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Abstract

In this paper we examinethe causesand effectsof con-
tentionfor sharedlataaccessn parallelprogramsunning
on a softwaredistributed shared memory (DSM) system.
Specifically we experimenton two widely-used,page-
basedrotocolsPrincetonshome-basethzyreleaseon-
sisteny (HLRC) and TreadMarks.For mostof our pro-

grams,theseprotocolswere equally affected by lateng

increasegausedy contentionandachiesed similar per

formance Wherethey differ significantly HLRC’s ability

to manuallyeliminateloadimbalancenasthelargestfac-
tor accountingfor the difference.To quantify the effects
of contentionwe eithermodifiedthe applicationto elimi-

natethe causeof the contentionor modifiedthe underly-
ing protocolto efficiently handleit. Overall, we find that
contentionhas profoundeffects on performance:elimi-

nating contentionreducedexecutiontime by 64%in the
mostextremecase even at the relatively modestscaleof

32 nodegthatwe considerin this paper

1 Introduction

In this paper we examinethe causesand effectsof con-
tentionfor sharedlataaccessn parallelprogramsunning

on a softwaredistributed shared memory (DSM) system.

Specifically we analyzethe executionof a representatie
setof programseachexhibiting aparticularaccesgattern
thatcausesontention.In eachof thesecasesto quantify
the effectsof contentionon performancewe have either
modifiedtheapplicationto eliminatethe causeof thecon-
tentionor modifiedthe underlyingprotocolto efficiently
handlethatparticularaccespattern.Overall, we find that
contentionhas profoundeffects on performance:elimi-
nating contentionreducedexecutiontime by 64%in the
mostextremecase even at the relatively modestscaleof
32 nodeghatwe considetrin this paper

Our experimentsareperformedon a network of thirty-
two single-processanodesusingboth Princetons home-

based(HLRC) protocol[10] [6] and Rice’s TreadMarks
(Tmk) protocol[5]. Both are widely-used,page-based,
multiple-writer protocols implementing Lazy Release
Consisteng (LRC) [4]. Fromour experimentswe derive
threespecificconclusions.

First, in comparingthe resultson 8 nodesto 32 nodes,
wefind thatthe effectsof increasingcontentiorfor shared
dataareevidentin theincreasingateng to retrieve data.
In theworstcase/ateng increasedy 245%.

Secondjn onecase the Barnes-Huprogramfrom the
SPLASH benchmarksuite, the HLRC protocol handles
contentionmore effectively than the Tmk protocol. It
moreevenly distributesthe numberof messagebhandled
by eachnode.

Third, the distribution of the numberof messageban-
dledby eachnodeis nolessimportantthanthetotal num-
berof messaged-or example,in Barnes-Huteliminating
themessagéadimbalanceunderTmk (throughprotocol
modifications),brought Tmk’s performanceto the same
level asHLRC's, eventhoughTmk sendsl2 timesmore
messagethanHLRC.

The rest of this paperis organizedas follows. Sec-
tion 2 providesan overvien of TreadMarksand Prince-
ton’s multiple-writer protocols. Section3 discusseghe
sourcef contentionin greaterdetailanddefinesthe no-
tion of protocolload imbalances. Section4 detailsthe
experimentablatformthatwe usedandthe programghat
weranonit. Section5 presentgheresultsof our evalua-
tion. Sectioné compare®ur resultsto relatedwork in the
area.Finally, Section7 summarizesur conclusions.

2 Background

2.1 TreadMarksand Home-based LRC

The TreadMarks(Tmk) protocol [4] and the Princeton
home-base(HLRC) protocol[10] aremultiple-writerim-
plementation®f lazy releaseconsisteng (LRC) [4] [3].



The main differencebetweentheseprotocolsis in the
locationwhereupdatesrekeptandin theway thatapro-
cessorupdatesits copy of a page. In Tmk, processors
updatea pageby fetching diffs from the last writer, or
writersto the page.In HLRC, every pageis staticallyas-
signeda homeprocessoby the programmemherewrit-
ersflush their modificationsat releasetime. To update
a pagea processorequestsa brandnew copy from the
home. The differencebetweenthe protocolsis the most
evident for falsely sharedpages. The home-basegro-
tocol usessignificantlyfewer messageasthe numberof
falselysharingreadersaandwritersincreasesSpecifically
for RreadersandW writers,thehome-basegdrotocoluses
at most2W + 2R messageandthe Tmk protocolusesat
most2WR messages.

