneaseparallelprogrammingconsider
ably. Softwaretechniquedor emulatinga virtual shared
memoryon top of a distributedmemoryarchitecturejm-
plementedby the compilerand the runtime system,sup-
portsuchasharednemoryview, but someremainingprob-
lemssuchascontrollingmemoryconsisteng or processor
synchronizatiorare still underthe programmers respon-
sibility. Sequentiaimemory consisteng is usually what
the programmervants,but maintainingthis strongconsis-
teng/ property automaticallythroughoutprogramexecu-
tion causesusuallya high amountof interprocessocom-
munication. Furthermore,synchronizationof processor
setsis alsoexpensve whereit mustbe simulatedby mes-
sagepassing. Hence, consisteng and synchronicityas-
pectsshouldbe consideredaindspecifiedtogether Prefer
ably, alreadytheprogrammindanguagetself shouldoffer
a simple but flexible constructthat allows to control the
degreeof synchronougxecutionandmemoryconsisteng.
Thisistheapproachakenin theparallelprogrammindan-
guageNestStep, whichis basednthe BSPmodel.

In this paperwe describethe conceptof distributed
sharedarraysin NestStep and its implementation. In
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particularwe introducea new inspectorexecutorapproach
thatis suitablefor irregularBSP-stylecomputation®ndis-
tributedsharedarrays.

Section2 briefly introducesthe BSP modeland Nest-
Step. Replicatedanddistributed sharedarraysare intro-
ducedin Section3. The implementatiorof NestStep is
describedn Section4, with a focuson distributedshared
arraysin Section4.3. Section5 givesfirst results,Section
6 discusseselatedwork, andSection?7 concludes.

2 Background

The BSP (bulk-synchronous parallel) model [13] struc-
turesaparallelcomputatiorof p processormto asequence
of supersteps thatareseparatedby globalbarriersynchro-
nizationpoints.A superstegonsistof (1) aphaseof local
computatiorof eachprocessgrwhereonly local variables
(andlocally held copiesof remotevariables)can be ac-
cessedand (2) a communicationphasethat sendssome
datato the processorshat may needthemin the next su-
perstep(s)andthenwaitsfor incomingmessageandpro-
cesseshem. Theseparatindparrieraftera superstejs not
necessaryf it is implicitly covered(e.g.,by blockingre-
ceives)in thecommunicatiorphase.

The BSP model, as originally defined,doesnot sup-
port a sharedmemory; rather the processorsommuni-
catevia explicit messagepassing. Also, thereis no sup-
port for processosubsesynchronization.n orderto ex-
ploit nestedparallelismin programsjt mustbe explicitly
flattenedwhichis generallydifficult for MIMD computa-
tions. NestStep eliminateghesenveaknesselsy providing
explicit languageconstructsfor sharingof variablesand
for processosubsesynchronizatioty staticanddynamic
nestingof supersteps.

NestStep [8] is definedby a setof languagextensions
that may be added,with minor modifications,to any im-
perative programmingdanguagebeit procedurabr object
oriented. The first versionof NestStep [7] wasbasedon
Java, andtheruntimesystemof NestStep-Java waswrit-
tenin Java aswell. However, we weresodisappointedy



the poor performanceof Java, in particularthe slow ob-

ject serializationrequiredfor communicationthatwe de-

cidedfor a redesignbasedon C, called NestStep-C. In

thecourseof theredesigrprocessye changedheconcept
of distributed arraysand abolishedthe so-calledvolatile

sharedvariables.This simplified the languagedesignand
improvedits compatibilitywith theBSPmaodel.

The sequentiabspecibf computationis inheritedfrom
the basislanguage. NestStep addssomenew language
constructghat provide sharedvariablesandprocessoor
dination. Somerestrictionson the usageof constructsof
the basislanguagemustbe madefor eachNestStep vari-
ant. For instancejn NestStep-C, pointersarerestricted;
in NestStep-Java, the usageof Java threadsis strongly
discouraged.The NestStep extensionscould aswell be
addedto C++ or Fortranor similar imperatve languages.
The basislanguageneedsot be objectoriented,asparal-
lelismis notimplicit by distributedobjectscommunicating
via remotemethodinvocation,but expressecdby separate
languageconstructs.

NestStep processesun, in general,on different ma-
chinesthatare coupledby the NestStep languageexten-
sions and runtime systemto a virtual parallel computer
Thisis why we preferto call themprocessorsin thefollow-
ing. Eachprocessoexecutesone processwith the same
program(SPMD), and the numberof processesemains
constanthroughoutprogramexecution.

The NestStep processorareorganizedn groups. The
processorf agroupareautomaticallyranked(denotedy
$) from 0 to thegroupsize(denotediy #) minusone.The
mai n methodof a NestStep programis executedby the
root group containingall available processor®f the par
tition of the parallelcomputerthe programis runningon.
Groupscanbedynamicallysubdvidedduring programex-
ecution,following the staticnestingstructureof the super
steps. The NestStep featureof nestabilityof supersteps,
denotedby thenest st ep statementhasbeenintroduced
in previouswork [7, 8] butis notin thefocusof this paper
Ratherit is sufficientto know thatordinary, flat supersteps
aredenotedn NestStep by thest ep statement

st ep statement

and executedby the processorof a group in a bulk-
synchronousvay. All processor®f the samegroup are
guaranteedo work within the samestep statement(su-
perstep synchronicity), which implies an implicit group-
wide barriersynchronizatiorat the beginningandthe end
of statement. Consequentlya stepstatemenexpectsall
processor®f a groupto reachthe entry and exit points
of thatsuperstepwhichimposessomerestrictionsoncon-
trol flow, althoughfor all structurectontrolflow statements
suchasloops or conditionalstatementsthe programmer
can easily narrov the currentgroupto the relevant sub-
groupof processorsisingthenest st ep statemenf7, 8].

3 Sharing by replication or distribution

Beyond superstepsynchronicity the step statements
alsocontrolsharednemoryconsisteng within thecurrent
group.

Variablesarraysandobjectsareeitherprivate (localto
aprocessorpr shared (local to a group). Sharingis spec-
ified by atype qualifiersh atdeclaratiorand(for objects)
atallocation.

