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Abstract

Despite their clear advantage in scalability, two-
dimensionaldatadistributionsare not efficientlysupported
bycurrentsoftwaredistributedsharedmemory(SDSM)sys-
tems.Thisis becausesharingbetweennodesoccursonboth
columnsandrows. Sharingin twodimensionsis nota good
match for SDSMsystems, becauseeithera row-or column-
major data layout of pages leadsto (1) severe thrashing,
if a strongmemoryconsistencyis used,or (2) exchange of
unnecessary databetweennodes,if a relaxedmemorycon-
sistencyis used.

Thispaperexaminestwo alternativesfor efficientlysup-
porting two-dimensionaldata distributions in SDSMsys-
tems. We developtwo new page consistency protocolsfor
this purpose. One protocol, called Explicit-2D, requires
that theuseror compilerexplicitly identify truly shared el-
ementswithin a page; the other, called Implicit-2D, infers
such elementsimplicitly. Knowledge of truly shared ele-
mentsallows theSDSM,at synchronizationpoints,to send
only truly shared data, which reduces diff sizes. As the
problemsizeor thenumberof nodesgrows,programswrit-
tenusinga two-dimensionaldistributionswith our new pro-
tocolsare superior to thoseusinga one-dimensionalone.
Thedifferencein our testsis asmuch as12%for Red-Black
SOR,and increases with the problemsizeand numberof
nodes.

1 Intr oduction

Onekey to writing efficient parallelprogramsis choos-
ing an effective distribution of datato processors(nodes).
An ideal distribution balancesthe computationalload and
minimizescommunication.For applicationsthat perform
uniform computationon eachdataelement,balancingthe�
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load can be effectively done by assigningeachnode an
equalnumberof dataelements. The key factor then be-
comesminimizing communicationoverhead. For many ap-
plications,a two-dimensionaldatadistribution,whereeach
nodeis assigneda two-dimensionalsubgrid,haslesscom-
municationoverheadthanits one-dimensionalcounterpart.

Unfortunately, two-dimensionaldistributionsarenot ef-
ficiently supportedin softwaredistributedsharedmemory
(SDSM) systems[14]. In an SDSM [11, 3, 10, 7], two-
dimensionaldistributionscancausea large amountof ex-
cesscommunicationbetweennodes,even when using re-
laxedmemoryconsistenciessuchaseagerwrite shared[3],
lazy write shared[10, 7, 8], or a hybrid [1]. The primary
problemis that two-dimensionaldistributions force nodes
to sharedatain two dimensions,but thedatais organizedin
eithera row- or column-majorlayout.Consequently, nodes
shareboth rows andcolumns,meaningthat every element
in a pagemust be write-shared,even thoughtypically, in
thenon-majoraxisonly a smallnumberof valuesaretruly
shared.This is trueno matterwhich write-sharedvariantis
used.

This paperintroducestwo alternatives, Explicit-2D and
Implicit-2D , that extend write-sharedprotocolsto allow
two-dimensionaldatadistributions.Thefirstprovidesapro-
gramminginterfacethroughwhich the user(or compiler)
canindicatewherecolumnsaresharedbetweennodes.The
secondinferssharedcolumnsautomatically, obviatingspec-
ification of the shareddata. Both mechanismsprovide the
information necessary to determinewhich portionsof the
pageare truly shared. This allows the SDSM to avoid
communicatinguseless data. Whenthe sharingpatternis
stable,programswritten usinga two-dimensionaldistribu-
tions execute12.3%fasterthana one-dimensionalversion
whenusing25 nodeson Red-BlackSOR.Furthermore,we
show that two-dimensionaldistributions scalebetter than
their one-dimensionalcounterparts.Finally, we show that
Explicit-2D is the appropriateprotocol when the sharing
patternis notstable,while Implicit-2D is betterwheneither
the sharingpatternis stableor the sharedcolumnscannot
bedeterminedstatically.
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Figure 1. A one-dimensional andtwo-dimensionaldatadistribution in an SDSM. In the former, eachnodeis assigneda equal
numberof consecutiverows; in thelatter, eachnodeis assignedanequal-sizedsquare.Also, thelayoutof arow (whichis comprised
of two pagesin this example)in thetwo-dimensionaldistribution is shown.

