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Parallel computingis becomingincreasinglyaccessiblethroughadvancementin
microprocessorsandnetworking technologies.It is found that the performancesof
theclustersdo not matchwith their promises,althoughthey arebuilt on themostad-
vancedcomponents.Much effort hasbeendevotedto addressthesoftwareoverhead
problemin the past,which is known as the major hindrancein achieving high per-
formance. This thesisshows that having a low-latency communicationsystemdoes
notguaranteehighperformance,asthereareothercommunicationissuesthathavenot
beenaddressedby the useof low-latency communication,suchascontention,com-
municationpatternsandschedulingof communicationevents.Thedevelopmentof an
efficient parallelapplicationdependsupona realisticpredictionof applicationbehav-
ior and the ability to explain the performancecharacteristicsof an applicationon a
parallelsystem;this requiresin-depthunderstandingof both the applicationandthe
architecturecharacteristics.

Thisdissertationproposestheuseof a realisticcommunicationmodelto guidethe
performanceunderstandingandthealgorithmdesignprocesses,which arethekeys to
achieve high performance.The model includesa collectionof performanceparame-
terswhich correspondto essentialfeaturesin the communicationarchitecture,anda
collectionof benchmarkmethodologiesthatquantifytheseperformancefeatures.This
modelcanbe usedasa framework for programmersto conductperformancestudies
onvariouscommunicationissues.Weusethis framework to examinetheperformance
characteristicsof a lightweight messagingsystem,and show that the model can be
effectively usedasanevaluationtool aswell asanemulatingtool.

This thesisexploresthe congestionproblemwith the supportof the communica-
tion model.Throughmodelingstudiesandexperimentalevaluations,weexaminehow
differentbufferingmechanismsinteractwith aGo-Back-Nreliableprotocol,andshow
that the buffering mechanismdominatesthe congestionbehavior of the communica-
tion systems.In the performancestudies,we find that the timeoutandflow control



settingsare the prevailing factorsthat interactwith the buffering mechanismto de-
terminehow the congestionevolves. As our model is derived on a resource-centric
view of how datamoveacrossthecommunicationsystem,we useit to show thatwith
carefuldesignof communicationschedules,we canachieve efficient communication
aswell aspreventcongestion.Wehavedevelopedacompleteexchangealgorithm,the
SynchronousShuffle Exchange,which is an optimal algorithmon the non-blocking
network. To avoid congestionlosscausedby thenon-deterministicdelaysin commu-
nicationevents,a global congestioncontrol schemeis introduced.This schemeuses
aglobalwindowing conceptto coordinateall participatingnodesto monitorandregu-
late the traffic load,which effectively avoidscongestionlossandmaintainssufficient
throughputto maximizetheperformance.

In summary, this thesisshows that the key to effective parallelprogrammingon
clusterslieswith a realisticcommunicationmodel,whichenhancesour understanding
of theperformanceissuesandsupportsthe developmentof efficient parallelapplica-
tions.
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Chapter 1

Intr oduction

Motivatedby the desireto handlelarger andcomplex problems,aswell as to solve
problemsfaster, we make useof multiple processingunits for parallelcomputation.
Developmentsof parallelcomputers,especiallyfocusingon the architecturalaspect,
have beenanactive researchsubjectsinceearly1960.During theseforty yearsof de-
velopments,numerousparallelarchitectureshave beendeveloped,evolvedandfaded
out, for examples,systolicarchitecture,dataflow architecture,andtransputersystem.
Not until recentdecades,dueto theswiftly improvementof theVLSI technology, there
is a clearconvergenceof parallelmachinestowarda genericparallelmachineorgani-
zation[32]. In this genericarchitecture,parallelmachinesareessentiallycomprised
of acollectionof completecomputers,eachwith oneor moreprocessorsandmemory,
andareinterconnectedby acommunicationnetwork.

Advancesin networking technologyhave acceleratedthis convergence. We are
now capableto transformapool of off-the-shelfcomputersto a powerful platformfor
supportinghigh-performancecomputations.This kind of computingplatformis com-
monlyknown asClusterof Workstations(COW), Network of Workstations(NOW), or
simply Clusters[80]. By thename“commoditycluster”,we refer to theclustersthat
arebuilt on off-the-shelfcomponents,suchashigh-performancemicroprocessorsand
high-speednetworks. Betterprice-per-performanceis the incentive of building clus-
terswhencomparedto traditionalparallelmachinessincethey arebuilt oncommodity
components.In addition,theperformanceof theclustersystemsis gettingalongwith
theadvancesin commodityhardware.

Thesefeaturesarethesellingpointsfor usingclusterson high-performancecom-
puting;however, justputtingall state-of-the-artcomponentstogetherdoesnotguaran-
teeto becost-effective andhigh-performance.Therealchallengeis how well canwe
harnessthesecomputingresourcesto meetourperformanceneeds.As wearebuilding
clustersfor high-performancecomputing,we have to facewith challengesrelatedto
theperformanceissueson theclusterdomain.In particular,

❑ Softwaredesignfor performance- Developingapplicationprogramsfor perfor-
manceis known to bedifficult on traditionalparallelmachines,we reckon that
it is still a big challengeon theclusterdomain,asclusteris just anothertypeof
parallelplatform.

1
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❑ Systemdesignfor performance- Building clusterswith themostadvancedpro-
cessorsandnetworks providesthe mostpromisingperformance,however, the
actualperformancedeliveredto theend-usersmostoftencouldnot matchwith
their promises.How to exploit thesetechnologyresourcesin themostefficient
andcost-effectiveway imposesgreatchallengesto thesystemdesigners.

❑ Performancescalability - On the architecturalaspect,clusterscan be easily
grown in size,especiallyon incrementaldevelopmentthat often matcheswith
yearly financial plans[7]. This createsanotherchallengein building clusters
for commoditysupercomputingashow canwe predict the performanceof the
scaledclusterwith informationonly availableonasmall-scaleprototype.

❑ Performanceevaluationandanalysis- Performanceevaluationandanalysisare
thecoreactivities in thesoftwaredevelopmentcycle. A majorobjectiveof prac-
tical performanceevaluationandanalysisis to identify potentialbottleneck(s)
on the target application/platformpair. Basedon theseanalyses,inefficient al-
gorithmsareexcluded,goodcandidatesarecoded,debugged,andtestedon the
target platform. However, oneof the difficulties is how to supportthe perfor-
manceevaluationandanalysisprocesseson the clustersystemsso asto avoid
the high cost of iterative developmentcycle - design,coding, debugging and
testing.

We believe that, to achieve effective parallel programmingon the clusterplatform,
this requiresthe ability to measurethe performanceof the parallelapplications,the
ability to determinetheperformancecapabilityof theclustersystems,andtheability
to explain theperformancebehavior of aparallelapplicationonaclustersystem.This
demandssystemdesignersand programmersto have in-depthunderstandingof the
interactionsbetweenvarioushardwareandsoftwarecomponents.In this thesis,we
baseona realisticcommunicationmodelto guideour understandingandstructureour
reasoning,aswell asto performperformancetuning.Thismodelis usedasaversatile
tool for performanceevaluationandpredication,aswell asfor algorithmdesignand
analysis.

The restof this chapteris organizedasfollows. We first stateour motivation of
building commoditycluster, anddescribethe limitations andchallengeswe have to
tacklein orderto achieveourgoal.Next, wedeclarethethesisstatementandhighlight
thecontributionsof this thesis.Lastly, wepresentanoutlineof theorganizationof this
thesis.

1.1 Commodity Supercomputing

Speedis themainreasonwhy weopt for theuseof computers- bothserialandparallel
computers.Building parallel computersto solve large-scaleandcomplex problems
bearthesameobjective - we want to speedup thecomputations.Sinceparallelcom-
putingis becomingmoreandmoreaccessiblethroughtheadvancesin processorsand
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network technologies,the useof parallelismis no longer the privilege of a few sci-
entistswith accessto powerful supercomputers.Now we have pile of PCssitting in
theserver room,andthey areinterconnectedby high-speedLAN, thesesetupsbecome
our in-houseparallel computer. However, is that the answerto our questfor more
processingpower?No, this is not. Building anefficient andhigh-performancecluster
is not thatsimpleaspluggingin andsettingup all components.To constructa high-
performanceclusteraswell asto orchestrateits processingpower, we certainlyneed
to adoptamorescientificapproach.

PerformanceUnderstanding Performanceunderstandingis aprocesswhichis used
to determineexplanationson theperformancebehavior of a parallelapplicationon a
parallelmachine.The developmentof efficient parallelapplicationsdependsupona
realisticpredictionof applicationbehavior, which requiresin-depthunderstandingof
both the applicationand the architecturecharacteristics[3, 29,52]. For example,if
the communicationoverheadof a parallel applicationdominatesits executiontime,
the programmermay try to improve the communicationscheduleby rearrangingthe
communicationeventsto reducethecommunicationoverhead.On theotherhand,the
systemdesignermay try to improve the communicationsystemto achieve the same
performancegoal. To determinehow to performperformancetuning, both the pro-
grammerandsystemdesignerneedto acquiredetailknowledgeontheoperationcosts,
aswell asto identify thepotentialbottleneck(s).

Therefore,themoreweunderstandaparallelsystemandits performancecharacter-
istics,themoreinformationwe have to improve theefficiency of applications,aswell
asto provide insightson guiding enhancementsto the system.This dissertationde-
scribesanattemptto improveor acceleratetheperformanceunderstandingof thecom-
modity clustersby focusingon the communicationsystem.The network is the most
critical pathof a parallelsystemasits performancedirectly influencesthecapabilities
of the systemfor high-performancecomputing. On the otherhand,the communica-
tion efficiency of thenetwork relieson theefficiency of thecommunicationsoftware
thatdrivestheinterconnect.Therefore,understandingof theperformancecapabilities
of the clustercommunicationsystemprovidesthe conceptualframework we needto
understandtheperformanceof theclustersystem.Herearethemainissuesrelatedto
theperformanceunderstanding:

❑ Performancestudy- What sort of performancecould we get on this platform?
Knowing the baselinecapabilityof the clustersystemis importantfor perfor-
manceunderstanding.Althoughthisargumentseemsintuitive,it is animportant
issueon thecommodityclusters,wherewe have thedesireandflexibility to se-
lect thebestconfigurationfor ourclustersystems.Performanceis only arelative
metric, thus, it hasno meaningon its own. In the questfor performance,the
primal objective is to have efficient utilization of resources.However, without
understandinghow well canthesystemperforms.

• How canwe determinewhethertheperformanceof theprogramis accept-
able?
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• How to distinguishbetweenefficient, cost-effective algorithmsandineffi-
cientalgorithms?

• How can we identify the weaknessof the programand perform perfor-
mancetuning?