Sharedase-typeariablesarereplicated acrosghepro-
cessorf the declaring(andallocating)group; eachpro-
cessoexecutingthedeclaratiorholdsonecopy. Sharedar
raysmay bereplicatedor distributed;replicationis thede-
fault. Pointersjf supportedy thebasdanguagecanonly
beusedasaliasedor privatevariablesandcopiesof shared
variabledn the processog own localmemory;thus,deref-
erencinga pointernever causesommunication.

Sharedarraysarestoreddifferentlyfrom privatearrays
and offer additional features. A sharedarray is called
replicated if eachprocessof the declaringgroupholds
acopy of all elementsanddistributed if the arrayis par
titioned and eachprocessoilowns a partition exclusively.
Liketheirprivatecounterpartssharedarraysarenotpassed
by valuebut by reference.For eachsharecdarray(alsofor
thedistributedones) eachprocessokeepsts elemensize,
lengthand dimensionalityat runtimein a local array de-
scriptor Hence,bound-checkindif requiredby the basis
language)r | engt h inspectioncanalways be executed
locally.

On entry to a stepstatementoldsthat on all proces-
sorsof the sameactive groupthe privatecopiesof arepli-
catedsharedvariable (or array or heapobject) have the
samevalue (superstep consistency). The local copiesare
updatedonly at the end of the stepstatement.Note that
thisis adeterministichybrid memoryconsisteng scheme:
a processorcan be sureto work on its local copy exclu-
sively within the stepstatement.

Computationshatmayaccessionlocalelement®f dis-
tributed sharedarrays (see later) or write to replicated
sharedvariables,arrays,or objects,mustbeinside a step
statemenbr its dynamicextent. An exceptionis madefor
constantnitializers.

At theendof astepstatementiogethemwith theimplicit
groupwidebarrier, thereis a groupwide combine phase.
The (potentially)modifiedcopiesof replicatedsharedrari-
ablesarecombinedandbroadcastvithin thecurrentgroup.
Hence, when exiting the superstepall processorsof a
groupagainsharethe samevaluesof the sharedvariables.
The combine function can be individually specifiedfor
eachsharedvariableat its declaration by an extenderof
thesh keyword[8]. Thisalsoincludesthe computatiorof
globalreductiongsum,maximum bitwiseoperationstc.)
of themodifiedlocal copies,andevenprefixcomputations,
suchasprefix sums.The combinefunctioncanbealsobe
redefinedlocally for eachsuperstep.Sincecombiningis



implementedn atreelike way, parallelreductionsandpar
allel prefix sumscanbe computedn-the-flyat practically
no additionalexpensejust as a byproductof establishing
superstegonsisteng andgroupsynchronization.

3.1 Replicated shared arrays

For a replicatedsharedarray each processorof the
declaringgroup holds copiesof all elements. The com-
bining stratgyy declaredor the elementypeis appliedel-
ementwise. The declarationsyntaxis similar to standard
Javaor C arrays:

sh<+> int[] a;

declaresa replicatedsharedarray of integerswherecom-

biningis by summingthe correspondinglementopies.
A sharedarraycanbe allocated(andinitialized) either

staticallyalreadyatthe declarationasin

shint a[4] = {1, 3, 5, 7};
or later (dynamically)by calling a constructotike

a = new Array ( N, Type_int );

3.2 Distributed shared arrays

In thefirst NestStep design[7], distributedarrayswere
volatile by default, suchthat eacharray elementwas se-
guentially consistent. However, this was not compliant
with theBSPmodel,andmadetheimplementatiodessef-
ficient. In contrastthe currentlanguagedefinitionapplies
to distributed arraysthe samesuperstegonsisteng asto
replicatedsharedvariables,arrays,and objects:the mod-
ificationsto the arrayelementdbecomeglobally visible at
andonly at the end of a superstep.Hence,the processor
canbe sureto work on its local copy exclusiely until it
reacheghe end of the superstep.For concurrentupdates
to the samearrayelementthe correspondingleclaredor
default) combinepolicy is applied,asin thescalarcase.

The various possibilitiesfor the distribution of arrays
in NestStep are inspiredby other parallel programming
languagesor distributedmemorysystemsin particularby
Split-C[3].

Distributedsharedarraysare declaredasfollows. The
distribution may be eitherin contiguousblocksor cyclic.
For instance,

sh int[N] </> b;

denotesa block-wisedistribution with block size [N/p],
wherep is thesizeof thedeclaringgroup,and

sh int[N <% a;

int a[ 7] <%; PO‘ aoa,‘bob1 ‘
int b[7]</>; Pl‘ 3313 653 bzibgi ‘
P2 % 3 b b |
P3 2, by |

Figurel: Cyclic andblockdistribution of arrayelementsacross
theprocessorsf thedeclaringgroup.

denotesa cyclic distribution, wherethe owner of anarray
elemenis determinedy its index modulothe groupsize.
Suchdistributionsfor a 7-elementarrayacrossa 4 proces-
sorgroupareshown in Figurel.

Multidimensional arrays can be distributed in up to
three“leftmost” dimensions. As in Split-C [3], thereis
for eachmultidimensionalarray A of dimensionalityd a
staticallydefineddimensionk, 1 < k < d, k < 3, such
thatall dimensiond, ..., k aredistributed(all in the same
mannerlinearizedrow-major)anddimensiong + 1, ..., d
arenot, i.e. Afi1, ..., 14] is local to the processomowning
Aliq, ..., i]. Thedistribution specifier(in anglebraclets)
is insertedbetweenthe declaratiorbraclets of dimension
k andk + 1. For instance,

sh int Al 4][5]<%[7]

declaresa distributedarrayof 4 - 5 = 20 pointersto local
7-elementarraysthat are cyclically distributedacrossthe
processorsf thedeclaringgroup.

The distribution becomespart of the array’s type and
mustmatche.g. at parametepassing. For instance,t is
a type error to passa block-distrituted sharedarrayto a
methodexpectinga cyclically distributed sharedarrayas
parameter As NestStep-Java offers polymorphismin
method specifications the samemethodnamecould be
usedfor several variantsexpectingdifferently distributed
sharedarray parametersIn NestStep-C, differentfunc-
tion namesarerequiredfor differentparametearraydis-
tributions.