The rest of this paper is organized as follows. The
next sectiongivesan overview of the problem. Section3
describesthe implementation,andSection4 givesperfor-
manceresults.Finally, Section5 summarizesthepaper.

2 Overview

Parallelizationof grid applicationswith uniform work-
loadsandregular, nearest-neighborsharingpatternsareof-
tencarriedout by assigning eachnodea contiguousregion
of thegrid. Suchanassignmentresultsin a noderequiring
datafrom eachof its adjacentneighboringnodes.Assuming
thedimensionalityof thearrayis at leasttwo, typically one
or two dimensionsof thegrid aredistributed.Thescalabil-
ity advantagesof two-dimensionaldistributionshave been
notedby other researchers [5]. However, currentSDSM
systemsdo not efficiently supportsuchdistributions. This
is despitethesignificantamountof SDSMresearchthathas
focusedonwaysto reduceconsistency-relatedcommunica-
tion by usingdiffsonsharedpages[3, 10,7, 1]. (See[7] for
a full discussion of thesetechniques.)

No SDSM system we know of supplies the user
with a protocol that allows efficient execution of multi-
dimensionaldistributions. Standardwrite-sharedproto-
colswill incur excesscommunicationfor evensimpletwo-
dimensionaldistributionson very regularapplications;this
is becausethey canonly handlefalsesharing,not trueshar-
ing [1]. The left sideof Figure1 is a strips-baseddistribu-
tion, whereeachnodeis assigneda contiguoussetof rows;
in theright part,eachnodeis assigneda square.Theright-
handsidealsoshows the first row of the array. In this ex-
ample,assumetherow is split over two pages.Supposethis
row is written andtheprogramusesnearest-neighborcom-
munication,andconsidertheinducedcommunicationfrom
the point of view of node1. If an eagerwrite sharedpro-

tocol is used,at theendof iteration 
 , node1 mustcreatea
diff for bothpages,because it writes to partsof both. This
diff is sentto both node0 andnode2. Node1 mustalso
receive diffs from node0 andnode2. These(entire)diffs
aresent,received, andapplied,eventhougheachnodewill
requireonly boundarypoints(shadedin thefigure),which
oftenareasmallpercentageof themodifieddatawithin that
page.

The primary problemis that while write-sharedproto-
cols toleratefalsesharing,they forceevery elementthat is
modifiedon a write-sharedpageto becommunicated,even
if thatelementis not neededby any othernode.Onesolu-
tion to this is given in [14] (andwaspreviously discussed
but not implementedin [4]). Their solutionis to usestatic
analysisto detectthis situation;they thenhave their com-
piler rewrite thecodeto duplicatethesharedcolumnin pri-
vatememoryandexplicitly communicatethatdatabetween
nodes.While thissolvestheproblem,it requiressignificant
compileranalysis,coderewriting, andadditionalmemory.
A final solution is to usea languagesuchas Java where
thereis anextra level of indirectionon objectaccesses[6],
but this reliesonusingsucha language.

Our approachis insteadto develop new protocolsthat
allow theuser(or compiler)to inform theSDSMsystemof
whatdatais actuallyneededby othernodes,sothatonly that
datacanbecommunicated.Our techniqueis implemented
in two new SDSMprotocolsdescribedin thenext section.

3 Implementation Alter natives

We experimentedwith two basicalternativesto achieve
efficient supportfor two-dimensionaldistributions. Both
protocols,which we call Explicit-2D andImplicit-2D, are
implementedinsidetheFilamentsSDSM [12], which sup-
portsmultipleconsistency protocolsincludingeagerrelease



consistency. Although the new protocolsdo not support
three-dimensional(or greater)distributions, most parallel
programscantypically achieveasmuchefficiency from two
distributeddimensionsasfrom threeor more[5].

3.1 Explicit-2D

In theExplicit-2D protocol,thesharingpatternis spec-
ified by the user(or compiler); an API call (shareCol)
containsinformation that allows the SDSM to know what
columnsto send.This allows theSDSMto avoid transmit-
ting entirepageswhenonly a smallnumberof elementson
thatpageareactuallyneeded.