❑ Performancebenchmarking- How canwequantifyperformance?Low-level ar-
chitecturalbenchmarks[45] arethemostappropriatebecausetheir resultsmea-
surethebasiccapabilitiesof thehardwareaswell asthesoftwarethatassociated
with it; and in principle, the performanceof higher level programsshouldbe
predictablein termsof them. However, designingandinterpretingbenchmarks
correctlycanbedifficult. This is becausetheconclusionsdrawn from a bench-
markstudydependnotonly onthebasictiming results,but alsoonthewaythese
aremeasuredandinterpreted.In particular, herearea few challengesin theuse
of benchmarking:

• Could the benchmarkroutinesimulatethe sameexecutionconditionasit
is whenthecodepathis usedby realprograms?For example,thebehavior
of cachememorycanaffect theaccuracy of thebenchmarkmeasurement.

• Is thebenchmarkroutinemeasuringsomethingthathasa measurableim-
pacton overallsystemperformance?

• Is thebenchmarkroutinesensitive to changesin hardwarecharacteristics?
For example,a benchmarkroutinethat is designedon a uniprocessorma-
chinemay not work accuratelyon a multi-way SMP machines;thus,we
shouldhavea clearknowledgeon thecapabilityof thebenchmarkroutine.

Therefore,it is importantto understandlow-level detailsaboutarchitecturalim-
plementationwheninterpretingbenchmarkresults.And webelievethat,to assist
theunderstandingprocess,thedefinitionof theperformanceparametershouldbe
accompaniedwith thebenchmarkingmethodologythatmeasuresit.

❑ Performancemodeling- Which performancefeaturesare importantto our un-
derstandingprocess?Low-level benchmarkis designedto measurethe quality
of a targethardware/softwarecomponent.Themeasurementsbecomethequan-
titative meansfor us to analyzeor reasonon the performanceof a particular
featureof theclustersystem.Theseperformancefeatures,or in otherwords,the
performanceparameters,becomethebuilding blocksof ourperformancemodel,
suchthatwe try to understandtheperformancebehavior of theapplicationasa
functionof theseperformanceparameters.We reckon thatausefulperformance
parameterset- theabstractmodel,mustpossesstheseproperties:

• Shouldaccuratelyreflecttheperformancecapabilityof existingmachines.

• Shouldbeableto evaluatetheperformanceof aparticularapplicationon a
particularplatformandprovide insightsthatcansuggestpossibleimprove-
mentsin theapplication.
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• Shouldenabletheprogrammerto predicttheimpacton theprogram’sper-
formancewith regardto designchangesin thealgorithmor changesto the
systemconfiguration.

Therefore,we seethat the choiceof the performancefeaturesmay influence
the understandingprocess.However, choosingthe right featuresto modeland
incorporatingthemsimply, elegantly andaccuratelyrequirescreativity aswell
asscientificmethodology. Thisis becausedifferentapplicationsexhibit different
characteristicson differentsystemsettingsor environments,andtheapplication
behaviors areoftendynamic.Hence,it is impossibleor irrational to expectany
setof performanceparametersto cover thewholeapplicationdomain.Thus,the
hypothesisbecomes,if we have a minimal setof performanceparametersthat
adequatelymodelor describethe system,thenthe smallerthesetis, the better
its usefulnesswill be.

PerformanceIssueson Communication Traditionalapproachin assessingtheper-
formanceof communicationsystemsis by measuringthe round-trip latency andthe
point-to-pointbandwidth[20,55]. However, thesesimplefigures

❑ wouldnotgiveasenoughinformationto evaluateon therealperformanceof the
communicationsystems;

❑ do notprovide insight(s)on why theseachievementswereobtained;

❑ couldnot identify wherearethepotentialbottlenecksof individualsubsystems;

sincethesemetricsonly reportof a singlepoint-to-pointmeasurementundera lightly
loadednetwork. In fact, the network performancediffers amongapplicationsandis
dependedon

1. Communicationpatterns- Besidestheone-to-onepattern,examplepatternsare
the one-to-many, many-to-oneandmany-to-many communications,which are
commonlyknown asthe CollectiveOperations. Collective operationsplay an
importantrole in the developmentof parallel applications. Dif ferentpatterns
have differentperformancecharacteristicsandrequirements,anddemandspe-
cific communicationalgorithmsthat can efficiently utilize the underlyingre-
sourcesto achieveoptimalresults.

2. Messagesizes- Dif ferentfactorsdominatethecommunicationperformancefor
small, mediumandlarge messages.For examples,with small messages,soft-
wareoverheadandnetwork latency dominatethecommunicationcost,while for
largemessages,network bandwidthis themoreimportantfactorin determining
communicationperformance.For mediummessages,they cannotcompletely
amortizethe softwareoverheadascomparedto long messages;therefore,they
requirebetterutilization of communicationpipelinesto hideaway thesoftware
cost.
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3. Communicationschedules- Thecommunicationschedulecharacterizeshow we
expressthecommunicationpatternin termsof communicationprimitives,such
assendandreceive operations.By designingcommunicationschedules,we are
ableto structureourcommunicationsto matchwith theresourceconstraintsand
yield highly efficient implementations.

4. Degreeof contention- Mild contentionmayresultin slight decreasein perfor-
mancedue to the higher queueingdelaysin the router. However, underpro-
longedcontention,the network becomesheavily congestedand this resultsin
dataloss.

All thesecommunicationissuescontributeto theoverallcommunicationperformance.
Theperformanceproblemrelatedto thecommunicationsoftwarehasbeenanac-

tive researchissuefor the pastdecade. Currently, lightweight messagingsystems
[21,58,59,82,101,109,114]offer thebestcommunicationperformance,asthey create
a fastcommunicationpaththatbypassesthe traditionalin-kernelmessagingprotocol
stack(e.g. TCP/IP),which is a seriousobstaclein exploiting thehigh performanceof
modernnetwork [9,54,55]. Althoughmostof theselightweightmessagingsystemsare
successfulin deliveringtheraw networkperformanceto higher-levelapplications,their
implementations,functionalityandinterfacesappeardifferentlyeventhoughsomeare
built onthesamenetwork technologies.Thereareissuesthatarenotwell addressedby
theselightweight messagingsystems,suchassystembehavior underheavy loadand
generalpurposeflow control. In particular, they lack of supportson guiding the de-
velopmentof high-level communicationprimitivesatopof their lightweightmessaging
layer.

To betterunderstandthenetwork performance,we adoptthedescribedsystematic
approachon performanceunderstandingto explore how the underlyingcommunica-
tion systemsupportsthesecommunicationissues.In this dissertation,we make use
of a communicationmodel,which is derivedon a resource-centricview of how data
moveacrosstheabstractmachine,to aid ourquantitativeandqualitativestudiesof the
communicationperformance.This model is proposedasa “mid-level” tool, whose
tasksareto mapall high-level communicationprimitivesproperlyonto the low-level
architecturalabstractions.Througha set of performancemetrics, the programmers
andsystemdesignerswould understandthe power, the strengthandthe weaknessof
their clustercommunicationsystem.In addition,by selectingappropriatemetricsto
analyzeon thetargetapplication,this couldbring out new insightsaswell asefficient
quantitativepredictionof thecommunicationperformance.

Limitations of LANs Having a low-latency communicationsystemthat drivesthe
clusterinterconnectin highspeedis theprerequisitebut not theguaranteeof achieving
highperformance.For example,mostexistingcommercialswitchesadoptpacketdrop
policy on buffer overrun,which is a known performanceproblemunderheavy con-
gestion.Studieson LAN performance[55,79] have shown that thehigh overheadsin
traditionalcommunicationprotocolslimit theability to generatenetwork load,thusthe
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observedcontentionproblemwasnotcritical. With low-latency communicationmech-
anisms,applicationscannow generatehigherloadto thenetwork, which couldresult
in congestiondropproblemevenunderawell-balancedcommunicationschedule.

Thebehavior of thenetworksin responseto congestionbecomesanimportantissue
in understandingthecommunicationperformance.Dependontheswitcharchitectures,
typeof network technologiesandthehostcommunicationsoftware,networksreactto
congestionin differentways.For instances,

❑ Network routersthat employ input-portbuffering areknown to suffer with the
Head-Of-Line(HOL) [44] blocking problem,which is a seriousconstraintin
achieving high-performance.

❑ SomeEthernet-basednetworks adoptthe 802.3xlink-basedflow control stan-
dard[1]. However, it is a non-selectivescheme[72], which hasthecontrolac-
tions taken to resolve congestionapply to all traffics on that link ratherthan
targetingto the truesourceof thecongestion;therefore,congestioncanspread
to otherpartsof thenetwork. Besides,differentvendorshave their own design
strategies, thus, different switchesmay reactdifferently even underthe same
contentionsituation[79].

❑ Mostof thecommercialswitchesor routersemploy theDropTail discipline[36]
astheir buffer managementstrategy underthecongestionsituation. This is the
simpleststrategy astherouterjust dropsall excesspacketswhenthebuffersare
full. However, this is foundunfair to burstytraffics, asmorenumberof packets
is droppedascomparedto othersources.

With theuseof commoditycomponentsastheclusterinterconnect,theperformanceof
thenetwork dependson thetypeof network technologies(e.g. FastEthernet,Gigabit
Ethernet,ATM, etc.), aswell asdependson the internalarchitectureof a particular
routeror switch. This posesa challengeto thesystemdesignersandprogrammerson
how to effectively utilize thecommunicationnetwork for high-performancecommuni-
cation.

1.2 ThesisStatementand Contrib utions

In thisdissertation,weshow thatthekey to effectiveutilizationof clusterresourcesre-
lies on a setof performanceparameters,which eloquentlydelineatestheperformance
capabilitiesof thetargetcommunicationsystem.Throughthis setof performancepa-
rameters- thecommunicationmodel,wecananalyze,predict,evaluateandexplainon
issuesrelatedto high-speedcommunicationoncommodityclusters.

This communicationmodel is a performanceunderstandingtool, which captures
theperformancecharacteristicsof thetargetmachineandfacilitatesperformanceanal-
ysis aswell asalgorithmdesign. The model is basedon a resource-centricview of
the dataflow throughthe abstractmachineduring a communicationevent. Most of
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the performanceparameterscandirectly mapto eventsor operationsfound in tradi-
tionalmessagepassingprogrammingmodel.In addition,eachperformanceparameter
is associatedwith a microbenchmarkthatmeasuresexperimentallyits associatedcost
unit, e.g. time measurementin FHG or clock cycle, that this parameterspendsor takes
to supporttheparticularperformancefeature.

Thisdissertationexposesperformanceissuesrelatedto high-speedcommunication
oncommodityclusters.Theprincipalcontributionsof this thesisare:

❑ We introducea realisticcommunicationmodel that supportsperformanceun-
derstandingof the clustercommunicationsystem.This communicationmodel
becomesthe foundationof this thesisresearch,which is usedasa tool for sup-
portingperformanceanalysisandalgorithmdesign.

❑ We provide a setof benchmarkmethodologiesto quantify all performancepa-
rametersof our communicationmodel. This communicationmodelandits as-
sociatedmicrobenchmarksmake up as a tool for performanceevaluationand
analysis. As we believe that to assistperformanceunderstanding,the defini-
tion of the performanceparametershouldaccompany with the benchmarking
methodologythatmeasuresit.