3.21 Scanninglocal index spaces

NestStep providesparallelloopsfor scanningocal iter-
ationspacesn one,two andthreedistributeddimensions.
Forinstancethef or al | loop

forall (i, a)
stnt (i, af[i]);

scansover the entirearraya andassigndo the privateit-

erationcounteri of eachprocessoexactly thoseindices
of a that are locally storedon this processar For each
processartheloop enumeratethelocal elementsipward-
counting. Thelocal iterationspacesnay be limited addi-
tionally by the specificationof a lower and upperbound
andastride:



void parprefix( shint a[]</>)
{
int *pre; /1 private prefix array

int Ndp=N/p; // let p divide Nfor sinplicity
int nyoffset; // prefix offset for this proc.
sh int sun¥0; // constant initializer

int i, j =0;

step {
pre = new Array( Ndp, Type_int );
sum = 0;
forall (i, a) { [// locally counts upward
pre[j++] = sum
sum += a[i];

} conbi ne( sunx+: nyoffset> );
j =0
step
forall (i, a)
a[i] = pre[j++] + nyoffset;

Figure2: Computingparallelprefix sumsin NestStep-C.

forall
stnt (i,

(i, a, Ib, ub,
alil);

executesonly every st th local iterationi betweenl b

andub. Downward-countingocal loopsare obtainedby

settingl b>ub andst < 0. Generalizationg oral | 2,

foral | 3 for 2 and 3 distributed dimensionsusea row-

majorlinearizationof the multidimensionalterationspace
following thearraylayoutscheme.

Array syntax,asin Fortran90and HPF, hasbeenre-
cently addedto NestStep to denotefully parallelopera-
tionsonentirearrays.Forexamplea[ 6: 18: 2] accesses
theelements[ 6] ,a[ 8] ,...,a[ 18].

For eachelementa[ i ] of a distributed sharedarray
thefunctionowner (a[i]) returnsthelD of theowning
processar Ownershipcanbe computedeitheralreadyby
the compileror at run-time, by inspectingthe local array
descriptor Thebooleanpredicateowned( a[ i ] ) returns
trueiff the evaluatingprocessoownsa[ i ] .

Figure 2 shaws the NestStep-C implementationof a
parallel prefix sums computationfor a block-wise dis-
tributedsharedarraya.

st )

3.2.2 Accessing distributed shared array elements

Processorganaccesonly thoseelementghatthey have
locally available.

A nonlocalelementto be readis prefetchedfrom its
owner by a readrequestat the beginning of the superstep
thatcontainsthe readaccesgmorespecifically attheend
of the previous superstep) Potentialconcurrentwrite ac-
cessedo thatelementduring the currentsuperstepeither
by its owneror by ary otherremoteprocessqrarenot vis-
ible to this readingprocessor;jt usesthe value that was
globally valid at the beginning of the currentsuperstep.
The necessaryrefetchinstructionscan be generateciu-
tomaticallyby thecompilerwheretheindicesof requested

elementscan be statically determined. Alternatively, the
programmecanhelpthecompilerwith the prefetchingdi-
rectivemi rror.

A write accesgo a nonlocalelementof a distributed
sharedarrayis immediatelyappliedto the local copy of
that element. Hence,the new value could be reusedlo-
cally by awriting processarregardlesf the valueswrit-
ten simultaneouslyto local copiesof the samearray ele-
mentheld by other processors.At the end of the super
stepcontainingthe write accessthe remoteelementwill
be updatedin the groupwidecombinephaseaccordingto
the combiningmethoddefinedfor the elementf thatar
ray. Hence,the updatedvaluewill becomeglobally visi-
ble only atthe beginning of the next superstepWherethe
compilercannotdeterminestaticallywhich elementsreto
be updatedat the endof a superstepthis will be donedy-
namically by the runtime system. The poststoredirective
updat e couldalsobeapplied.

Prefixcombiningis not permittedfor distributedshared
arrayelements.

3.23 Bulk mirroring and updating of distributed
shared array sections

Bulk mirroring andupdatingof distributedsharecarrayel-

ementsavoids the performancegenaltyincurredby mary

small accessnessagedf entire remoteregions of arrays
areaccessedThis is technicallysupporteda) by the use
of arraysyntaxin assignmentsyhich allows to sendjust
oneaccessequestnessagéo theownerof eachsectionof

interest,and (b) by prefetchingand poststoringdirectives
(m rror andupdat e), asthe compilercannotalways
determinestaticallywhich remoteelementshouldbe mir-

roredfor thenext superstepalthoughtheprogrammemay
know thatin somecases.

3.24 Example: BSP p-way randomized Quicksort

Figure 3 shawvs a NestStep-C implementatiorof a sim-
plified version(no oversampling)of a p-way randomized
Combine-CRCWBSP Quicksortalgorithmby Gerbessio-
tis andValiant[4]. Thealgorithmmakesextensve useof
bulk movemenbf arrayelementsformulatedn NestStep
asreadandwrite accesseto distributedsharedarrays.

We aregivena distributedsharedarrayA thatholds N
numbergo be sorted. The p processorsampletheir data
andagreeon p — 1 pivots that are storedin a replicated
sharedarraypi vs. Now processoti, 1 < i < p — 1,
becomegesponsibldor sortingall array elementsvhose
valueis betweerpi vs[ i — 1] andpi vs[ ] ; processor
0, for all elementsmallerthanpi vs[ 0] , andprocessor
p — 1, for all elementdargerthanpi vs[ p — 2] , respec-
tively. A badload distribution canbe avoidedwith high
probabilityif oversamplings applied,sothatthepivotsde-
fine subarray®f approximatelyequalsize. Thepartitioned
versionof arrayA is temporarilystoredin the distributed



#i ncl ude <stdio. h>

#i ncl ude <stdlib. h>
#i ncl ude <mat h. h>

#i ncl ude "Nest Step. h"

/**
*
*
*/

int

/**
*
*
*/

int

p-way random zed Conbi ne- CRCW BSP- Qui cksort
variant by Gerbessiotis/Valiant JPDC 22(1994)
i mpl emented in Nest Step-C.