3.1.1 User Interface

The user interfacecontainsonly two function calls. The
first, shareCol, indicatesthat a column or columnsis
sharedbetweentwo nodes;this allows us to specifyregu-
lar arrayaccesspatterns.It takesall necessary information,
including the sharingnodes,sizeandnumberof elements
in the column,numberof columns,anda stride. The sec-
ondfunction,stableSharing, indicatesthatthesharing
patterndoesnotchangeacrossiterationsof acomputational
phase[3].

3.1.2 Implementation

For eachcall to shareCol, the FilamentsSDSM creates
adescriptorcontainingtheabove informationaswell asthe
startingandendingSDSMpageon which thecolumnlies.
This will allow the SDSM to efficiently gatherandscatter
the elementswhenneeded.Eachnodeis sentthe sharing
informationof all othernodes.

Therearetwo waysto implementtheExplicit-2D proto-
col. The first is by detectingandexchangingthe columns
thataresharedbetweennodes.If elementsof a columnare
not modifiedbetweensynchronizationpoints, they do not
needto bedisseminatedto othernodes.Write faultingde-
termineswhichcolumnelementshavebeenmodified.

When a nodewrite faults on a sharedpage,that page
is eithermarked, if it falls within any columndescriptor, or
cloned, if it doesnot. At thenext synchronizationpoint,any
pagethatis clonedis handledin exactly thesamewayasin
eagerreleaseconsistency. However, pageswithin therange
of acolumndescriptorarehandleddifferently. Specifically,
eachpagein eachdescriptoris traversed,anda singlemes-
sageper descriptoris created.The message containseach
pagethat is marked aswritten. This mimics what is done
in an explicit messagepassingprogram. This messageis
sentto the destinationnode,which appliesthe changesto
eachpagewhile traversingthedescriptor. Finally, all nodes
setthepermissionson eachpagein a columndescriptorto
read-onlyin preparationfor thenext iteration.

Thereare several sourcesof inefficiency in the above
implementationof the Explicit-2D protocol. Specifically,
on eachiteration,threeactionsoccur: (1) initial write fault
to eachboundaryelement,(2) receiptof column(s)(at the
next synchronizationpoint), and(3) resetof columnpages
to read-only. Eachof thesehassignificantcosts,includ-
ing faulthandlers,reprotectionof pages,andmessageover-
head.Thecostof theseitemsis substantial(seeSection4).
If a stablesharingpatternhasbeenindicated(through a
call to stableSharing), thenExplicit-2D keepsa sta-
blesharinglist for eachiteration.At theendof aniteration,
all activedescriptors(oneswhosecolumnswerewritten),
areplacedona stablesharinglist for thatiteration.

Then,descriptorlists for earlier iterationsarematched
againsttheonefrom thecurrentiteration;if thereisamatch,
then we have reacheda stablesharingpoint. After we
have foundstablesharing,theactionstakenby Explicit-2D
changefrom using the (costly) detectionschemeto sim-
ply sendingonly the neededcolumnsfor that iteration to
nodes.Thisavoidsoverheadsdueto pagefaultsandprotec-
tion switchesfor theremainderof thecomputation.

If stablesharingis not specified,we can eliminatethe
aboveoverheadsby simply exchangingall columns.While
this will, in general,sendmoredata,1 thereis no needto
keeptrackof whichpagesaremodified.Thereis a tradeoff,
though;whenthe numberof columnsis large andfew are
modifiedoneachiteration,detectionmaybemoreeffective.

3.2 Implicit- 2D

While theExplicit-2D protocolresultsin anefficientpro-
gram,it requirestheprogrammeror compilerto specifyex-
plicitly shareddata.In somecasesthismightbestraightfor-
wardbut in othersit is difficult; in thegeneralcase,it cannot
be staticallydetermined.For the latter cases,we have de-
velopedthe Implicit-2D protocol,which infersshareddata
usingsystem-level techniques.