❑ To studythecongestionproblemin high-speednetworking,weexploit how con-
gestionproblemcouldaffect thefinal performancefrom anarchitecturalview-
point. We show thathow thebuffering architecturesof theswitch interactwith
thecommunicationprotocol,anddominatethebehavior of our lightweightmes-
sagingsystemundercongestive losssituation.Our analyticalandexperimental
resultsshow thatunderasymmetrictraffic loads,theoutput-bufferedmechanism
is moresusceptibleto thecongestionlossproblemthantheinput-bufferedmech-
anism. During themodelingexercise,we identify salientfeaturesthatenhance
ourunderstandingon thepacket lossproblem,andtherefore,arerelevantfor the
designandanalysisof efficiency communicationschedules.

❑ To avoid congestionloss, we have introduceda global congestioncontrol
scheme,which is a proactive approachin handlingcongestion. This scheme
makesuseof resourceinformationprovided by our modelto preventoversub-
scribingthe network andavoid congestionloss. Througha global windowing
concept,this schemeworkson by collaboratingall participatingnodesto mon-
itor andregulatethe traffic load, which effectively avoids congestionlossand
maintainssufficient throughputto maximizetheperformance.

❑ Basedon thearchitecturalmodelof theclustersystem,we have devisedanef-
ficient communicationschedulefor completeexchangeoperation.Thespirit of
this algorithmis thenodecontention-freescheduleoperatedat thepacket level
without explicit synchronizationoperation. This algorithm, the Synchronous
Shuffle Exchange,effectively utilizesthecommunicationpipelinesandachieves
high-performance.We make useof our communicationmodelto show thatthis
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algorithmis optimal. In theexperimentalevaluation,wedemonstratethatthisal-
gorithmis realizableandefficient,asit canreach97%of theavailablebandwidth
on varioushardwareplatforms.

1.3 Organizationof the Thesis

Thisdissertationshowshow arealisticmodelcanhelpsystemdesignersandprogram-
mersto understandtheperformancecharacteristicsof theunderlyingcommunication
system.Theorganizationof this thesisis asfollows. Chapter2 introducesour com-
municationmodel in detail. We first describethe architecturalmodel that our com-
municationmodelis built on, aswell asprovide a breakdown view on how dataflow
throughthis architecture.Thenwe list out all the parametersof this communication
model togetherwith their associatedcost formulae. The last sectionin Chapter2 is
focusingon reviewing otherrelatedmodels,andshow how our work is distinguished
from otherworks.

Chapter3 providesa brief descriptionon theDirectedPointcommunicationpack-
age[59], which is usedasour tool to validatethethesisstatement.Thenwe measure
two of theEthernet-basedimplementationsof DirectedPointandperformasystematic
analysison their performance.Throughour modelingframework, we easilyspotout
thestrengthandweaknessof thesesystems.In Chapter4, weextendour performance
studiesfrom a point-to-pointanalysisto a highly congestedcommunicationpattern,
the many-to-onecollective operation. We focuson the congestionbehavior of how
thereliabletransmissionprotocolperformsunderheavy congestive losssituation.The
primarynetwork architecturalfeaturerelevantto thisstudyis theswitch’sbufferingar-
chitecture,which is oneof theperformanceparametersof our communicationmodel.
We conductbothexperimentalandanalyticalstudieson two differentbufferingarchi-
tectures,andinvestigateon how thesebuffering mechanismsimpacton the resulting
performance.

Chapter5 and6 highlight anothercapabilityof our communicationmodel- algo-
rithm designandanalysis.In thesechapters,we arefocusingon anothercommunica-
tion pattern,themany-to-many completeexchangeoperation.In Chapter5,wediscuss
anefficient algorithm,theSynchronousShuffle Exchangealgorithm,for thecomplete
exchangeoperationwith our communicationmodel. We make useof our modelpa-
rametersto show thatthis algorithmis optimalon a theoreticalnon-blockingnetwork.
We alsoshow that, in reality, theswitch’s buffering architecturemayhampertheper-
formanceof ouroptimalalgorithm,dueto thedemandingnatureof this algorithm.

In Chapter6, we extendour studyon thecompleteexchangeoperationto another
realisticLAN topology, the Hierarchicalnetwork [35]. And we show that thereare
architecturallimitations on this topology. Again, by using the resourceinformation
providedby our communicationmodel,wehavedesignedaproactivecongestioncon-
trol schemeto augmenttheoriginal synchronousshuffle exchangealgorithmto work
efficiently on this network topology. Chapter7 givesa summaryof this dissertation
aswell asdiscusseson directionsfor future work. Last but not the least,Appendix
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A containsthefull descriptionof all benchmarkmethodologiesof ourcommunication
model.



Chapter 2

Communication Model

2.1 Intr oduction

All parallelarchitectureshave a commonrequirement- they all requirea fast, high
quality interconnect,thus, the uniquepropertyof parallel computerarchitectureis
the communicationsystem. Modernnetwork technologiesarecatchingup with the
hostsystemperformance;however, theoverheadof traditionalcommunicationproto-
col (TCP/IP)is socostly thattheperformanceof communicationsystemslagsbehind
the technologicalopportunities. This is the reasonwhy lightweight messagingsys-
temsaredesignedto extract the bestperformanceout of the boxes. However, they
arerelatively low-level from anend-userviewpoint. In addition,programsrunningdi-
rectly atopof thesecommunicationsystemsaregenerallynot portableacrossparallel
platforms. Therefore,in general,theselightweight messagingsystemsarenot used
directly by the applicationprogrammer, but arebetterfor supportingandoptimizing
high-level massage-passingprogramminginterfacessuchasMPI [38] andPVM [97].

Arguably or not, a scalableparallel machinemust be in the form of distributed
memoryarchitecture.Althoughthis architecturesupportsall known parallelprogram-
mingparadigms,thebest-fitprogrammingparadigmonthisarchitectureis themessage
passingparadigm.Fromtheperformanceandportabilitypointsof view, designingpar-
allel programson top of portablemessagepassingmodelwould bethemosteffective
way to harnessthe computingresources.Programmerssimply expresstheir parallel
computationsby usingthe high-level programminginterface,whoseimplementation
detailsareconcealedfrom theend-users.By assumedthattheimplementationsarein-
deedefficient,muchof theburdenof managingparallelismis lifted, thus,theend-users
canfocuson designingandoptimizing the applicationswith respectto the program-
ming interface. Basedon this layer structure,we seethat our communicationmodel
shouldbeaimedasa “mid-level” model,whosetasksareto mapall high-level primi-
tivesproperlyontothelow-level architecturalabstractions.

A modelis just an abstractmachine,andtherefore,we canhave modelsat many
different levels of abstraction[90]. For example,eachprogramminglanguageis a
model,sinceit is anabstractinterfacethatprovidesasimplifiedview of theunderlying
hardwareto theprogrammers.However, dueto thediversenatureof theparallelappli-

11
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cationsandparallelarchitectures,it is absurdto think thatonemodelis goodenoughto
representthewholesupercomputingdomain.Sincetheideaof performancemodeling
is for algorithmdesignerto developefficient algorithmsfor realizable,cost-effective
architectures.Therefore,we believe that a realisticperformancemodel(in our case,
the communicationmodel)musthave its associatedprogrammingmodelaswell as
thecorrespondingarchitecturalmodel,suchthatalgorithmsaredesignedor analyzed
with theperformancemodel,codedin theprogrammingmodelandrealizedon thear-
chitecturalmodel.Theabove classificationof modelswasintroducedby Heywoodet
al. [43], wherethey usedit asa tool to classifydifferentabstractmodels.

2.2 Commodity Cluster - Another MessagePassing
Machine

We agreeon thevisionaryraisedby Culler et al. [32] andMcColl [66] that thearchi-
tecturaltrendof parallelcomputersis converging towardthefollowing genericmodel
- Mostmodernlarge-scalemachinesareconstructedfromgeneral-purposecomputers
with a completelocal memoryhierarchy augmentedby a communicationunit, inter-
facing to a scalablenetwork. This architecturalinsight includesa broadspectrumof
parallelarchitectures,whichrangesfrom MassivelyParallelProcessor(MPP)machine
to thePCandworkstationcluster. However, thisconceptualarchitectureis tooabstract
for building up our communicationmodel. As in our modelingframework, thearchi-
tecturalmodellieson thelowestlevel,whichneedsto beaflexible andrich modelthat
clearlydelineatestheperformancecapabilityof thetargetarchitectures.

2.2.1 Ar chitectural Model

In ourmodel,aclusteris definedasacollectionof autonomousmachinesthatareinter-
connectedby two networks,oneis drivenby standard(STD) communicationprotocol
suchasTCP/IP, andtheotheris for high-performancecommunicationthatrunsunder
the lightweightmessagingprotocol(LMP). Both networkscanbecomprisedof same
network technology, but normally thefirst oneis runningon a low-endLAN technol-
ogy while the LMP network is on a high-performanceLAN or SAN (SystemArea
Network). Parallel applicationsrunning on the clustermake useof both networks.
The LMP network is usedprimarily as the communicationnetwork for the parallel
applications,while the STD network is usedasthe control/backupnetwork, e.g. job
submissionanddispatching,aswell asclustermanagement.For non-parallelapplica-
tionssuchassequentialanddistributedtasks,they only makeuseof theSTD network
if communicationsbetweenmachinesareneeded.Thus,our communicationmodelis
focusingon theperformancecharacteristicsof theLMP network underparallelappli-
cations.

All clusternodesareassumedto have thesamelocal characteristics,suchascom-
putationpower, memoryhierarchy, operatingsystemsupports,and communication
hardware. In particular, we assumethat eachnetwork adapterequipswith one set
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of input andoutputchannels,suchthat, it cansimultaneouslysendandreceive one
datapacket within onecommunicationstep. In general,parallel programsare pro-
grammedin SPMD (SingleProgramMultiple Data) mode,andfollow the compute-
interactmodeof coarse-grainedsynchronization.As for theLMP network, it involvesa
globalrouter/switch,interconnectingall nodes,andassuminga completelyconnected
topology;hence,thenetwork diameterbetweenclusternodesis not relevantunderthis
architecturalmodel.

For the global router, we assumethat it supportsan unreliable,packet-switched,
pipelinednetwork, and operatesin full-duplex configurationunder a fixed routing
strategy. Thelogical unit of communicationis packet, which is boundedto therange
[1..MTU1]. To transmitlongmessages,thesystemtransfersthemassequencesof pack-
ets. Packetsgeneratedfrom any givennodetravel alonga predeterminedfixed route
throughthe network in orderto reachtheir destination.To supportcompletelycon-
nectedconfiguration,therouterhasa deterministicdelayin routinga packet from any
inputport to thedestinationoutputport in theabsenceof conflicts,but theoverallper-
formanceis affectedby thenetwork load.Conflictstakeplaceif morethanonepacket
needto accessthe sameoutput line, andareresolved by alwaysforwardingthe first
arrived packet; the rest are bufferedand routedlater in a FIFO (First In First Out)
manner. Theamountof buffer memoryinsidethe routeris assumedto befinite, and
therefore,the network cansustaincertainlevel of congestion.Sincewe assumethe
network is unreliable,uponheavy congestionandthe buffer spaceis exhausted,the
routersimply discardsexcesspackets.