N=10; /1 default val ue

findloc(): find largest index j in [0..n-1] with
a[j]<=key<a[j +1] (where a[n] = +infty). Cs
bsearch() can’'t be used, it requires a[j]==key.

findloc( void *key, void *a, int n, int size,
int (*cnp)(const void *, const void *) )

int j; // for the first, use naive |inear search:
for (j=0; j<n; j++)

if ( cnp( key, atj*size ) <= 0) return j;

return n-1;

int flcnmp( const void *a, const void *b ) // conpare
/1 2 floats

if (*(float *)a < *(float *)b) return -1;

if (*(float *)a > *(float *)b) return 1;

return 0

int main( int argc, char *argv[] )

/'l shared vari abl es:

sh float *A</>, *B</>; /1 block-wi se distr. arrays
sh float *size, *pivs; /1 replicated shared arrays
/'l private variables such as T used as destination of
/Il renpte read are automatically treated in a special
/1 way (w apper objects) by the conpiler:

f
i
/
i

loat *T, **nyslice;

nt *nysize, *Ssize, *prefsize;

/ local variables:

nt i, j, p, ndp, nnp, nyndp, pivi, psunsize;

doubl e startwti ne, endw i ne;

Nest Step_init( &argc, &argv ); Il sets # and $

/1 N may be passed as a paraneter:

if (argc > 1) sscanf( argv[1], "%", &N );
p =

ndp =N/ p;

= N %p;
f ($ < nnp) nyndp = ndp+1;

el se nyndp = ndp;

A = new DArray( N, Type_float );

dyn.alloc. A[0: N

/1 1]
B = new DArray( N, Type_float ); // dyn.alloc. B[0:N1]
nysize = new Array( p, Type_int );

Ssi ze = new Array( p, Type_int );

size = new Array( p, Type_int );

pref5|ze = new Array(_p, Type_int );

pivs = new Array( p, Type_int );

f

orall (i, A /1 useful macro supplied by NestStep
Ali]=(doubl e) (rand()%4000000); // create sone val ues
11 to be sorted

nmyndp = DArray_Length(A); // size of ny local partition

startwti me=Nest Step_tinme(); //here starts the algorithm

~————

/ STACGE 1: each processor randonly selects a pivot el.
/ and wites (EREW it to pivs[$].

/ Pivot intervals are defined as follows:

/ 1 (P_0) =] -\infty, pivs[O0] ]

I 1(P_i) =] pivs[i-1], pivs[i] ], O<i<p-2

I 1 (P_{p-1}) =] pivs[p-2], \infty [

step { /*1*/

/
/

int pivi = DArray_i ndex( rand()%yndp );
pivs[$] = Alpivi]; // randomindex in ny partition

/ now the pivots are in pivs[O0..p-1]

/ STAGES 2, 3, 4 forma single superstep:

step { /*2*%/

/] STAGE 2: locally sort pivots. This conputation is
/1 replicated, thus not work-optimal, but faster than
/1 sorting on one processor only and communi cating

/1 the result to the others.

gsort( pivs, p, sizeof(float), flcnp );

/| STACGE 3: local p-way partitioning in |ocal arrays
/ A->array. | have no in-place algorithm so | over-
/ allocate Q(p*ndp) space, only npd el enents of

/ which will be actually filled by the partitioning:

nyslice = (float **)malloc( p * sizeof (float *));
*Ymal l oc( p * ndp *sizeof (float));
for (i=1; i<p; i++) nyslice[i] = nyslice[0] + i*ndp;
for (i=0; i<p; i++) size[i] = 0;

insert ny own elenents in slices:
j=findloc( &A[i]),
nyslice[j][size[j]++] = Ali]

nyslice[0] = (float

forall (i, A { I/

pivs, p, sizeof(float),flcnp);

/'l keep the local sizes for later:
for (i=0; i<p; i++) nysize[i] = sizel[il;

/1 STAGE 4: dobally conpute the array size of gl obal
/1 slice sizes and the prefixes of the individual

/'l processor contributions. This is just done as a
I/ side-effect of conbining:

} conbine ( size[:]<+:prefsize[:]>); //end superstep 2

This array ~~" notation in the optional conbine
annotation is a hint for the conpiler that the

needs not be packed el enentwi se,

thus avoi ding smaller conbine itens. Here, the

as "size" is usually snmall.

After conbining, size[i] holds the global size

I(i), and prefsize[i] holds the

processors PO..P{$-1} frompivot interval (i),
that is, the prefix sumof all size[i] contribu-

/1

/1

/1 shared array "size"

/1

/1 effect is marginal,

/1

/1 of pivot interval

/1 accumul ated | ength of contributions of the
/1

/1

/1l tions made by processors 0...$-1.

/1 STAGE 5: Wite the local slices to the
/1 corresponding parts in array B.

step { /*3*/
psunsi ze = 0;

for (i=0; i<p; i++) {

/'l renote wite to distributed shared array B:
B[ psunsize + prefsize[i]

psunsi ze + prefsize[i] + nysize[i] - 1]

= nyslice[i][ O: nysize[i]-11;
Ssize[i] = psunsi ze;
psunsi ze += size[i];

/1 prefixsumsize[0] +...+size[i-1]
11 by replicated conputation

}
#pragma mirror( B[ Ssize[$] : Ssize[$]+size[$]-11] )
} // conbining includes the updates to B and prefetches

/] STAGE 6: Allocate space for all elenents in ny pivot
/1 interval 1($), and bulk-read the nyslice slices
/1 fromthe partitioned array.

step { /*4%/

T = new Array( size[$], Type_float );
/1 renote read fromdistributed array B:

T[ 0 : size[$]-1 ]
= B[ Ssize[$]

Ssi ze[ $] +si ze[$]-1 1;

/|l Stages 7 + 8 can be conbined into a single superstep,
/1 because Stage 7 contains only |ocal conputation.

step { /*5*%/

/1 STAGE 7: Now each processor sorts its array T.

gsort( T, /* this is recognized as a NestStep
* array by the conpiler */
si ze[$], sizeof(float), flcnp );

/1 STACGE 8: Now wite T back to B.
/1 bulk renpte wite to B:
B[ Ssize[$] : Ssize[$]+size[$]-1]

=T[ 0: size[$]
}

1]

endwtinme = NestStep Wine();

/1 print distributed result array and tine.