3.2.1 User Interface

The basicideabehindImplicit-2D is the following: when
a remoteaccessis made,a pagefault occurs.However, in-
steadof satisfyingthe fault by eitherobtaininga copy of
the pageor creatinga clone, the access is logged,storing
theaddresson which thefault occurredaswell aswho has
theneededdata. At thenext synchronizationpoint, before
thenormalbarrieror reductionis carriedout,all loggedad-
dressesarecombinedinto onemessage(to eachnode),and
the datais returned;then, the (deferred)computationcan
complete.Thiswayboth(1) avoidsthrashingand(2) avoids

1This schemesendsexactly the sameamount of dataasthe detection
implementationin thecasewhentheapplicationrequiresthatall elements
of all columnsareexchanged.



regular() ����� ���������������
for i := startrow to endrow

for j := startcolto endcol� �� � �!�����"$#&%(' �)*�+�,� � .-0/1�)32 % 4 2 % ��25� �76 #&%(' �)*�+�,����� � .-0/1�)32 % 4 2 % �8�7�92��7:;:(:
checkFaultOccurred(i,j);<

updatedeferred() �
while (!deferredupdates.empty()) �

(i,j) = deferredupdate.remove( )
// datamustnow bepresent,souseR/W shadow copy"$#&% �92 % 4 2 % ��25� �76 #=% �92 % 4 2 % �8���92>��:?:?:<<

Figure 2. TransformedJacobicode.If a fault occurs,theupdateis logged,notactuallycomputed.(Theusercodespecifiesexactly
what shouldbe logged.) After all necessarydatahasbeenacquired(which occursat the next synchronization point), function
update deferred is called.It usesthecopy of thepagethatis readableandwritable.

sendinguselessdata:It infersatruntimetheactualdatathat
is neededandits location.

The userinterfacefor Implicit-2D allows sharingto be
determineddynamically. This requiresusercodemodifica-
tion, which we madeby hand,althoughthe requireduser
codechangescould be generatedby a preprocessorusing
only standardcompilertechniquesaswell asexisting opti-
mizations(seebelow).

The first modification involves using what we call
shadowvariables. Given a variablewith a virtual address@BA

thatmapsto aphysicaladdress
@!C

, ashadow variableis
a distinct virtual address

@BAED
that alsomapsto

@!C
. In our

system,for eacharrayin SDSMspace,theusercodemust
allocatethreeshadow arrays(describedbelow). In practice,
to make thecodesimpler, thethreearraysaregroupedinto
one,with anadditionaldimensionaddedto distinguishbe-
tweenthem. Our conventionis that F DHG(IKJHG LMJ0G LMJ is a copy
ownedby thecurrentlyexecutingnode,while F D0G NEJHG LOJHG LMJ
and F D0G PEJ0G LOJHG LOJ areownedby theleft andright neighbors,
respectively.

The next modification is to replace, for each array
F , referencesF G 
 J0G QRJ with F DHG SUT 
1V QXW3J0G 
 JHG QRJ . In particu-
lar, two-dimensionalarray accessesare changedto three-
dimensionalones. Function

S
always evaluatesto either

0, 1, or 2. A value of 1 shouldbe returnedfor any ac-
cessin that lies within the rectangularsubarrayownedby
a node. We designatea node’s ownedsubarrayby coordi-
nates

TZY\[ V9]�^ W [upperleft] and
TZY`_ V1]ba W [lowerright]. When


dc Y\[ or 
de Y`_ , the F G 
 J0G QRJ is remoteandis handledby
currentwrite-sharedtechniquesfor one-dimensionaldistri-
butions. On theotherhand,when

Y*[7f 
 fgY`_ , this node

ownspoints F G 
 J0G ]>^ J to F G 
 JHG ]ba J . However, F G 
 J0G ] _,hiIKJ is
remote.Hence,in theabove transformationfrom F G 
 JHG QRJ to
F D0G SUT 
1V QjW3JHG 
 J0G QRJ , we musthave

SlkmN
if
Q cn]R^ ,

SokoI
if ]�^ fpQif ]ba , and

SqkrP
if
Q el]Ra . For the access

F G 
 JHG QRJ , wedetermine
S

via theformula
TZLts\h+Q!u�vws?W1xyLts

,
where

Lts
is ]ba u ]�^ hzI and

v{s
is ]>^ . Intuitively, thecol-

umnindex (
Q
) is dividedby thenumberof columnelements

owned(
Lts

). The
Lts

in the numeratoris to designate1 as
ownership(and0 and2 asleft andright neighbors),and

vws
is subtractedto shift theexpression whenit doesnotstartat
0.