At first instance,thisglobalrouterconcept[70] seemsto beanunrealisticassump-
tion asthis limits thescalabilityaspectof theclustersystems.However, currentnet-
work technologyallows usto scaletheswitchingsystemto supporthundredsto thou-
sandof nodesinterconnectedby asinglerouterswitchwith moreor lessuniformpoint-
to-point latency. For example,both ExtremeNetworks [71] andCiscoSystems[98]
claim that their high-endchassisswitches,BlackDiamond6816 from ExtremeNet-
works andCatalyst6500seriesfrom CiscoSystems,cansupportup to 192 Gigabit
Ethernetports. In particular, the BlackDiamondswitch canbe configuredto support
at most1440FastEthernetportswith wire-speedLayer 2 andLayer 3 switchingfor
consistentperformance.

As we believe that an ideal abstractmodel must correspondto a programming
modelso thatalgorithmsaredesignedor analyzedwith theabstractmodelandcoded
in the programmingmodel. With this architecture,the best-fitprogrammingmodel
would be the Message-Passingprogrammingmodel, suchthat processesrunning in
parallelarecommunicatingwith oneanotherby sendingandreceiving messages.In a
broadersense,all processesrun in privateaddressspacesandcooperateby meansof
explicit messageexchange.Therefore,to delineatetheassociationbetweentheabstract
modelandprogrammingmodel,we draw our attentionon how dataaremoving over
thisarchitecture.

1MTU standsfor theMaximumTransferUnit of thecommunicationsystem.



14

2.2.2 Data Transfers

The datatransfershave a significantimpacton the communicationperformance,so
optimizingthis critical pathis essentialto obtainhigh-performance,andthis becomes
the main objective of all lightweight messagingsystems.Despiteof the vastdiffer-
encein implementationchoicesandtargetnetwork technologies,we observe thatdata
transmissionsarecommonlygoing throughthreephases,from senderaddressspace
to receiver addressspace.A typical scenariowould look asfollows: the dataon the
sendersidefirst traversethroughthe sendphase,which is usuallyunderthe control
of thehostprocessor. Thenthemessagesaredeliveredby thenetwork hardware(net-
work interfacecards(NICs) andswitches)to theotherendduring the transferphase
of the transmission.Eventually, at the other end, the receivephaseterminatesthis
transmissionby deliveringthedatato thecorrespondingreceiveprocess.

Send Phase This phaseincludesall eventshappenedbefore the network adapter
takesover thecontrolin handlingthedatatransfer. We considerthis phasestartsfrom
thetime whentheuserprocessis readyto sendits message,to thetime whenthedata
messageis transformedto ahardwaredependentformatthatis readyto betransmitted
by the network adapter. With traditionalcommunicationprotocol, this includessys-
tem call handling,cross-domaindatacopying, checksumcomputing,protocolstacks
traversing,andotherprocessingoverheads.However, for all lightweight messaging
systems,all thoseunnecessaryoverheadshavebeenremovedsoasto shortenthesoft-
waregapbetweentheuserprocessandnetwork hardware.Regardlessof theoptimiza-
tion techniquesusedin this phase,all LMP systemsmusttake careon how to “move”
the datamessagefrom the sender’s memoryspaceto the network adapter’s address
space.

Onemajordifferencebetweentheselightweightmessagingsystemsis theobliga-
tion of thehostprocessorwith respectto themultiplexing task. To supportmultipro-
gramming,the LMP systemsare requiredto efficiently multiplex multiple message
streams,anddeliver theseintermixeddatapacketsto thecorrespondingdestinations.
For network adapterswith a programmablecommunicationco-processor, someLMP
systemsoff-load themultiplexing taskto theco-processor. This allows thehostpro-
cessorto do othercomputation,andthus,effectively reducesthe softwareoverhead.
Ontheotherhand,without thehelpfrom acommunicationprocessor, themultiplexing
taskbecomesthe soleresponsibilityof the kerneldueto the protectionandintegrity
reasons,andtherefore,theobservedsoftwareoverheadwouldbehigher.

For example,BIP [83] is a user-spacecommunicationlibrary built on top of the
Myrinet network [15]. To deliver nearraw speedperformance(i.e. theachievedone-
waylatency is 4.3 FIG for anemptymessage),it simplyexposesthenetwork interfaceto
asingleuser-spaceprocessandreliessolelyontheMyrinet hardwarefor thereliability.
On the otherend,PM [101] is anotheruser-spacecommunicationlibrary runningon
Myrinet; it supportsmultiprogrammingaswell asadoptingflow-control mechanism
to avoid receive-buffer overrun. Sameas BIP, it relies on the Myrinet hardware to
guaranteethedatadeliverybetweenNICs. Its one-way latency is 7.2 FHG for an8-byte
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message.Therefore,we reckon that theoverall costof this sendphasecouldbecome
a performanceindex, which reflectsthe functionality of the lightweight messaging
protocolaswell astheprocessingcapabilityof thenetwork hardware.

Transfer Phase Thetransferphaseis wholly a network-dependentpart. This phase
involvesall the eventshappenedin transportingthe datathroughthe network to the
remotepeer. In general,this includestwo DMA transfers,onein thehostnodeandthe
otherin theremotenode,togetherwith thephysicaltransmissionof thedatathrough
thewiresandswitches.Factorsattributeto themovementcostof this phaseare:

❑ TheI/O busbandwidth,e.g.PCI,VME, MicroChannel,SBus,etc.For example,
Tezukaet al. [101] have reportedof the significantdifferencein the measured
network bandwidthbetweenSBusandPCI bus on the Myrinet networks that
weredrivenby thePM protocol.

❑ Thenetwork transmissionspeed,e.g.100Mb/s with FastEthernet,1 Gb/swith
GigabitEthernet,2 Gb/swith Myrinet-2000,10 Gb/swith 10 GigabitEthernet,
etc.Thehigherthetransmissionspeed,theshorterthenetwork delay.

❑ Thenetwork interfaceprotocolor firmware,e.g. Myrinet-interfacecontrolpro-
gram,QsNetdriver, etc.With theuseof programmablenetwork interfaces,more
functionscanbe included,e.g. addresstranslationandreliablesupport,which
significantlyreducesthe softwareoverhead.On the otherhand,this increases
thenetwork delaywhenmorecomplex network interfaceprotocolis used,e.g.
AM II [23].

❑ The network topology, e.g. multistageinterconnectionnetwork, crossbarnet-
work, irregularnetwork, etc. This affectsthedistanceor diameterbetweenthe
clusternodes,which in turnaffectsthetransmissiondelayon thenetwork.

❑ Underlyingswitchingtechnique,e.g. store-and-forward switching,virtual cut-
throughswitching,wormholeswitching,etc.

It is a non-trivial taskto captureall thesefactorsasonehasto know all thedetailsof
theunderlyinghardware,which overwhelmstheperformanceunderstandingprocess.

Despiteof having many factorscontributeto thetransfercost,theprevailing factor
is thenetwork technologyto which theseLMP systemsaretargeting.This is because
oncewehavedecidedonthenetwork technology, weareconfinedto thetechnological
constraintsof the underlyingnetwork. For example,performanceof the network is
moreheavily influencedby theswitchingtechniquethanby thetopologyor therouting
algorithm[35]. However, mostof theFastEthernetor GigabitEthernetswitchesare
usingstore-and-forward packet switching. Therefore,thoseLMP systemrunningon
thesenetworksareknown to havehighernetwork delay, albeitsupportingalargernon-
blocking network. In contrast,the Myrinet switchesareusingwormholeswitching,
wearethereforeexpectingavery low hardwarelatency, e.g.~0.1FIG perswitchlatency
[69], which significantlyimprovesthepoint-to-pointcommunicationperformance.
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Besidesof the hardware delay, the adoptedswitching techniquealso affects the
way in which the switch handlesnetwork conflict. For examples,store-and-forward
switch usesbuffer queueto storethe whole packet, while wormholeswitch applies
link-by-link flow control to stall the transmissioninsteadof buffering thepacket. Al-
thoughthesetwo techniquesboth increasethe network delay, they give completely
differentimpressionto theend-user. For thestore-and-forwardbuffering, theend-user
would experiencean increasein the per packet network delay, while for the worm-
hole switching, the end-userwould experiencean increasein per messageinjection
rate. Nevertheless,theseminor differencesmay affect the designchoicein devising
efficient communicationalgorithms.

Receive Phase This phaseincludesall eventshappenat the destinationnodewhen
messageis handedover by the network adapter, until it is being dispatchedto the
correspondingreceiver’s processspace. It looks as if the receive phaseis just the
oppositeof thesendphase,but it is not. In thedatatransferevent,messagereceptionis
anasynchronouseventasreceiving processdoesnotknow whenwill amessagearrive.
To dispatchthe datato the right place,i.e. the reverseof multiplexing, the system
needsto know wherethedatashouldgo. Thishasto bemanagedby aprivilegeprocess
thatgetshold of thoseprotectedinformations,andthis becomesthemajordifference
betweendifferentLMP implementations.For thoseLMP systemsthat do not make
useof any communicationco-processors,this becomesthe soleresponsibilityof the
operatingsystem.To notify thekernelon themessagereception,thenetwork adapter
needsto raisea hardwareinterrupt. However, interruptsarehigh priority events,they
havegreatperformanceimpactonmodernCPUarchitecture,suchasflushingpipelines
andreducingcachelocality.

Even thoughwith theavailability of communicationco-processor, differentLMP
systemstake differentstrategieson the messagereception. SomeLMP do not take
advantageon the co-processor, andusethe in-kernelapproach,e.g. AM-II [23] and
FM [75]. Othersprogramthe co-processorto move the incomingmessagedirectly
to a pre-pinnedandpre-translateduser-spaceaddress,e.g. PM [102] andLFC [12],
or using a more aggressive approachthat integratesa translationlook-asidebuffer
into thenetwork interfaceto pin andtranslateuser-spaceaddressesdynamically, e.g.
UNet/MM [115]. Moreover, nomatterwhichprotocolsthey areusing,theperformance
of this phaseis greatlyaffectedby theprocessingspeedof theprotocolprocessor, the
lightweightmessagingprotocol,andtheI/O busbandwidth.It is foundthatthis phase
is most likely to be the bottleneckof the whole transmissionpath,especiallyif the
processingspeedis not fastenoughto drain-off all incomingmessages.