3 Contention and Protocol Load

| mbalance

In this section,we introducethe conceptsof contention
andprotocolload imbalance.We give someintuition for
the characteristicof Tmk and HLRC that may lead to
contentionandprotocolloadimbalance.

3.1 Contention

We definecontention assimultaneousequest®n anode.
In our platform,contentioncanbeattributedto limitations
in the nodeor the network. In the former case the time
thatthe noderequiresto processa requestis longerthan
it takesfor the next requestto arrive. In the latter case,
the nodefails to pushout responseg$ast enoughdueto
bandwidthlimitationsin the network link. Most systems,
underthis condition,wait for theinterfaceto freeanentry
in its outputqueue.Contentionis saidto besingle-paged,
whenall requestsarefor the samepage,or multi-paged,
when distinct pagesare being requestedrom the same
node.

3.2 Protocol Load I mbalance

We refer to the work performedto propagateupdatesas
protocolload (PL). We thendefinePL imbalanceasthe
differencein PL acrossthe nodesof the system. Un-
der Tmk, PL reflectstime spentservicingrequests.For
HLRC, it alsoincludestime spentpushingmodifications
to homenodes.As Tmk andHLRC differ in the location
whereupdatesarekept,theprotocolsmayhave adifferent
effectonthe PL balance.

To illustratethe difference considera multi-pagedata
structurethat has a single writer followed by multiple
readers.Both Tmk and HLRC handleeachpageof the

Program Size,lter. | Seq.Time(sec.)| HomeDistr.
SOR 8kx4k, 20 72.23 | Block
3DFFT 7X7x7,10 101.35| Block
Gauss 4096,1 477.68 | Cyclic
Barnes-Hut| 65536,3 125.69 | Block

Tablel: ProgramCharacteristics.

datastructurein similar ways. Eachreadersendsa re-
guestmessagéeo the processoholdingthe latestcopy of
thepage.Thatprocessosendackareply messageon-
taining eitherthe changego the pagein Tmk, or a com-
pletecopy of thepagein HLRC. Wherethe protocolsdif-
ferisin thelocationof theupdatesin Tmk, thelastwriter
is the sourceof the updateswhile in HLRC the updates
arekeptat the homenodes.Hence, Tmk placesthe load
of distributing multiple copiesof the entiredatastructure
on the lastwriter. In contrast,in HLRC, a clever home
assignmenimay resultin a morebalancedlistribution of
theloadamongthenodes.

4 Experimental Evaluation
4.1 Platform

We perform the evaluation on a switched, full-duplex
100 Mbps Ethernetnetwork of thirty-two 300 MHz Pen-
tium ll-baseduniprocessorsunning FreeBSD2.2.6. On
this platform, the round-trip latengy for a 1-byte mes-
sageis 126 microseconds. The time to acquirea lock
variesfrom 178 to 272 microseconds. The time for a
32-processobarrieris 1,333microsecondsThe time to
obtaina diff variesfrom 313to 1,544microsecondsde-
pendingon the size of the diff. Thetime to obtaina full

pageis 1,308microseconds.

4.2 Programs

We use four programs: Red-Black SOR and Gaussian
Eliminationarecomputationakernelsthataredistributed
with TreadMarks;3D FFT is from the NAS benchmark
suite[1]; andBarnes-Huts from the SPLASHbenchmark
suite[8].

Tablel lists for eachprogramthe problemsize,the se-
guentialexecutiontime, andthe (static)assignmenstrat-
egy of pagesto homesfor HLRC. Thesestratgieswere
selectedhroughconsiderablexperimentatiorand yield
thebestperformance.

5 Reaults

In this section,we presenthe resultsof runningeachof
the programson 8 and 32 processors.Figures1 and 2
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Figure 1. Speedupof applicationsfor Tmk, HLRC, and
Tmk Optimized.

presentthe speedupsand a breakdavn of the execution
time for eachof the programs. Table 2 shows the varia-
tion in averageresponséime. It alsoprovidestheaverage
numberof pageupdaterequestger node,the total data
transferred andthe global messageount. Finally, Fig-

ures3, 4,5, and 6 shav the protocolload histogramsof

Red-BlackSORfor HLRC, Gausdfor Tmk, andBarnes-
Hut for Tmk andHLRC, respectiely. Protocolloadplots
for 3D FFT arenotincludeddueto spaceconstraints.