In general,we supportany access of the form F G | 
 h} JHG ~HQ�h��RJ
, where

|
,
}
,
~
, and

�
areconstants.This access

is convertedto F DHG&���0�
s�� �������>�� � J0G | 
 h } JHG ~.Q,h��>J . ThevaluesLts

and
v{s

aredeterminedinsidetheImplicit-2D protocol.
Theaddedarrayindexing overhead canbereducedby using
known compilertechniques(e.g.,[2]), which is orthogonal
to our work.

The final user code modification is to the application
code,asshown in Figure2. The systemwill catchall ref-
erencesto neighboringnodes,i.e., referencesto F D3G N�J and
F D0G PEJ . Theusercodemustbemodifiedto record(with as-
sistancefrom the SDSM) which iterationsreferencedata
ownedby neighbors.Becauseaccesspermissionsonneigh-
borshadowsareprotected,anaccessgeneratesapagefault.
The checkFaultOccurred() function, which is ap-
plication specific,is insertedinto the applicationkernel to
recordthis informationandqueuetheiterationsothatit can
be executed later. A secondversionof kernel code(up-
datedeferred) is needed,which executesthedeferrediter-
ations. The deferredkernel usesthe local shadow for all
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Node i+1Node iNode i−1

Page j

Node i+1Node iNode i−1 Node i+1Node iNode i−1 Node i+1Node iNode i−1

Left copy of page j Right copy of page jOwner’s copy of page j

Read/Write permitted No access permittedNo access permitted

Physical Copy

Shadow
Copies

Figure 3. Pictureof thepagemappingschemeusedby Implicit-2D. For eachpage
�
, threeshadow copiesof thepagearemapped.

The middle copy is readableandwritable,whereasthe other two representdatanot ownedandarehencenot accesspermissible;
accessesto thesecopieswill beloggedandre-executedat thenext synchronization point.

referencesbecauseit is executedafter all remotedatahas
beenobtained.

3.2.2 Implementation

Thebasicideabehindtheimplementationof Implicit-2D is
to allow several different views of a single page. This is
similar to thework pioneeredby theMillipede system[9].
Onnode
 , wecreatethreeviewsfor eachpageusingmmap;
oneis ownedby node
 andallowsreadsandwritesto com-
pleteuninterrupted.Theothertwo arelogically “owned”by
nodes
 uzI and 
 hgI , assumingthat node 
 is an interior
node. Theseviews areprotectedwith PROT NONE, which
meansthatany accessesto themwill be trapped.Figure3
shows the situation. Accessesto an elementowned by a
left or right neighboringnodeareautomaticallyredirected
to theothercopiesby changingthevalueof thefirst dimen-
sion,whichwasdescribedabove.

Upon access to a view that is protected with
PROT NONE, theImplicit-2D handlercodelogsthefaulting
addressaswell asthe specificvaluesof the loop variables
(which arepassedin throughthe usercode). It enqueues
this informationon a list (denoteddeferred updateshere)
that is alsovisible to the user. The offendingpageis then
re-protectedwith PROT NONE in casethereareother ad-
dresseson it thatareaccessed.Mostaccesseswill likely be
to a view that allows readsandwrites; theseaccesses are
not affected.

At thenext synchronizationpoint, all neededdatais de-
terminedby theaddresseson thedeferred updateslist. The
requestis combinedinto a singlemessagefor eachof the
left andright neighbors(assuminga nodehasboth). Upon
receipt of such a request,a node will respondwith the
neededdata,which will resultin anupcallto theusercode,
causingthedeferrediterationsto beexecuted.

After determiningwhat elementsare truly shared,the
Implicit-2D protocolperformschecksto seeif theelements
representa column. If so, metadatain the messagecan
be removed; furthermore,if stablesharingexists, we can
achieve performanceequivalent to the Explicit-2D proto-
col, aswe describenext. Theonly requirementis to switch
the functionpointerto a versionof thecodethatusestwo-
dimensionalarrays.