To summarize,we presenta breakdown analysisof several user-level or kernel-
level lightweightmessagingsystemsin Table2.2,andcategorizetheir activities with
respectto the three-phasedatatransfer. We observe thatdifferentLMP systemshave
differentmassing-passingsemanticsandimplementations,andthis is beingreflected
by the differencesin involvementwithin the threephases.However, their eventsor
activitiesaregenerallycapturedby this three-phasedatatransmissionscenario.
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AM II [23] FM2.x [58] BIP [83] PM1.2[101] UNet/ATM
[108]

pre-
communication
setup

endpointscreation context cre-
ation

context cre-
ation

endpoints cre-
ation

possible per-
communication
overhead

endpointfaults pin send & receive
buffer

gang schedul-
ing overhead

copy-to-DMA

synchronizeon long
message

pin-down
cache over-
head

sendphase library call library call library call library call library call
Short:
PIO

Long:
copy-to-
DMA

acquire device
lock

Short:
PIO

PIOmetadata

receive polling PIO with write
combine

transferphase endpointmanagement
overhead

Myrinet trans-
fer

DMA to
NIC

DMA to NIC DMA to NIC

DMA to
NIC

DMA from
NIC

Myrinet transfer Myrinet trans-
fer

ATM transfer

Myrinet transfer DMA
from
NIC

DMA from
NIC

DMA from
NIC

endpointmanagement
overhead

DMA
from
NIC

receive phase polling or interrupt polling polling polling polling
PIO copy-

from-
DMA

copy-from-
DMA

PIO copy-from-
DMA

copy-from-
DMA

GigaE-PM2[95] GAMMA [22] DP UNET/FE[114]

pre-
communication
setup

context creation active port setup DP endpointcreation endpointcreation

possible per-
communication
overhead

acquiresendbuffer pin send& receive buffer copy-to-DMA

sendphase copy-to-DMA lightweightsystemcall lightweightsystemcall lightweightsystemcall
systemcall copy-to-DMA

transferphase DMA to NIC DMA to NIC DMA to NIC DMA to NIC
GE or FE transfer GEor FE transfer GEor FE transfer FE transfer
DMA from NIC DMA from NIC DMA from NIC DMA from NIC

receive phase interruptor polling interrupt interrupt interrupt
copy-from-DMA copy-from-DMA copy-from-DMA copy-from-DMA

copy-to-user copy-to-user copy-to-user

Table2.2: Breakdown analysisof severallightweightmessagingsystemswith respect
to thethree-phasedatatransfer. During thedatatransfer, we assumethattheoutgoing
messageis residedon any virtual addressspaceof thesenderprocess,andis goingto
bedeliveredto any virtual addressspaceof thereceiverprocess.
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2.2.3 The Communication Model

A practicalwayto understandtheperformancecharacteristicsof aparallelprogramon
a parallelarchitecture,is to look from a processor’s viewpoint at thedifferentcompo-
nentsof time spentexecutingthe program[32]. With eachcomponentof time spent
reflectsthe software-plus-hardwareperformanceof a specificarchitecturalfeature,a
collectionof thesecomponentsbecomesa setof performanceindicesthat relateddi-
rectly to theperformanceunderstandingissues.In theprevioussection,we have laid
out thearchitecturalmodelof theclusterplatformaswell asthe typical scenariosin-
volved in moving dataover this architecture.Sincedatacommunicationlies on the
critical pathof a message-passingmachine,thestraight-forwardway in performance
understandingis to identify abstractcomponentsthat characterizethis critical path-
thedatatransfer.

To characterizethetransfer, a communicationmodelis associatedwith our archi-
tecturalmodel,which delineatesthe costsinducedby moving the dataaround,both
locally andremotely. We considerdatacommunicationvia the network asan exten-
sionto thememoryhierarchyconcept,suchthatit is adatamovementfrom theremote
memoryregion to the local memoryregion, or vice versa.Theremayhave two types
of datamovementsin a communicationevent: a) remotedatatransfersandb) local
datatransfers.It is importantto includethelocal datatransferabstractionsto our per-
formancemodel. This is because,in the associatedmessage-passingmodel,we are
not restrictingon the“whereabouts”factorof thedatamessages.Sincedatamessages
canberesidedin anywhereof a processaddressspace,andsomecommunicationsys-
temsrequirethe placementof thesedatamessagesbe in somepre-definedmemory
region, e.g. UNet andGigaE-PM2,thus,local datamovementsareincludedsoasto
accomplishthisprogrammingabstractions.

Remote Data Transfer We encapsulateall the overheadsof the three-phasedata
transferby a set of model parameters,andbelow are the detail descriptionof indi-
vidual parameters.The associatedmicrobenchmarksfor deriving the cost functions
of this parametersetareprovidedin AppendixA. In addition,Figure2.1summarizes
this abstractmodel asa schematicdrawing that delineatesthe relationsof different
performanceparametersto thearchitecturalmodel.

Machine size p This refersto thenumberof processesparticipatingin thiscom-
municationevent.

Send overhead ���J�LKE� This parameterstandsfor thesoftwareoverheadassoci-
atedwith the sendprocessfor sendingan m-bytedatapacket. From the high level
perspective,weview it asthetimeusedby theuserprocessto interactwith thelogical
network interface,preparethemessage,forward themessageto thenetwork adapter,
andsignalthe network hardware. Therefore,it encapsulatesall the eventshappened
in sendphase.This parametercapturesseveralperformancefeaturesof thecommuni-
cationsystem,suchasthe speedof the hostprocessor, the efficiency of the memory
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Figure2.1: Modelparametersaffiliatedwith theremotedatatransfer

subsystem,andthe lightweightmessagingprotocolin use. We modelthis parameter
by asimplelinearfunction,

���J�LKE�M�ONP�H�RQS�TK (2.1)

whereN>� is thestartupcostof thiseventwhichdependson thenodeprocessingpower,
m is themessagelengthboundedby therange[1..MTU], and QS� is thedatatransferrate
thatdependsontheefficiency of thememorysubsystem.Subjectto theparticularLMP
protocol,for example,underzeromemorycopy, this linearfunctioncanbereducedto
a simpleconstant,i.e. ���J��KE�@�UN>� . As this is a synchronousevent,we quantify this
parameterby directly measuringthetime engagedby theprocessorin handlingthose
activities.

Inter-packet transmit gap 	�V��KE� Owing to the differencein datamovement
speedsbetweenthe sendand transferphases,the network hardware is moving data
packetswith a confinedcapacity, which is capturedby this parameter. For example,
theperformanceof theI/O busandthenetwork technologyarethemajorfactorsof this
parameter. This inter-packet gaphastwo slightly differentmeaningswith respectto
differentperspectives,but in general,it delineatesthemaximumnetwork throughput
availableto theuserprocess.Fromtheuserprocessperspective,it viewsthegapasthe
minimumservicetime of thenetwork in transmittingconsecutive datapackets.Thus,
any attemptto senddatafasterthanthisgapyieldsnoperformancegain,andthediffer-
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encebetween	� and ��� indicatestheamountof CPUcyclesavailablefor theprocessor
to do otherusefulcomputationor performthe receive operationduring bidirectional
communication.From the network perspective, it representsthe maximuminjection
rateof thepacketsto thenetwork. Thisparameteris delineatedas

	,�J��KE�)�W	YX��RQZX[K (2.2)

where	YX standsfor thestartupcostnecessaryto initiate thetransferand QZX reflectsthe
availablecommunicationbandwidthprovidedby theI/O busandthenetwork.

Network latency �\��K<]^�_� This parameterrepresentsthe time usedby the net-
work to move an m-bytedatapacket from the physicalmemoryof the sourcenode
to thephysicalmemoryof thedestinationnode.It is a network-dependentparameter,
which encapsulatesthe performanceof the host I/O bus, the network topology, the
network technologyandthenetwork interfaceprotocol(or firmware)in use.Sincewe
modelthenetwork asa completegraph,the topologyandthedistancefactorscanbe
eliminated.In general,thevalueof L is subjectedto thetraffic loadingatany particular
instantin a realnetwork. For example,whenroutingthepacketsthroughthenetwork,
conflictstakeplaceif morethanonepacket accessesthesameoutputline, andtempo-
rarybuffering is needed.Thisdelayaffectstheoverallnetwork performanceperceived
by theusers.Theamountof buffer memoryinsidetheswitch is assumedto befinite,
thus,the network cansustaincertainlevel of congestion.We model this phaseby a
bilinearfunctionunderthecongestion-freecondition,

�@�LK<]^�_�)�O`[�8�_�H�aKbQV�H�LK<]^�_� (2.3)

where `[�8�_� is a functionrepresentingthecumulativestartupcostof thisnetwork trans-
fer and QV�H��K<]c�_� is theavailablenetwork throughput.Both l and QV� areafunctionof p.
Routingapacket involvesutilizationof somecentralresources(e.g.buffer controlunit
and forwardingcontrol unit), therefore,contentionfor resourcesmay occur if more
thanonerouting requesthappenconcurrently. The extent of this contentionis sub-
jectedto theswitchinternalarchitecture,anddifferentroutersmaybehave differently.
Somenetworksmay only have limited aggregatebandwidth,they cannotservicetoo
many communicatingpairsat a time andcontentionarises.So theallocatednetwork
throughputto the transferphasedependson theaggregatebandwidthof thenetwork,
thenumberof communicatingpairsandthevolumeof thecommunication,thus, QV� is
a functionof bothp andm.

Inter-packet receive gap 	
�C��KE� Thisparameterstandsfor theminimumtimein-
terval betweentwo consecutive receptionsexperiencedby thereceiving host,which is
limited by theperformanceof theI/O busandthenetwork technologyin use.Similar
to the 	,� parameter, it is usedto delineatethemaximumpacket arrival ratedelivered
by thenetwork or themaximumservicerateof thenetwork hardware.This parameter
hastwo uses.First, the inter-packet receive gapreflectsthe CPU cyclesavailableto
handlearrivedpackets,so this informationshouldbe taken into considerationduring
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LMP design.For example,shouldwe implementanaddresstranslationmechanismto
supporttrue “zero-copy” on the receive path,or simply usinga one-copy semantic?
We canmake useof thereceive gapparameterto justify on variousdesigntrade-offs.
Second,aswe cannotreceive morethanonepacket within thereceive gap,this infor-
mationis particularlyusefulin designingcommunicationschedules.For example,we
canusethis informationto schedulea collective operation,which involvesbothsend
andreceiveevents.

Sameasthe 	,� parameter, this receivegapis capturedby a linearfunction,

	2�Z�LKE�d�W	
ef�#QSegK (2.4)

For simplicity, on a homogeneouscluster, we cangenerallyassumeQZXh�UQSe , asboth
arerelatedto thetransfercapabilityof thenetwork andtheI/O bus.

Network buffer capacity ��� Resourcecontentionis the major causeof con-
gestion,which in turn, affects the delayexperiencedby the applications. In reality,
congestionis a fact thatwe needto facewith. The �@� parametercorrespondsto the
availablebuffer capacityin theglobalrouter, which is a measureof thenetwork toler-
anceof the routerin handlingcontention.For a router/switch,we only have one ���
value,either it is associatedto the whole switch if it is a shared-bufferedswitch, or
is associatedto a switch port if it is an input-bufferedor output-bufferedswitch. By
capturingthefinite capacityof thenetwork buffers,algorithmdesignerscancalculate
the network endurance,and avoid congestionloss with appropriatecommunication
schedules.