Thebreakdavn of the executiontime for eachprogram
(Figure 2) hasthree components:nenory is the time
spentwaiting to updatea page;synchr o is time wait-
ing for synchronizatiorio complete;andconput at i on
includesall othertime.

The protocolload histogramsplot the time spentser
vicing remoterequestdy eachnode. Eachbaris com-
posedof threeelementscomuni cat i on corresponds
to time spentreceving anddecodingrequestsaswell as
sendingreplies; di f f correspondgo time spentbuild-
ing diffs; andspi n correspondso time spentwaiting for
the network interfaceto freeanentryin its outputqueue.
For Gaussthe protocolload histogramgeflectonly the
time elapsediuringthe 8th iteration,insteadof the entire
execution. This finer resolutionis necessaryo shav the
imbalancen protocolloadthatoccursduringaniteration.

Red-BlackSORisincludedasacontrolprogram.lt isa
programthatachievesgoodscalability(with a speedumf
25.70n 32 processorsanddoesnot suffer from increases
in respons¢ime, ascanbeappreciatedy thesmallmem-
ory componenin Figure2. Furthermorejt exhibits lit-
tle contentionand hasa good balanceof protocol load,
whichis evidentin the similar size of the barsof the his-
togramin Figure 3. For the restof this section,we will
usethe Red-BlackSORrespons¢ime measurementsnd
protocol load histogramto illustrate how responsdime
and protocolload histogramsshouldlook in the absence
of contentiorandprotocolloadimbalances.

We arguethatthe increasan accesanisstime experi-
encedy our programss largely aresultof theincreasen
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Figure2: Executiontime breakdavn for Tmk, HLRC, and
Tmk Optimized.
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Figure 3: Red-BlackSOR protocolload histogramsfor
HLRC.

lateng for individual requestsiueto contentionand not
solely the resultof anincreasechumberof requestmes-
sages.

Thistrendis mostevidentfor 3D FFT andGaussin 3D
FFT, the averagenumberof requestgper nodedropssig-
nificantly asthe sizeof the clusterincreasesin Gaussijt
increasesnoderately(10.7%). Both programshowever,
experiencesharpincreasesn responséime. Theaverage
requestateng increasegor 3D FFT and Gausshy 46%
and245%,respectiely (seeTable?2).

Therestof this sectionis dividedinto two parts. First,
we talk aboutthe varioustypesof contentionexhibited
by our programsand how they increasethe lateng of
individual requests.Secondwe quantify the effect that
contentionhason the programs’speedup®y eliminating
contentionrmanuallyor automatically

5.1 Typesof Contention

3D FFT suffers from multi-pagecontention.In 3D FFT,
processorsvork on a contiguousbandof elementsfrom
the sharedarray SinceHLRC homeassignments done
in blocks,in both protocolsthe processomodifying the
bandwill be the one hostingthe update. The computa-
tion onthe 3D arraysis partitionedalongoneaxisamong
the processorsAs aresult,the global transposdeadsto
all processorgrying to readsomepagesfrom processor



Avg. resp. Avg. pernode
time (microsec.) | updaterequests| Data(MBytes) | Message$thousands)
Application | Protocol 8 32 8 32 8 32 8 32
SOR Tmk 1592.33| 1668.53| 100 125 6 27 2 10
HLRC 1400.43| 1474.77 83 106 7 34 2 10
3DFFT Tmk 2017.00| 2963.19| 4041 1125 | 265 295 | 66 91
HLRC 1988.77| 2918.72| 4041 1125 | 265 297 | 65 74
Opt. 1668.26 | 1870.31| 4041 1125 | 265 295 | 66 91
Gauss Tmk 2595.65| 8954.12| 8957 9910 | 357 1581 | 201 888
HLRC 2882.89| 8640.11| 8957 9910 | 562 2586 | 201 888
HLRC 1036.02| 1036.02| 8957 9910 | 46 60| 73 268
Barnes Tmk 1630.94 | 5534.01| 2442 2026 | 130 488 | 144 1535
HLRC 1655.81| 2033.12| 2072 1930 | 154 529 | 34 129
Opt. 1510.39| 1734.28| 2442 2026 | 130 448 | 144 1535

Table2: Averageresponsdime, averagenumberof pagesupdatedper node,total datatransferecandtotal message

countof Tmk, HLRC, andTmk with optimizations.
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Figure6: Barnes-Huprotocolloadhistogramgor HLRC.