4 Performance

This sectionreportsthe performanceof two programs:
Red-BlackSORandJacobiiteration. For eachapplication
we executed threeprogramsusing using two-dimensional
distributionswith the Explicit-2D protocol. The different
programsare (1) exchangingonly the necessary columns
(Explicit-Precise), (2) exchanging all columns (Explicit-
All), and(3) stablesharing(Explicit-Stable). We alsocom-
pareto programsusingImplicit-2D both without andwith
stablesharing(Implicit andImplicit-Stable). For compari-
sonpurposes,we executedan eagerwrite-sharedprotocol
thatuseda one-dimensionaldistribution (WS) aswell asan
explicit message-passing programusingMPICH [13] that
useda two-dimensionaldistribution.

Below, we presentthe resultsof runs on either 9, 16,
or 25 UltraSparc5s, eachwith a 360 MHz processorand
8K pagesize,connectedby a 100MbsFastEthernet. All
programsusedgcc with the -O flag. All programswere
run whenno otheruserwason the machine,andall times
reportedarethemedianof threetestruns.

4.1 Scalability

We evaluated the scalability of one- and two-
dimensionaldistributions using Red-Black. We ran a 9-
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nodeRed-Blackiterationtestusinga � N¡ >P+¢ � Nb >P grid, a
16-nodetestusinga £ Nb¤>¥U¢ £ Nb¤>¥ grid, anda ¦ I�P>NU¢ ¦ I§P>N
grid using25 nodes.The grid is scaledso that eachnode
wasassignedthesameamountof datain eachtest. An in-
creasein the problemsizewhenusinga two-dimensional
distribution doesnot affect thecommunicationdueto data
exchange(except for boundarynodes),whereasthe com-
municationincreaseswith theone-dimensionaldistribution.
Therewill alwaysbe an increasein total overheaddueto
barriersynchronization,whichscalesas ¨ TZ©«ª>¬��W . Figure4
shows thatwhenmoving from 9 to 16nodes,theoverheads
in boththeone-andtwo-dimensionalprogramsincreaseat
aboutthesamerate.However, therateincreasesmuchmore
in theone-dimensionalprogramwhenmoving from 16to25
nodes.This suggeststhat thedifferencewill becomemore
pronouncedasthenumberof nodesincreases.As acompar-
ison, the resultsfor the MPI two-dimensionaldistribution
arealsoshown.

4.2 Red-BlackSOR

For Red-BlackSOR,we usedarraysof sizeof ¦ I�P>NO¢
¦ I�P�N and 25 nodes. The tests were run for 100 itera-
tions. We ran both one- and two-dimensionaltests; the
one-dimensionalonesuseda standardeagerwrite-shared
protocol, and the two-dimensionalones used either the
Explicit-2D or Implicit-2D protocol. Eachnodewas as-
signeda

P ¦ ¥U¢ ¦ I�P�N strip in theone-dimensionaltestsand
a
I§NbP £ ¢®I§NRP £ squarein the two-dimensionaltests. Also,

for Explicit-2D, we usethestridepartof our userinterface
to avoid sendinguselessdatawhencolumnsareexchanged

(becausein eachphase,half thepointsareunneeded).
Theperformanceof Red-Blackisshown in Figure5. The

left graphshows the componentsof the overall time for a
singleiteration,includingthetime for computation,protec-
tion changes,faulting,copying, andreleasingandapplying
diffs. The seven differentprogramsdescribedabove were
tested. It is important to note that for the stablesharing
versions,we measuredaniterationafter stablesharingwas
found. The right graphshows overall execution time; this
includesall iterations,includingoneswherestablesharing
hasnotyet beendetected.

FromFigure5, it is clearthatthestablesharingtests(as
well astheversionthatexchangesall columns)aresuperior
to the one-dimensionalwrite-sharedtest. Explicit-Precise
suffersfrom significantoverheadsdueto faulting,copying,
and(especially)protectionchanges.Implicit suffers from
significantper-iteration computationaloverhead to access
three-dimensionalarrayswith a complicatedindex expres-
sion. Theprogramthatusesa one-dimensionaldistribution
performssomewhatbetterthanthetwo-dimensionaldetec-
tion version,but is inferior to thestablesharingversiondue
to the increasedsizeof the messageexchangeat the syn-
chronizationpoint. Theresultis thattheperformanceof the
two-dimensionaldistribution (with stablesharing)is 12.3%
betterthanthe one-dimensionaldistribution. It is alsoim-
portant to note that to make the one-dimensionaltestsas
efficient aspossible,we hadto increasethe socket receive
buffer size. This reducesthe numberof messageretrans-
missionsnecessary. Thetwo-dimensionaltestssenda fixed
amountof data,independentof the numberof nodes.Be-
causethe amountof communicateddata increasesin the
one-dimensionaltests,eventuallythereis a point wherethe
buffer sizecannotbeincreased(althoughthispoint wasnot
reachedin our tests).