Asynchronous receive overhead ���Z�LKE� This parametercapturesthe software
overheadin handlingincomingmessages.As thereis nocentralcoordinationbetween
communicatingparties,andthemessagescanbearrivedatanytimeonpacket-switched
network; thus,messagereceptionis consideredasanasynchronouseventwhich does
not involvethereceiving process.Thisparametercapturesthecostsof all kernelevents
includinginterrupt,memorycopy andcontext switch,andits efficiency is affectedby
theprocessingspeedof theprocessorandthe lightweightmessagingprotocolin use.
In our model,weexpressit asa linearequation,

���C�LKE�)�(N0���RQJ�iK (2.5)

In which N0� representstheminimal costof this asynchronousevent,suchasinterrupt
cost,buffer management,andprotocoloverhead;while QJ� mainly reflectsthespeedof
memorymovementbetweendifferentmemoryregionsif needed.

User receive overhead ���Z�LKE� Dueto theasynchronousnatureof thecommuni-
cation,the receiving processneedsto find somemeansto checkfor dataarrival, e.g.
polling, block& wake-upby signal,or hybridapproaches;andconsumesthedata,e.g.
copy to othermemorysegment. This parameterreflectsthe softwareoverheadspent
by thereceiving processafterarrival of packets.In mostof theperformanceevaluation
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reports,dueto theartificial natureof thebenchmarkprograms,this parameteris of in-
significantlylow cost.However, in reality, this overheadreflectstheperformanceloss
dueto impropercoordinationof communicationevents.For example,in a multi-user
environment,polling is a user-level eventthat is affectedby theregularCPUschedul-
ing policy. If thereceiving processcannotbescheduledfrequentlyto poll for its data,
theoverallperformancemaydegradesignificantly.

Local Data Transfer

Memory copy overheads jlkm4nk , jlkm48o , & jDo�48o Memory copy issuehasbeen
extensively studiedin the past,andis beingclassifiedasa high overheadevent. To
avoid this overhead,mostof the low-latency communicationsystemshave removed
it from their protocolstacks.However, in reality, memorycopy operationscannotbe
avoidedcompletely. For example,somehigh-level communicationschemessuchas
GatherandAll-to-all, requireto havetheresultingmessagesbereturnedin contiguous
memorybuffer. Thus,extra memorycopy operationsareneeded.To quantify these
costs,weprovidethreememorycopy parameters- jlkm4nk , jlkm48o , and jpo�48o to represent
the costsinducedby datamovementbetweendifferentmemoryhierarchies,suchas
thecache-to-cache,cache-to-memory, andmemory-to-memorydatamovement.

2.2.4 SimpleExamples

Point-to-point communication For a homogeneouscluster, we generallyassume
that 	,�dqO	2� andsimplify theexpressionby 	r�tsvu2w��m	�g]x	2�g� . To takeadvantageof the
full-duplex communication,weassumethattheclustercommunicationsystemsatisfies
this condition, �����H�������t�����\�t	y�W� . This assumptionis generallytrueunderthe
currentmicroprocessortechnologiesandtheadoptionof low-latency communication.
As a result,underno conflict, the one-way point-to-pointcommunicationcost( ?{z�emz )
in transferringanM-byte “long” messagebetweentwo remoteuserprocessesis:

?{zJemz|�^j(�M�O���H�O�^}�~��Z��	��a������������� (2.6)

where}���� � , whichcorrespondsto thefragmentationof anM-bytemessageto k data
packetsof sizeb bytes. For optimalperformance,b usuallystandsfor themaximum
transferunit (MTU) of theunderlyingnetwork technology. Similarly, thebi-directional
exchangecommunicationcost( ?_��kL�g� ) betweentwo nodescanbeexpressedas:

?_��k��g�2�cj(�)�%�����O�^}�~��Z��	��a�<����������� (2.7)

It is interestedto seethat both one-way and two-way exchangeshave the same
cost.Figure2.2presentsthegraphicalbreakdown of thesepoint-to-pointcommunica-
tionsandshows thatwhenfull-duplex conditionis met,bothsendandreceive phases
canbehappenedconcurrentlywithout interferingeachother. Although ��� is a high-
priority eventwhichalwayspreemptsotheractivities,aswehave �������D���>�����J�*��	 ,
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Figure2.2: Point-to-pointcommunicationswith �����H����������������	
the processoris capableto performboth sendandreceive activities within one 	 in-
terval. Thus,we seethat the bottleneckof the communicationfalls on the network
component.In theory, their costswould remainthesameaslong asthebi-directional
network throughputis within the I/O bus throughputconstraint. The next example
will focuson how theassumptionof thefull-duplex conditionaffectsotherhigh-level
communicationissue.

Broadcast operation This one-to-many communicationpatternappearsin many
parallel and distributed applications,thus, it is included in most of the high-level
massage-passinglibraries, e.g. MPI. Most of theselibraries implementthe broad-
castoperationon top of thepoint-to-pointprimitivewith thetree-basedalgorithm.To
broadcasta longmessageof sizeM bytes(largerthantheMTU), wesimply repeatthe
broadcastalgorithm ��@ª�« �¬} times. Basedon our communicationmodel,we have
graphicallyconstructedthisbroadcastcommunicationtreeandpresentit in Figure2.3.
Thecorrespondingcostformulaexpressedin ourmodelterminologyis:

�@|�n�>�®� ¯�°±Kp�cj(�I�����H�#	��c}²~��Z�T`L³C	,ec���O�c�´�������������a���x�[`�³C	
e^�µ~R���� ¯�°±Kp�cj(�I��`L³Z	
e¶�²�T�c}�~��Z�±	·���´�������������a���x� (2.8)

Theaboveformulamodelsthecommunicationcostof sendinganM-bytemessage
thatresidesin anarbitraryvirtual addresson node1 to p-1 nodes.Although,with this
parameterset,thefull-duplex conditionis not reached2, we find that thereis no inter-

2 ¸P¹ includesan º@»mº copy so asto reconstructan M-byte messagebeforeforwardingto the user
process
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Figure2.3: Tree-basedbroadcastoperationexpressedin our modelterminologywithÁÃÂ ÄCÅ , Æ ÂÈÇ , É ÂËÊ , Ì�Í Â Ä , Ì�Î Â ÄÏ1Ð , Ñ�Î ÂÓÒ{Ï.Ð ; however, the full-duplex
constraintcannotbesatisfied.

ferencebetweenthesendandreceiveevents.In addition,we noticethatthebroadcast
root is the bottleneckof this communicationschedule.Nevertheless,sinceno inter-
ferenceexists,this derivedcostformulashouldcover otherclusterconfigurationsthat
satisfythefull-duplex condition.

Figure 2.4 delineatesthe samebroadcasttree that works on a different cluster,
which exhibits differentcharacteristics.Fromthis broadcasttree,we identify that the
bottleneckregionof this broadcastpatternis at the Ô ÕCÖn× processor, but notat thebroad-
castroot. Of the previous broadcastcommunicationschedule(Figure2.3), we find
no interferenceexistsin successivebroadcast,suchthatthereceptionof the Ø Ön× packet
doesnotoverlapwith thetransmissionof the Ù�ØÛÚ ÄZÜ Ön× packet to its subtree.But under
the new clustersetting,asshown in Figure2.4, at processor9 - the Ô Õ Ön× processorof
this broadcastevent, the transmissionof the Ø Ön× packet is alwaysoverlappedwith the
receptionof the Ý Ön× packet for any ÝEÞWØ . With this observation,thenew costformula
of this broadcastpatternunderthisnew clustersettingbecomes:ß�à Ù Á_ÜáÂ âgã±ä Ù^å ÜIæ Ì�Í æ Æ æ Ù^ç�Ú ÄZÜfè Ù�Ì�Î æ Ñ�Î æ Ù�é�êCÉ Õ Á Ú ÄZÜ Ì�Í Üæ Ì�Î æ Ñ�Î æ Ì�Í æ ÙcéLêCÉ Õ Á Ú ÄZÜ ÙcÆ æ Ì�Î æ Ñ�Î æ Ì�Í Ü ÚRÌ�ÍÂ âgã±ä Ù^å ÜIæ Ùcç�Ú ÄZÜfè ÙcÌ�Î æ Ñ�Î æ Ì�Í æ ÙcéLêZÉ Õ Á Ú ÊÜ Ì�Í Üæ éLêCÉ Õ Á Ù�Æ æ Ì�Î æ Ñ�Î æ Ì�Í ÜÂ âgã±ä Ù^å ÜIæ Ùcç�Ú ÄZÜ Ùmëíì æ ÙcéLêCÉ Õ Á Ú Ê,Ü Ì�Í ÜHæ éLêCÉ Õ Á Ù�Æ æ ëíì ÜÂ âgã±ä Ù^å ÜIæ Ù�éLêZÉ Õ Á²æ ç�Ú ÄZÜ ëÛì æ Æ)éLêZÉ Õ Á²æ Ùcç&Ú ÄCÜ ÙcéLêCÉ Õ Á Ú ÊÜ Ì�Í

(2.9)

whereëÛì Â Ì�Î æ Ñ�Î æ Ì�Í
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Figure2.4: The samebroadcastscheduleon anotherclusterconfigurationwith g re-
ducedfrom 2 to 1

Whencomparingbothcostformulae,wefind thattheextraoverheadinducedby the
interferencebetweensuccessive broadcastis proportionalto thesizeof thebroadcast
message(k). Hence,when k becomeslarge, the observed delay on this broadcast
operationbecomeslonger. Interestingly, one can determinewhich cost formula is
moreappropriateto their clusterconfigurationsby simply checkon theparameterset.
Observedthatno interferenceoccurswhenever thearrival interval betweensuccessive
broadcastis longerthanthesoftwarehandlingcost,thus

���������������Û��òZ`L³C	,e � ' ~��Cóvô*Kyõö��L	_]g���[����`L³Z	
e^�&ô�Kyõö��m	í]i���T�÷ ���������������ø��'
Kyõö��L	_]g���[�
Fromthis derivation,we concludethat if �c���ù�O���d�����[�ú�B'Z	 when ���·�(	 , or�c���f�t�������O��� when 	E�%��� , costformula(2.8) is moreappropriateto estimatethe

costof this broadcastoperation.Otherwise,usecostformula(2.9).

2.3 RelatedModels

The lack of the centralunifying model in parallel computationas comparedto the
uniquevon Neumannmodel in the field of sequentialcomputationhasresultedin a
long debateof selectingthe representative model(s)for parallel computation. Con-
sequently, thereexist enormousnumberof modelsfor parallelcomputation.Someof
themlook different,but wereshown to bequantitativelyequivalent[14]. Someof them
look similar, but they couldbe completelydifferent. In general,modelshave tended
towardsundesirableextremes.Ontheonehand,they areof highly theoreticalqualities
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but beunrealisticor difficult to maponto real machines.At theotherextreme,mod-
els may be too machine-orientedor complex which limit their long-termusageand
portability.