0 first, andthensomepagesrom processof, andsoon,
resultingin atemporalcontentionat a singleprocessoat
atime.

Gausssuffersfrom single-pageontention.Theaccess
patternfor the pivot row is single-writer/multiple-reader
Thereareonly two suchpagesfor our problemsize, but
their producerchangeson every iteration. The severity
of contentionin Gausswithin eachinterval is shovn in
Figure4. Thelarge spincomponenin this Tmk plot re-
sultsfrom thebacklogof largereply messagesontaining
the pivot row andindex in the network interfaces output
gueue.Theprotocolloadin the Tmk plot is concentrated
in processoB, the lastwriter to the pivot row and pivot
index.

Barnes-Hutsuffers from single and multi-page con-
tention. Thetreeandthe arrayof particlesin Barnes-Hut
suffer from single-pageontentiorwhenreadin thesame
order by multiple nodes(i.e., the tree root for Barnes-
Hut). Additionally, multi-pagecontentionoccurswhen
updatesfor multiple partsof the datastructuresesideat
ary givennode.For Barnes-Hutthereis a significantdif-
ferencein therate of lateng increasebetweenTmk and
HLRC. While the averageresponsdime for HLRC in-
creaseslowly, it almostdoubleswith anincreasen the
numberof nodesfor Tmk. We arguein the next section
that differencesn protocolload balanceaccountfor the
disparityin responsdime.

5.2 Quantifying the Effects of Contention

We quantify the effectsof contentionon our programsby
manuallytuningthe applicationor the protocolto remove
the sourcesof contention. For eachapplicationwe de-
scribethe contentionremoval techniquewe usedanddis-
cusstheeffectsonthespeeduploadbalanceandresponse
time. Figuresl and2 presenthespeedupandbreakdaevn
of executiontime for the optimizedversionof Tmk, while



Table2 shavs thevariationsin averageresponséime.

521 3DFFT

The contentionin 3D FFT canbe eliminatedby carefully
restructuringthe transposdoop. By staggeringthe re-
mote accessesf differentconsumersuchthat they ac-
cesspageson differentproducersn parallel,using Tmk
the speedupof 3D FFT is improvedfrom 12.62to 15.73
on32nodes.

522 Gauss

The contentionin Gausscan be eliminated by broad-
castingthe pagescontainingthe pivot row and pivot in-
dex. Usinga manuallyinsertedoroadcastimprovesTmk
speedugdor Gaussrom 8.11to 22.050n 32 nodes.

5.2.3 Barnes-Hut

Protocolload imbalanceaccountsfor the differencein
speedug4.18vs. 7.73)andrequestateny experienced
betweenTmk andHLRC for Barnes-Hut.

To prove this claim we addedstriping to the Tmk pro-
tocol. Stripingreducescontentionby automaticallyelim-
inating protocol imbalancescreatedby multi-pagedata
structureswith a singlewriter andmultiple readersStrip-
ing identifiesthesedatastructuresandautomaticallydis-
tributesthemto otherprocessorgi.e. new homes)at the
next globalsynchronizatiopoint. As aresult,thewriter's
effort on behalfof eachpagethatit off-loadsis limited
to constructingandsendingthe diff to a singleprocessar
The processorreceving this diff is thenresponsiblefor
servicingtherequestgrom all of the consumersOverall,
neitherthe numberof messagesor the amountof data
transferreds reducedbut the averagetime thata reader
waitsfor its requestedliff drops.

Thehighloadimbalancen Tmk (Figureb) is attributed
to the distribution of the updatedfor the treein Barnes-
Hut. In Tmk updatesare always fetchedfrom the last
writer, henceprocessof hasto supplyall updatego the
treein Barnes-Hut.As processof getsoverwhelmecby
requestgor updatego thetree,it hasto spendanincreas-
ing portion of its executiontime servicingrequests.On
the32 nodeclusterthistime accountdor 35.6%o0f theto-
tal executiontime. Of thattime, 50.42%is spentblocked
waitingfor thenetwork interfaceto cleartheoutputqueue.

In contrast(Figure6), HLRC greatlyalleviatesthecon-
tention for readingthe tree by spreadingthe homesfor
thesedatastructuresacrossthe processors.Specifically
if the tree coversn pagesand every processoreadsthe
wholetree,thenTmk requiresprocessob to service(p-
1)*n pagerequests.HLRC insteaddistributesthe treein
n*(p-1)/p messagesAfter thatthe load of servicingthe
treerequestss evenly distributed.