NéstStep_fi nalize();
} /1 main

Figure3: NestStep implementatiorof BSPp-way Quicksort



Processor 0 Processor 1

ndp = 10 ndp = 10
Al piv, Il ]

e 75 1 2

R e, H1
nyslice[1] nyslice[ 1]
nysize[1] = 7 size={ 9 11} nysize[1] = 4
prefsize = { 0, 3} prefsize = { 0, 6}
remote
write
Bl Lo L1 :HO|| HO CoHL |
remote
read
! | | HO S oHL |
. T T
sorting yasorty yasort y
| L oy | H |

il // /

5 | | |

Figure 4: lllustration of the BSP randomizedquicksortalgo-
rithm for p = 2 andn = 20.

targetarrayB, by aremotewrite operation.For this opera-
tion, the processorsleterminehe sizesandprefix sumsof
globalsizesof the subarrayshey will becomeresponsible
for. Then,they performaremotereadfrom B to local sub-
arraysT. Thesearesortedin parallel,andthenthe sorted
sectionsarecopiedbackto B by aremotewrite operation.
Figure4 illustratesthe algorithmfor p = 2.

The examplerevealsthat the last two communication
roundscould be eliminatedif the languagesupportedr-
regular datadistributions(here: for B), wherethe sizesof
thelocal partitionsdepencbn runtimedata.

3.25 Arrayredistribution

Array redistribution, in particularredistritution with dif-
ferentdistribution types,is only possibleif a new arrayis
introduced,becausehe distribution type is a static prop-
erty of anarray Redistritution is thenjust a parallel as-
signment.

Redistritution of a distributed sharedarray is usually
necessaryat subgroupcreation, where that array is ac-
cessedoy a subgroupof the processorsand a consistent
view shouldbe maintainedduring superstep$or thatsub-
group.Thisis describedn detailin earlierwork [7, 8].

4 Implementation with message passing

In this section, we describean implementationof
NestStep(-C) on top of a messaggassinglayer suchas
MPI. We focusonthosepartsthathandledistributedshared
arrays;otherdetailscanbefoundin previouswork [7, 8].

NestStep programsare translatedby a pre-compiler
to ordinary sourceprogramsin the basislanguagewith
callsto the NestStep runtimesystem.Thesefiles, in turn,
arecompiledasusualby the basislanguagecompilerand
linkedwith the NestStep runtimelibrary.

4.1 Data structures of the runtime system

Group objects and group splitting The runtime sys-
tem keepson eachprocessoa pointert hi sgr oup to a
Gr oup objectthatdescribeghe currentgroupof thatpro-
cessor The G oup objectcontainsthe sizeof the group,
its initial size at group creation,the rank of that proces-
sorwithin the group,its initial rank at groupcreation,the
groupindex, the depthin the group hierarchytree, a su-
perstepcounter anda pointerto the G oup objectfor the
parentgroup. Furthermoretherearefields that are used
internally by the runtimesystemwhenspilitting the group,
suchas counterarrays. Thereare also pointersto a list
of sharedvariablesdeclaredoy thatgroup,to alist of ref-
erencedo variablesthat areto be combinedin the next
combinephaseandto alist of referenceso variablesthat
areto be combinedin thefinal combinephaseat termina-
tion of thatgroup. Finally, thereis alist of hiddenorgani-
zationalsharedvariablesthatareusedfor communicating
distributedsharedarraysectiongseeSectior4.3).

The detailsof the translationof group splitting is de-
scribedelsavhere[9].

Naming schemes for addressing shared variables
Generallythesamesharedvariablewill have differentrel-
ative addressesn different processors.For this reason,
a system-widaunique,symbolicreferencanustbe passed
with the updatevaluein the combineor accessnessages.
We codenamesasa Nane structureconsistingof four in-
tegercomponents:

¢ the procedure name code, a globally uniqueinteger
hashcodedentifying the declaringprocedure(0 for
globalvariables) Negative procedursmamesareused
for internalsharedvariablesof the runtimesystem.

¢ the group name code, which must be dynamically
uniquewith respecto all predecessomndall siblings
of thedeclaringgroupin thegrouphierarchytree.

e arelative name. This is a positive integer which is
givenby thefrontendto distinguishbetweerdifferent
sharedvariablesin the sameactiity region. Nega-
tive relatve namesareusedinternally by the runtime
system.

¢ an offset value, which is usedto addressndividual
arrayelementandstructurefields. It is —1 for scalar
variablesandpositive for arrayelementsandstructure
fields. For multidimensionakrrays,the index space
is flattenedaccordingto the relevant basislanguage
policy.

Hence,equality of variablescan be checled fastand

easilyby threeor at mostfour integercomparisons.



Values and array objects Valuesare internally repre-
sentedby Val ue objects.A Val ue canbeanintegeror
floatingpointvalue,or a pointerto anAr r ay or DAr r ay
object.

Ar r ay objectsrepresenteplicatedsharedarrays. An
Ar r ay objectcontainsthe numberof elementsthe ele-
mentType, anda pointerto thefirst arrayelementin the
processoslocal copy.

DArray objects representdistributed arrays. A
DAr r ay objectcontainsthe numberof elementsthe el-
ementTy pe, thedistribution type, the size of the owned
arraysection,the globalindex of the first ownedarrayel-
ement,andan Ar r ay objectcontainingthe ownedarray
elements.

Shared variables Shared variables are accessedvia
ShVar objects,which arewrapperdatastructuredor the
local copiesof programvariablesdeclaredas shared. A
ShVar object containsthe Nane entry identifying the
variable,its Type, andits Val ue. The Gr oup object
associateavith eachgroupholdsa list of ShVar objects
containingthe sharedvariablesit hasdeclared. Global
sharedvariablesarestoredin a separatgloballist.