Bearin mindthatthedefinitionof themodelis "simplyanabstractview of a system
or a part of a system,obtainedby removing detailsin order to allow oneto discover
andworkwith thebasicprinciples" [43]. Ontheotherhand,thecomplexity of design-
ing andanalyzingparallelsystemsrequiresthat modelsbe usedat variouslevels of
abstractionthatarehighly relatedto theapplicationcharacteristics.Strictly speaking,
it is hardto make a head-to-headcomparisonon modelsasthey mayinvolvedifferent
levels of abstraction.As our questfor a performancemodel is to have effective ex-
ploitationof commodityclustersfor high-performancecomputation,sowe focusour
expositionof modelsthatarebasedon thesamearchitecturalfoundationascompared
to ourcommunicationmodel,aswell astargetingto asimilarprogrammingabstraction
asweare.

The BSPModel It is thefirst to becalledasbridgingmodel[105]. Essentially, it
agreeswith thegenericarchitecturalmodeldescribedabove,but requiresanextension
that providesefficient global synchronizationon all processors.The performanceof
theBSP-styleprogramcanbecharacterizedby threeparameters:p, L andg, wherep
standsfor thenumberof processors;L is thecostof globalsynchronizationin unit of
time step;andg correspondsto network throughputin termsof theratio betweenthe
numberof local computationaloperationsperformedpersecondby all processors,to
thetotalnumberof datawordsdeliveredpersecondby therouter. A parallelalgorithm
isexpressedin BSPmodelasasequenceof parallelsupersteps.Eachsuperstepconsists
of a sequenceof local computationstepsplusany messageexchanges,followedby a
global synchronization.The cost of a single superstepphaseis representedby the
formula û���	0ü���� , wherew is themaximumcostof thelocal computationon each
processor, andh is the maximumnumberof packetsboth sentandreceived by any
processor. Thecostof theparallelalgorithmis justthesumof eachindividualsuperstep
costthatcomprisingthealgorithm.

Although BSP modeldoesnot explicitly stresson datalocality, the gh parame-
ter shows us how the importanceof datadistribution (locality) in influencingperfor-
mance. Furthermore,the gh parameterimplicitly capturesthe contentionissuebut
inadequately, asin reality, g maybeaffectedundercongestioncondition.Oneimpor-
tant performancefeatureit hasmissedout is the communicationcost relatedto the
messagesize,as it doesnot distinguishbetweena messageof lengthkb andk mes-
sagesof lengthb, but in reality, this couldbe a significantfactorto the performance
predictionandanalysis.Anotherlimitation of this modelis the restrictedframework
- supersteps,assomeparallelapplicationscannotfit into this programmingstructure,
e.g. task-parallelmodel. The global synchronizationoperationbetweensupersteps
would imposea stringentrequirementon the clustercommunicationsystem.This is
becausealmostall commodityclustersarenotcoupledwith hardwaresynchronization
primitive,any realizationof theglobalsynchronizationhasto bedoneby softwareap-
proach,which meansit would contendwith normaldatacommunications.Thus,this
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becomesacostlyoverhead,especiallythis operationappearsoncein eachsuperstep.

The LogP Model The LogP model[30] tendsto be moreempiricalandnetwork-
oriented.Its includesfour parametersto characterizethesystem:L, o, g andP, where
P standsfor thenumberof processorsinvolved;o representsthesoftwareoverheadas-
sociatedwith thetransmission/receptionof message;L is theupperboundonthehard-
waredelayin transmittinga fixedbut smallsizemessagebetweentwo endpoints;and
g is the minimal time interval betweenconsecutive messagingeventsat a processor,
which correspondsto the network throughputavailableto the processor. By simply
exposesthesearchitecturalparameters,we candirectly derive the performance/cost
whenusingit to analyzeparallelalgorithms.

An interestingconceptof LogPmodelis theideaof finite capacityof thenetwork,

suchthatno morethancertainamountof messages( ý � �{þ ) canbe in transitfrom any

processoror to any processorat any time. And any attemptsto exceedthe limit will
stall the processor. However, the modeldoesnot provide any clear ideaon how to
quantify, avoid andtake advantageof this informationin algorithmdesign.Similarly,
LogP modeldoesnot addresson the issueof messagesize,even the worst is the as-
sumptionof all messagesareof “small” size;however, thishasbeenaddressedontheir
follow-upstudy[31].

Despiteof the shortcoming,this modelis the pioneermodelthat breaksthe syn-
chrony of parallelexecutionasopposeto thePRAM model[37], eventhoughit is not
the first to do so. Consequently, otherstudiestried to extendits capabilitiesto sup-
port moreconstructive features.For examples,LogGPmodel[4] augmentstheLogP
modelwith a linearmodelfor long messages;LoGPCmodel[67] furtherextendsthe
LogGPmodelto includecontentionanalysisusingqueuingmodelonthek-aryn-cubes
network; LogPQmodel [103] augmentsthe LogP modelon the stalling issueof the
network constraintby addingbuffer queuesin thecommunicationlines.

The Postal Model ThePostalmodel[8] is similar to LogPmodelwith theexcep-
tion of moreabstractlyexpressingthe network. The systemis characterizedby two
parameters:n and ÿ , wheren standsfor thenumberof processorsand ÿ representsthe
communicationlatency. Thecommunicationlatency ÿ is expressedasa ratio between
total timespentin transmittingthemessagefrom senderto receiverwith thetimespent
by thesenderin initiating thetransfer. This ratio capturesboththesoftwareandhard-
warecosts,andeffectively reducesthe dimensionof analysis.Similarly, to simplify
theanalysis,this modelsacrificestheperformanceaccuracy by neglectingthe impor-
tanceof messagesizeover communicationlatency. Therefore,their costmodelsare
betterfor asymptoticanalysisthanfor prediction,whenportingtheresultingalgorithm
to aparticularplatform,significanteffortshaveto bemadefor tuningthealgorithmfor
performance.

The C � Model The
� � model [41] comeswith the BSPsuperstepnotion andalso

requiresto havesynchronizationeventsbetweensupersteps.However, ontheselection
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of theperformanceparameterset,this modeladoptsa tacticthatlies midwaybetween
the PostalandLogP models,which explicitly expressingthe costsspentin sending
andreceiving messages.The uniquefeatureof this model is the introductionof the
congestionmeasuresto theperformanceset,whichmeasurethecongestionovercom-
municationlinks (

���
) and congestionat the processors(

� z ). The authorsadmitted
that congestionis difficult to evaluate,andthey approachedthis problemby a rather
phenomenalway.

Observed that congestiondependson the total amountof datasentbetweenall
processorpairs(cong). Thismodelrelatesthelink congestionby simplyestimatedthe
costasthe per-processordelay in routing ��� packetsacrossthe bisectionwidth (b),
which is sharedby all processorpairs(cong), i.e.

��� �%����ô�� k	��
S��� . And theprocessor

congestionis estimatedas
� z��%���2ôMý k���
V�z(þ ôü , whereh is theaveragedistancebetween

processors.Their rationaleis that a messageof size ��� traversinga distanceh links
wouldcompetefor theresourceswith othermessagesateachof the ü�~p� intermediate

processors,thereforeis sloweddown by afactorof ý k���
V�z þ ateachprocessor. However,

it is easyto find out thatthesecongestionmeasuresarequiteunrealistic.For example,
themany-to-oneandone-to-many communicationssuffer with thesamedegreeof link
andprocessorcongestion,which is obviouslynot truein realnetworks.

The CCM model Motivatedby the inadequacy of BSP model and the restrictive
framework, the Collective Computing Model (CCM) [86] transformsthe BSP-
superstepframework to supportmore high-level programmingmodel, suchas MPI
and PVM. Although CCM follows the superstepterminologyof the BSP model, it
waivesthe requirementof global synchronizationbetweensupersteps,but combines
the messageexchangesand synchronizationpropertiesinto the executionof a col-
lective communicationfunction. As a result, this modelprovidesa finite set ( �� ) of
collectivecommunicationfunctions,whichsincerelymapsto thecollectiveoperations
foundin MPI. Besides,it alsoprovidesa set( �?í; ) of costfunctionsfor eachcollective
functionin �� , suchthatperformanceanalysiscanbemadeon thesecostfunctions.

As this model is aiming for a higherlevel programmingmodel,its abstractionis
moreclosely resembledto thosecommonhigh-level message-passingprogramming
interfaces;therefore,it consistsof a larger setof performanceparameters.As these
performanceparametersaredirectly relatedto someconcreteoperations,quantitative
analysisis thereforepossible,andthepredictionquality is usuallyhigh, albeit the in-
tricacy of theanalysis.Besides,theparametersetcanbea usefultool for evaluating
message-passingsoftware. However, this approachonly contributesminimally in de-
signingefficient message-passinglibrary asthey cannotprovide informationto guide
on the designprocess,asthey assumethat the abstractmachinesupportsthesehigh-
level primitives.Sincethis modelis orientedto a high-level model,it canactuallybe
built atopof existingabstractmodels.For example,to derive the �?í; set,onecanmea-
suretheperformanceof thosecollectiveoperationsdirectlyoutof theboxes,or wecan
determine �?í; from LogPmodelor from

� � model.
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PhaseParallel Model This model[118] is similar to theBSPmodel,but function-
ally closedto the CCM model. Under this model, a parallel execution is divided
into sequenceof phases.The next phasebegins only after all operationsin the cur-
rent phasehave finished,however, thereareno synchronizationprimitive to enforce
this synchrony. Therearethreetypesof phase:(1) Parallelismphase- performspro-
cessmanagement;(2) Computationphase- executeslocalcomputation;(3) Interaction
phase- executesinteractionoperation.Thereis no stringentframework in confining
the sequenceof phases,suchthat an interactionphaseor anothercomputationphase
canfollow a computationphase.However, differentinteractionoperations,e.g.point-
to-pointcommunicationor collectivecommunication,maytakedifferenttimes.There
is ageneralcostformulafor aninteractionoperation:

? 6 
S4������Tkm4��W°��Z���H�I� K��� �	�H�
which reflectsthat thecostof interactiondependson themessagelength(m), startup
overhead( °��Z���H� ) for anoperationinvolvesn processors,andtheasymptoticbandwidth
( ��� �	�H� ) under this communicationprofile. Likewise, to derive theseformulae for
different interactions,the authorsperformeddirect measurementson the target ma-
chines[117].

Table2.3 highlights theseabstractmodelsaccordingto the modelingframework
outlinedin theSection2.1. Althoughall thesemodelsarebasedon thesamearchitec-
tural foundation,differentmodelshave differentlevelsof abstractionthatmake them
look differently. In general,they have thefollowing similarities:

❑ Emphasizetheimportanceof communicationcostson this architecture.