The bestSDSM version(Explicit-Stable)is still 10.4%
slower thantheMPI program.A smallamountof theover-
headis dueto generalSDSMoverheadsthatarenotpresent
in message-passing programs,suchaspagefaults. How-
ever, while muchof the programsaresimilar in structure,
the messagingsubsystemsaredifferent. Our SDSM uses
UDP with reliability built on top, whereasMPI usesTCP.
The SDSM programshave more variability than the MPI
ones,becauseof costly messageretransmissions.It is im-
portant to note that this overheadis not inherent to our
SDSM; in fact, in testrunswheretherewerevery few re-
transmissions,theSDSMtime waswithin 4%of MPI.

4.3 Jacobi Iteration

The resultsfor Jacobiiteration are shown in Figure 6.
Jacobiiterationis asimilarprogramto Red-Black;however,
it differsin threeimportantways:one(not two) barrierper
iteration, two arrays(not one), and all column points are
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Figure 6. Resultsfrom severaldifferentJacobiiteration testson16nodes,oneusingaone-dimensionaldistribution(WS), andthe
othersusinga two-dimensionaldistribution. The left figure shows the per-iterationcost,andthe right figure shows the total time
takenfor 100iterations.



neededperiteration.

Thekey differencebetweenJacobiandRed-Blackis that
the presenceof two arraysin the former causesthe com-
putationto be muchgreater. Hence,the differencein to-
tal execution time is smallbecause a significantamountof
computationis performed—infact, thecomputationdomi-
natestheoverhead.This is why thetwo-dimensionalstable
sharingprogramsshow only abouta 5% improvementover
the one-dimensionalversion. Also, Explicit-All performs
slightly worsein this case,becauseit needsto sendandre-
ceive twice asmany columns(it sendscolumnsfrom both
arrays,even thoughonearray is not modified). However,
it is still significantlyfasterthanExplicit-Precise.TheMPI
versionis only slightly fasterthanthebestSDSMversion,
againbecausemostof time in thisprogramis spentin com-
putation.

This sectionhasdemonstratedseveral importantpoints.
First, two-dimensionaldistributions are superior to their
one-dimensionalcounterpartsasthe problemsizeor num-
ber of nodesincreases. Second,Implicit-2D is the bet-
ter protocol from the perspective of the useror compiler,
but its performanceis acceptableonly if the sharingpat-
tern is stable;otherwise,theextra computationaloverhead
is unacceptable,and Explicit-2D shouldbe usedif possi-
ble. Third, an increasein computationtime relative to the
amountof datacommunicatedresultsin arelative improve-
mentin one-dimensionaldistributions.

A few other points concerningImplicit-2D are worth
mentioning.First, thecomputationaloverheadincreasesif
the samenonlocalelementis accessedseveral times; this
is becausea fault will be generatedon every access. Sec-
ond,it is possiblethatthesharingpatternis notknown until
run time. In suchcases, Explicit-2D cannotbeused,while
Implicit-2D can.We arecurrentlyinvestigatingsuchappli-
cations.

5 Conclusion

This paperhasdiscussedthedesignandimplementation
of two new software distributed sharedmemory(SDSM)
protocols,Explicit-2D and Implicit-2D, that supporttwo-
dimensionaldatadistributions.They areextensionsto stan-
dard write-sharedprotocols. In our tests, the Explicit-
2D protocol performsfavorably (as much as 12.3% bet-
ter) comparedto one-dimensionaldata distributions us-
ing a standardwrite-sharedprotocol. Furthermore,two-
dimensionaldistributionsaremorescalablethantheir one-
dimensionalcounterparts,so we expectthat the difference
will increasealongwith increasesin both the datasetsize
andthenumberof nodes.
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