Lists of sharedvariablesare representedy ShVar s
objects. Thereare methodsfor inserting, retrieving, and
deletingShVar objectsfrom suchlists. Searchingor a
sharedvariablestartsin the ShVar s list of sharedvari-
ableslocal to the currentgroup. If the groupnamecode
in theName beingsearchedor doesnot matchthecurrent
group,thesearchmethodrecurseso the parentgroup,fol-
lowing the pathupward in the group hierarchytree until
the static scopeof visibility of local variablesis left (this
scopeis computedby the frontend). Finally, the ShVar s
list of globalsharedvariableds searched.

Combine items A Conbi nel t emobjectis a wrapper
datastructurethatrepresenteitheracombinerequestvith

avaluecontributedto the groupwidecombinephaseat the
endof a superster a commitrequestfrom anotherpro-
cessoreturninga combinedvalue; additionally combine
itemsmay alsocontainrequestgor remotedistributedar-

ray sectionsand repliesto suchrequests. Thesewill be
discussedh Sectior4.3.

Combineitems are designedfor traveling acrosspro-
cessotboundaries.Hence,a combineitem mustnot con-
tain processoctocal pointersto valuesbut thevaluesthem-
selhes.A Conbi nel t emobjectthusconsistof theNane
identifying the sharedvariableto becombinedthe Ty pe,
aVal ue (which mayincludeentire Ar r ay objects),the
nameof the contributing processgrand an integer char
acterizingthe binarycombinefunctionthatdetermineghe
combinepolicy. Combineitemshave an optionalsecond
Nane entrythatrefersto theidentifierof a privatevariable
k, which is, for technicalreasonsneverthelesgegistered
asa ShVar objectaswell. This entry indicatesthe pri-
vatetargetvariableof a prefix computatiorfor prefixcom-

bineitems,andtheprivatetargetarraysectionfor combine
itemsthatrepresenteadrequest$o remotedistributedar-
ray sections.

Combine items participating in the combine phase
for the same superstepare collected in a combine
list that is pointedto from the current G oup object.
A Conbi neLi st object has a similar structureas a
ShVar s variabldlist, thatis, it supportglynamicinsertion,
retrieval, anddeletionof Conbi nel t ens,with theexcep-
tion thatthe combineitemsin a combinelist aresortedby
Narre in lexicographicorder

Serialization of combine lisss Combine lists can be
shippedto other processordn the groupwide combine
phase. For this purpose, all relevant objects (i.e.,
Val ue, Array, DArray, Name, Conbi nel t emand
Conbi neLi st objects)have serializationroutinesthat
allow to packtheminto a dynamicallyallocatedbyte ar
ray. They also offer si ze routinesthat allow to esti-
mate the prospectie spacerequirementfor the byte ar-
ray. In Java, suchroutinescomeautomaticallywith each
Seri al i zabl e object;in C they have beenwritten by
handandareconsiderablyaster

A messagsés representedy a Msg object, which is
justadynamicallyallocatedbuffer typedvoi d *. It con-
tainsthe aborementionedyte array prefixed by the byte
array length, the messagdag (i.e., whetherit is a com-
bine/commitmessager adistributedarrayread/updatee-
guestbr reply) andthenumberof serializeccombineitems.
Ms g objectscanbeeasilyshippedacrosgprocessobound-
aries, for instanceby using MPI routinesor Java soclet
communicationand are deserializedo Conbi nelLi st s
on the recever side. For this purposeall serializableob-
jectsprovide adeserializatiomoutineaswell.

Combinetrees For eachgroupg, a staticcombine tree
is embeddedhto the givenprocessonetwork. Theneces-
saryentriesarecollectedin a Tr ee objectthatis pointed
to by the G oup objectfor the currentgroupon eachpro-
cessor The combinetree may be ary kind of spanning
tree,suchasa d-ary treeor a binomialtree. The proces-
sorsarelinkedsuchthattheinitial group-relatve processor
ranksg. r anki ni t correspondo a preordertraversalof
thetree.In theTr ee object,eachprocessostoreghepro-
cessoiDs of its parentnodeandof its child nodesin the
combinetree.

Hardwaresupporfor treelike communicatiorstructures
is clearlypreferableto our softwarecombinetrees atleast
for the root group. However, in the presencef runtime-
data-dependemngroup splitting, a static preallocationof
hardwarelinks for thesubgroupcombinetreesis nolonger
possible.

4.2 Combining

The combinephaseat the end of a st ep consistsof
an upwardswave of combine messages (i.e., Msg objects



taggedCOVBI NE) going from the leavestowardsthe root
of thetree,followedby a downwardswave of commit mes-

sages (i.e., Msg objectstaggedCOMM T) from therootto-

wardstheleaves. It is guaranteedhateachprocessopar

ticipates(if necessaryby an empty contritution) in each
combinephaseof a group. Hence groupwidebarriersyn-
chronizationis coveredby the messagesf the combine
phaseandneedsotbecarriedout separately

The commit items, that are combineitems communi-
catedn thecommitmessagesontainthesharedsariables
nameandits new value. Prefix commititemscontainad-
ditionally anaccumulategbrefix valueandthe nameof an
artificial wrappewariablefor thecorrespondingrivatetar
getvariableq thatis to beassignedhe prefix value.

Theterminationof agroupis computecasa side-efect
of combining. A specialintersubgroupcombinephase
is requiredat terminationof a group, where consisteng
within theparentgroupis to bereestablished.

A detailed description of the combine and commit
phaseganbefoundin previouswork [7, 8].

Note that the tree-basedcombining mechanismis a
generalstratgy that supportsprogrammabledeterminis-
tic concurrentwvrite conflictresolutionprogrammableon-
currentreductionsandprogrammablgarallelprefix com-
putationson sharedvariables Neverthelessfor supersteps
wherethe combinephasaequiresno prefix computations,
the commit phasemay be replacedby a simple native
broadcasbperation which alsoincludesthe desiredbar
rier synchronizatioreffect. Whereit is statically known
for a supersteghatcombiningis only neededor a single
sharedvariablewhich is written by just oneprocessarthe
combinephasecouldbereplacedy a(blocking)broadcast
from that processoto the group,thusbypassinghe com-
bine tree structure. Whereonly a singlevariableis to be
combinedby reductionandit canbe staticallydetermined
thatall processorsf the groupcontritute a new value,a
collective routine for all-to-all-reductioncan be usedin-
steadof generalcombining. Generally static analysisof
cross-processatependencesiay help to replacea com-
bine phasewith point-to-pointcommunicationwhich in-
cludesreplacinggroupwidebarrier synchronizatiorwith
bilateral synchronizationwithout compromisingthe su-
perstepconsisteng from the programmeis point of view.