Tmk with striping eliminatesprotocolload imbalance
causedy requestgrom multiple processorso processor
0 in orderto obtain the tree dataand achieves protocol
loadimbalancesandspeedupgFigurel) thatarecompa-
rableto HLRC. The protocolload histogramof Barnes-
Hut for Tmk with stripingis notincludedasit shavslittle
or noimbalanceandresembleshe HLRC plot.

The resultsfrom Tmk with striping demonstratehat
(for this application,at least)thereis a relationshipbe-
tween protocol balanceand responsdime: as protocol
imbalancegrows, so doesresponsdime. This is an ex-
pectedresult;whenthe proportionof updatesoriginating
from ary givennodegrows, the likelihood of simultane-
ousrequestgi.e. contention)on thatnodeincreaseskFur-
thermore,theseresultsshowv that the distribution of the
messagess no lessimportantthan the numberof mes-
sages.For example, Tmk with stripingandHLRC trans-
fer roughlyequalamountsof dataandhaveidenticalmes-
sagedistributions. Although Tmk with striping sendsl2
timesmoremessagethanHLRC, they achieve the same
speedup.

6 Reated Work

A largenumberof softwaresharednemorysystemsave
beenbuilt. Many of the paperdooking attheperformance
of software DSM on thirty-two or more processorhave
usedSMP-basedodes|6, 7, 9]. Thus,the actualnum-
ber of nodeson the network is typically a factor of two
to eightlessthanthe numberof processorsBecauseae-
questdfor the samepagefrom multiple processorsvithin
anodearecombinednto one,theloadontheprocessor(s)
servicingthepagemaynotbeashighaswhenthenumber
of nodesin the network equalsthe numberof processors.
Thesestudieshave ignoredthe effectsof contentionand
protocolloadimbalanceasthesebecomesignificantonly
onanetwork with alargenumberof nodes.

Two papersthat look at large networks of uniproces-
sorsare Zhou et al. [10] andBal et al. [2]. Zhou et al.
evaluatedthe home-basethzy releaseconsisteng proto-
col againstthe basicLRC protocolon an Intel Paragon.
The relatively large messagédateng, pagefault, andin-
terrupttimescomparedvith memoryandnetwork band-
width, andthe extremelyhigh costof diff creationon the
Paragonarchitectureare uncommonin modernparallel
platformsandarebiasedowardstheHLRC protocol. The
high diff cost,led the authorsto concludethatthe perfor
mancegapbetweenTmk andHLRC resultsfrom thevast
differencesn messageount. We show that the perfor
mancegapresultsjnsteadfrom thedifferencen protocol
loadbalance.

Bal et al. evaluatedOrca, an object-basedlistributed
sharedmemorysystem,on a Myrinet and a Fast Ether



netnetwork of 32 200MHz PentiumPro computers.The tem. ACM Transactions on Computer Systems,
object-basedSM systemdecreasethe numberof mes- 16(1),February1998.

sagesnddatafrom reducedalsesharingatthecostof the
programmesrs extra effort to explicitly associateshared
datastructureswith objects. Objectswith low read/write
ratioarestoredn asingleprocessamhile thosewith high

read/writeratioarereplicatecon all processorsisingmul-

ticast.

] K. GharachorlooD. Lenoski,J.Laudon,P. Gibbons,
A. Gupta,andJ.HennessyMemoryconsisteng and
eventorderingin scalableshared-memorynultipro-
cessorsln Proceedings of the 17th Annual Interna-
tional Symposium on Computer Architecture, pages
15-26,May 1990.

[4] P. Keleher A. L. Cox, andW. Zwaenepoel. Lazy
releaseconsistenyg for software distributed shared
memory In Proceedings of the 19th Annual Interna-

7 Conclusions and Discussion

We shaw thatmemorylateng increaseslueto contention . . .
. I tional Symposium on Computer Architecture, pages

andprotocolloadimbalancesrea significantobstacleo 13-21 May 1992

the scalabilityof softwareDSM systemsFor example,in —enviay '
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fectonperformancevenatthe modesiscaleof 32 nodes.
In 3D FFT, thecontentiorwascausedy multiple proces-
sorsaccessinglifferentsingle-writer/single-readgrages
atthesametime. By manuallyrestructuringhetranspose
loop, we found that the executiontime could be reduced
by 20%o0n 32 nodes.In Barnes-Hutwe foundthatproto-
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