4.3 Accessing remote sections of distributed
shared arrays

An updateto aremotearrayelementecomesffective
attheendof the currentsuperstepyhile readinga remote
arrayelementyieldsthevalueit hadatthebeginningof the
superstepThis impliescommunicatiorof valuesof array
elementsat the boundariesf supersteps.For efficiengy
reasonsupdatesandreadsto entiresectionsof remotear-
ray elementsshouldbe communicatedogetherin a bulk
way; the runtimesystenyprovidesfor this purposeherou-
tinesmi rr or for explicit registeringof a bulk arrayread

R R
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combine
phase

commit
phase

handle
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array access

requests
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Figure5: The numbersof remotearray accesgequestso be
expectedand servicedby eachprocessorare computedduring
the group-widecombinephaseat the end of a superstepghere
we assumea binary combinetree). Theaccesgequesmessages
overlapin time with thecombineandcommitmessages.

and updat e for explicit registeringof a bulk array up-
date.The programmercanhelpthe compilerwith exploit-
ing theseroutinesvia compilerdirectives.

We proposeanev methodthatoverlapstherequestsor
readingandupdatingremotesectionof distributedarrays
with the standarccombiningmechanisnior thereplicated
sharedsariableqasdescribedibore) andthe synchroniza-
tion attheendof asuperstepWe shav how thecombining
mechanisntan be utilized to avoid the needof a thread-
basedsystenfor one-sidedcommunicatiorthatwould oth-
erwiseberequiredfor servingtheserequests.

Thebasicidea(seealsoFigure5) is to computeat run-
time, by standarccombining,the numberof requestghat
eachprocessowill receve. Then, eachprocessomer
formsthatmary blocking receve operationsasnecessary
to receve andsene therequestsThis partially decouples
thecommunicatiorof distributedarraysectionsandof the
standardcombinecommunication suchthat requestgor
distributedarraysectionscanbe alreadysilently sentdur-
ing thecomputatiorpartof thesuperstepTheruntimesys-
temdistinguishebetweerthesetwo typesof messageby
inspectingthe messagéag in the MPl _Recv calls, such
thatalwaystheright type of messageanbereceied.

Each processorkeepsin its Group object a hid-
den,replicatedsharedntegerarray calledN_DAnsgs|[ ],
whose(dynamicallyallocated)engthis equalto thegroup
sizep. Entry N_DAnsgs| 7] is intendedto hold the num-
berof messagewith requestgor readingor updatingdis-
tributedarray sectionsownedby processoi, 0 < i < p,
thatareto be sentat the endof the currentsupersteplni-
tially, all entriesin this array are setto zero. Wheneer
a processorj sends,during a superstepcomputation,a
messageaggedDA REQwith a distributedarrayrequest



to a remoteprocessot, it incrementsthe corresponding
counterN_DAnsgs| ¢] in its local copy. For eachpro-

cessoy itself, itsentryN_DAnsgs| j] initslocalcopy of

thatarrayremainsalwayszero.If ary entryhasbeenincre-

mentedin a superstepthe arrayN_DAnsgs is appended
to the list of combineitemsfor the next combinephase,
with combinemethodConbi ne_| ADD(integeraddition).

Hence,after the combinephase,arrayN _DAnsgs holds

theglobalnumbersof messagesentto eachprocessor

Now, eachprocessor executesN_DAnmsgs|[ i] times
MPI _Recv() with messagéagDA REQ In thecaseof a
readrequestthe processosendgherequestedalueback
to the senderwith messagdag DA_REP. In the caseof
a write request,it performsthe desiredupdatecomputa-
tion with its ownedarraysection following theprecedence
rulesimplied by the combinemethod.

Finally, each processorexecutesthat mary times
MPI _Recv asit hadpreviously issuedreadrequestsand
storesthe receved array elementdn the destinationvari-
able indicatedin the combineitem holding their values.
Although this variableis, in principle, a private array it
is neverthelessegisteredusinga ShVar wrapperobject,
suchthat it can be retrieved at this point. Finally, the
counterarrayN_DAnsgs is zeroedagainto be readyfor
thefollowing superstep.

An advantageof this methodis that the (parallel) his-
togramcalculationof the numbersof outstandingequest
messageso be servicedby eachprocessols integrated
into the combinephasewhich is to be executedanyway
at the end of a superstephencethe additionaloverhead
causedy the runtime schedulingof the updatemessages
is maminal.

This should be seenin contrastto the classical
inspector-executor technique[10] thatis appliedto therun-
time parallelizationof loopswith irregular arrayaccesses
in dataparalleprogrammingervironments.Theinspector
executortechniqueappliestwo subsequenstepsat run-
time: first, the inspector(usually a sequentialversionof
thelooprestrictedo addressomputationsyletermineshe
actualdatadependenciesyhich imply a scheduleor the
actualexecutionof theloop andthenecessargommunica-
tion. Thentheexecutoractuallyexecutegheloopin paral-
lel, includingmessag@assingby following thatschedule.
Our methoddiffers from this classicalapproachin three
importantaspects:First, we have a MIMD environment
thatis not limited to dataparalleloops. Second,our “in-
spector”,i.e. the histogramcalculationof the numberof
outstandingnessagedully overlapsin time with our “ex-
ecutor”,i.e.,theactualsendingpf accessequestshy using
differentmessagéags.Finally, our“inspector”is fully par
allel andworks pick-a-backvia the combiningmechanism
atvirtually no extracost.

INotethat prefix combiningfor elementsf distritutedsharedarrays
is notsupportedHence potentialcombiningfor concurrentvrite updates
to the sameelementof a distributed sharedarray canbe donejustin the
orderof arriving messages.

5 First results

We usedthefree MPI CHimplementatiorjl] of MPI as
thecommunicationayerfor our prototypeimplementation
of theNestStep-C runtimesystem.

For theNestStep-C versionof thepar pr ef i x exam-
ple (Fig. 2) we obtainedhefollowing measurementsvall
clocktimein seconds:

parprefix seqp=2 p=3 p=4p=5
N=1000000 0.790 0.397 0.268 0.205 0.165
N=10000000 7.90 4.00 2.70 1.98 1.59

For therandomizedBSPquicksortprogramof Figure3
the parallel speedugs lessimpressie becausdarge ar
ray sectionsmust be shippedaroundin the bulk remote
readand write operationsand all this communications
sequentialize@n the bus network. We obtainthe follow-
ing figures(wall clocktimein seconds):

qui cksort seqp=2p=3 p=4 p=5 p==6
N=80000 0.641 0.393 0.428 0.437 0.391 0.375
N=120000 0.991 0.622 0.582 0.564 0.502 0.485

All measurementseretakenon anetwork of PCsrun-
ning Linux, connectedy Ethernet. The NestStep appli-
cationhadno exclusive useof the network.

A substantiahmountof performancés lostin programs
with frequentsynchronizatiorbecauséhe runtimesystem
working ontop of MPI processesyhich arescheduledy
thelocal systemscheduleon their machineshasno con-
trol aboutthe schedulingmechanism.Hence,delaysin-
curredby a processomwhenworking on a critical pathin
the communicationtree accumulateduring the computa-
tion. We expectthat this effect will be lessdramaticon
homogenousultiprocessorsvhereNestStep canusethe
processoraindthe network exclusively. We alsoexpecta
considerablémprovementf ascalablenetwork canbeex-
ploited,in contrasto the busnetwork usedabove. For this
reason,we are currently porting the NestStep run time
systemto the Cray T3E at NSC Linkdping 2

6 Redated work

In this section,we elaboratecommonfeaturesanddif-
ferencesof NestStep to widely usedparallel program-
ming ervironments.

The collective communicatiorroutinesof MPI appear
to offer an alternatve to the explicit treelike combining
of contributions. However, this is only applicableto very
tightly coupledMIMD computationswhere all proces-
sorsof a group participatein the updatingof a specific

2However, a completeimplementationand thorough evaluation of
NestStep is still on my stackof unassignednasterthesisprojects. In-
terestedstudentsarecordially invited to contactme.— Theauthor



sharedvariable. In contrast,NestStep allows moregen-
eral MIMD computationsvherenot every processoof a
groupneedgo deliver a contributionto every sharedvari-
ablebeingwritten, for instancef a differentcontrol flow
pathwithin the superstejis takenthatdoesnot containan
assignmento thatvariable.

Theone-sideccommunicatiorprovidedby MPI-2, also
referredto as direct remote memory access(DRMA),
could be usedasa simpleway to implementa distributed
sharedmemory On the other hand, this requiresthat
theprogrammemustexplicitly careaboutsynchronization
andconsisteng issuessuchthata BSP-stylestructuringof
thecomputatioris notautomaticallyenforced.

Thereexist several library packagesvith a C interface
for the BSPmodel. Processoriteractby two-sidedmes-
sagepassingor by one-sidedcommunication[direct re-
motememoryacces§DRMA)]; collective communication
is supported. The two mostwidely known BSP libraries
areOxford BSPIib[6] andPaderbornPUB [2], wherethe
latter alsosupportsdynamicsplitting of processogroups.
Accordingto our knowledge,NestStep is thefirst proper
programmindanguagedor theBSPmodel.

HPF[5] isaSIMD languageandprovides,atleastfrom
the programmess point of view, a sequentiallyconsistent
sharedmemory A single threadof control throughthe
programallows to exploit collectve communicatiorrou-
tines where appropriateand supportsthe static and dy-
namic analyzabilityof the program. For instance where
the sourceand destinationprocessorof cross-processor
datadependencesan be statically determined point-to-
pointcommunicatiorwith blockingreceve is usuallysuf-
ficient to ensurerelative synchronizatiorand dataconsis-
teng. Wheresendersandreceverscannotbe determined
statically runtime techniquessuch as inspectorexecutor
[10] may be applied. In both casesthe single threadof
controlis animportantprerequisite HPF-2[12] offerslim-
ited taskparallelismwhichis basedn groupsplitting, but
within eachgroupthereis still a singlethreadof control.
As NestStep is amoregeneraMIMD languagecompiler
techniquedgor HPFcanbeappliedonly in specialcases.

OpenMP[11] allows generalMIMD computationgand
providesconstructghatcontrol processosubsetsynchro-
nizationand consisteng for individual variables. Group-
wide sequentialconsisteng is automaticallyenforcedat
explicit andimplicit group-widebarriers,for example. A
BSP style of programmingis thus possiblebut not en-
forcedor especiallysupportedby OpenMP Anothersimi-
larity of NestStep to OpenMPis that sharedvariableac-
cesse®r constructsaffecting parallelismandconsisteny,
suchasstepstatementanay occurwithin the dynamicbut
outsidethe staticextent of the mostrelevant surrounding
construct(e.g., a nest st ep statement). On the other
hand,OpenMPis usuallyimplementedn top of anexist-
ing (hardwareor system-soft@reemulatedsharednem-
ory platform, while the languagedefinition of NestStep
allows for the completeemulationof distributed shared
memoryby its compilerandruntime systemonly.

7 Summary

We have discussedhe conceptandimplementatiorof
distributed sharedarraysin NestStep. In particulay we
have proposeda techniquethat determinesat runtimethe
structureof two-sidedcommunicatiorfor irregularaccess
requestso remotesectionsof distributed sharedarrays.
Thenecessarglobalparallelhistograncalculationis inte-
gratedinto thecombinephaseattheendof asuperstephat
is executedn ary caseandhencecomesatvirtually noad-
ditional cost. This techniquesxploits the BSPstructureof
the parallelcomputation.It is aninterestingalternatve to
one-sidedcommunicationastheoverheadf having asep-
aratethreadfor servicingremoteaccesgequeston each
processorcan be avoided, and as multiple remoteaccess
messagem the sameprocessocouldbecollected.

Acknowledgment Thanksgoto MichaelGerndtfor aninspiring
discussiorof distributedsharedarraysat CPC'2000.
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