❑ Assumefully connectednetwork andtheexactstructureof theunderlyingcom-
municationnetwork is ignored.

❑ Communicationis basedon point-to-pointsemantics,with the latency between
any pair of processorsroughlythesametime for all cases.

❑ Performancecharacteristicsof the communicationsystemsareabstractedby a
setof parameters.

❑ Most of the describedcommunicationmodelsaremessage-oriented,suchthat
thelogicalunit of transferis message.

Whencomparingourmodelwith thesemodels,wenoticethatourperformancemodel
liesmidwaybetweentheBSPandPhaseParallelmodels,andits functionalityis closed
to theLogGPmodel. However, our modelhassomeremarkabledifferencesascom-
paredto thesemodels.First, our modelis a packet-orientedmodel. Therefore,it fa-
cilitatescommunicationpipeliningandoverlappingof communications,andprovides
more freedomin designingefficient communicationschedules.Second,our model
supportssimultaneouslysendandreceiveoperationsbut doesnotassumethatthey are
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Related
Models

Programming
Model

Abstract
Model

Architectural
Model

Characteristics

Bulk-
Synchronous
Parallel

PRAM or
Message-Passing
Model or BSP
programming[65]

(p, g, L, h-
relations)

generic architec-
ture+ synchroniza-
tion primitive

Tightly-synchronized
computationmode

Postal
Model

Message-Passing
Model

(n, � ) generic architec-
ture

Full connectivity;
simultaneousI/O

LogP Message-Passing
Model

(L, o, g, P) generic architec-
ture

Implicit network con-
straint; overlappingof
computationand com-
munication���

Model Message-Passing
Model

(p, s, h, l,� �
(),
�"!

() )
generic architec-
ture+ synchroniza-
tion primitive

Introduces congestion
overheads

LogGP Message-Passing
Model

(L, o, g, G, P) generic architec-
ture

Supportlong messages
transfer

PhaseParal-
lel Model

High-level
Message-Passing
Model

( #$&% , #$	' , $	( , #$ ! ,
w, ) , * )

generic architec-
ture

Includescostsfor col-
lective operationsand
processmanagement

LoGPC Message-Passing
Model

LogGPModel
+
�,+

()
generic architec-
ture

Contentionfactoronk-
aryn-cubesnetwork

Collective
Computing
Model

High-level
Message-Passing
Programming
Model - MPI

(P, #- , #.0/ , #1 ,#.02 )
generic archi-
tecture or BSP
machine or LogP
machine

Includescostsfor col-
lective operationsand
processmanagement

Our Cluster
Model

Message-Passing
Model

(p, 354 (), 674 (),398 (), 6:8 (),; 8 (), L(), <>= ,
memcpy() )

generic architec-
ture + packet-
switchednetwork

Packet-oriented;
explicitly exposesnet-
work constraint;
facilitatescommunica-
tion overlapping

Table2.3: Summaryof relatedabstractmodelswhich built on thesamearchitectural
foundation.With simplemessage-passingmodel,theprogramminginterfaceis based
on the sendandreceive operations,or their variants. While for high-level message-
passingmodel,theprogramminginterfaceincludessimplepoint-to-pointcommunica-
tion aswell ascomplex collectivecommunications.
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achievedin unit time step,e.g. Postalmodel. It dependson how well the full-duplex
rule canbeachieved,i.e. ?	@BA>CD@FE�CHG9EJIBKMLNKPO . This assumptionhassignificant
impacton theperformanceof somecommunicationoperations,asin reality, interfer-
enceexistsbetweensendandreceiveevents.Third, our parametersetincludescrucial
communicationissuessuchasmessagesize,andnetwork constraints- LQA , LRE & SFT ,
which capturethecommunicationperformanceaswell ascongestionperformanceof
thecommodityinterconnects.

2.4 Summary

In this chapter, we introducea simplecommunicationmodel for parallelcomputing
on the clusterplatform. The aim of our model is for performanceanalysistogether
with the ability to be an algorithmdesigntool, i.e. feasiblefor complexity analysis.
In particular, themainobjectiveof this modelis for thedevelopmentof efficienthigh-
level communicationprimitiveson top of thoselightweightmessagingsystems.With
thisobjective,weareableto developportableparallelprogramsthatrunefficiently on
a rangeof commodityclusters.

In theselectionof themodelparameters,we have two slightly conflictingconsid-
erations. First, the information reflectedby our model shouldbe easily assessable.
This is becauseit is uselessto includefeaturesthatappearto besimplebut arediffi-
cult to quantify in practice.For example,if onewantsto reflectthecostspenton the
DMA transfer, oneneedsto rely on the hardwaresupportssinceno simplesoftware
solution is available. Second,we must consideron the weighting factorof a target
architecturalfeatureon the performanceissue. This is because,for the performance
tuningaspect,we aretemptedto provide moredetails;however, anoverwhelmingset
will be too tediousfor practicalanalyticaluse. We believe that the useof the model
in algorithmanalysisshouldbedonestraightforwardly andeasily, whenever theusers
areprovidedwith somesystematicmeansof analysis.Therefore,emphasishasbeen
madeon the derivation of our modelparametersby softwareapproach,which is the
key to the whole analyticalprocess.Basedon thesemeasurableparameters,higher
level primitivescanbebuilt or analyzed,andtheseprimitivescanalsobeusedassome
high-level performanceparametersin analyzingcomplicatedapplications.

In our model, communicationeventsareabstractedassomemeansof local and
remotedatamovements,andeachmovementshouldhave anassociatedcostandmay
berelatedto the lengthof thedataitems. To berealistic,we have includeda rich pa-
rametersetto the model;however, the usedof thoseparametersaresubjectedto the
target level of abstractionthat we aregoing to work on. Therefore,undersomecir-
cumstances,a few performanceparametersareprovedto beadequatefor modelingthe
parallelsystem.And on otheroccasions,thereareotherissuesthatneedto bestudied
or includedfor makingthecorrectjudgment.For instance,usinga simplelatency pa-
rametermaybegoodenoughto capturethecostof thepoint-to-pointcommunication,
but is toosimplefor explainingthemany-to-oneor many-to-many issues.

Whencomparedto othermodels,we opt to exposethecontentionissueexplicitly
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andcapturethemin our parameters,e.g. thenetwork latency andbuffer capacitypa-
rameters,thusenhancetheprogrammers’awarenessonthecontentionissues.Besides,
our modelfacilitatescommunicationpipelining andoverlappingof communications,
which is usefulfor accurateperformanceanalysisaswell asfor designingof efficient
communicationschedules.



Chapter 3

PerformanceSignatures

Thedesigngoalof ourcommunicationmodelis for performanceunderstandingof the
clustercommunicationsystem,which is driven by a lightweight messagingprotocol
on a commodityinterconnect.As advancesin networking technologydemandsfor a
low-overheadcommunicationsystem,thatdeliversthebestperformanceto high-level
applications.Whendesigninglightweight messagingsystems,systemdesignersare
facingwith designoptionsthataffecttheoverallperformance,suchasbalanceof work-
loadbetweendifferenthardwareresources,or supportmultiprogrammingversededi-
cateduse,etc. However, somedesignissuesmayturn out to have seriousimpedance
on the performancethanotherswhenporting acrossdifferentnetwork technologies.
In this chapter, we show how our communicationmodelis usedto delineatetheper-
formancecharacteristicsof a lightweightmessagingsystem,aswell asto calibratethe
performanceresultsandassessvariousdesigntradeoffs.

We first give a generalintroduction on the samplelightweight communication
package,theDirectedPoint. Next, we characterizetheperformanceof DirectedPoint
protocolwith respectto our parameterset.During theanalysis,wearecomparingtwo
differentimplementationsof DirectedPoint thatbasedon differentnetwork technolo-
gies,andwe commenton their relative strengthandweakness.We thenmake useof
theavailableinformationto evaluateandanalyzeon theobservedthroughputof these
communicationsystems.Finally, wesummarizetheresultsof this chapter.

3.1 Dir ectedPoint

DirectedPoint (DP) is a kernel-level lightweight communicationsystemthat aims
at supportinghigh-performancecommunicationin a multiprogrammingenvironment
overa broadspectrumof commodityinterconnects.Theadoptedprogrammingmodel
of DP is the messagepassingmodel, in which dataareexchangedbetweencommu-
nicatingpairsby explicit sendandreceive operations.Although the DP abstraction
modelsupportsgroupcommunications,they arebeingrealizedwith matchingsendand
receive calls,e.g.dp_write()anddp_read(). This send-receive paradigmsupportsun-
reliable,asynchronouscommunicationbetweencommunicatingprocesses.Theusers
needto implementa reliablelayeratopof DP if they want to work directly on theDP

33
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messaginglayer. Besides,it is the usersresponsibilityto handlethe fragmentation,
re-assembly, multiplexing anddemultiplexing of messages.DP providesa simplebut
flexible interfacesfor systemdevelopersto build efficient high-level communication
interfaces.

The systemarchitectureof DP consistsof threelayers- the DP Application Pro-
grammingInterface(DP API) Layer in the userspace,the DP ServicesLayer and
the DP Network InterfaceLayer in the kernelspace.The DP API Layer consistsof
lightweightsystemcallsanduser-level functioncalls,which areoperationsprovided
to theusersto programtheir communicationcodes.TheDP Network InterfaceLayer
consistsof network drivermodules.This layeris responsiblefor all hardware-specific
messagingsetup,andsignalingthe hardware to receive/injectmessagesfrom/to the
network. Currently, supportednetwork driver modulesinclude Intel EEPro,Digital
21140A,3Com905CFastEthernet,HamachiGigabitEthernet,andFOREPCA-200E
ATM.

The DP ServicesLayer implementsservicesfor passingthe packets from user
spaceto thenetwork hardware,aswell asdeliveringthe incomingpacketsto theuser
spacebuffersof thereceiving processes.ThislayerrealizestheDPmessagingprotocol
andis hardwareindependent.To supportasynchronouscommunication,a dedicated
buffer is pre-allocatedto eachDP endpoint,which storesincomingmessagesthatare
directedto thisendpoint.In DPabstractionmodel,anendpointis thenetwork abstrac-
tion for addressinga communicationpartner. AlthoughDP supportsdynamicbinding
of thesameendpointto differentpartners,at a particularinstant,eachendpointcorre-
spondsto onecommunicatingpartneronly.

Thededicatedbuffer is namedasTokenBuffer Pool (TBP)andis afixedsizemem-
ory area.EachTBP is sharedby thekernelandthe associatedprocessthroughpage
remapping,which eliminatesthedelaycausedby datacopying from thekernelspace
to userspaceduring the receptionevent. However, on the transmissionevent, DP
writes themessagesdirectly to theNIC addressspacewithout usingtheTBP. Oneof
thedesignstrategiesof DP is theefficient utilization of memoryresources.Incoming
messagesto thesameendpointarequeuedat theTBP in theform of FIFO linkedlist,
with eachsegmentcorrespondsto a variable-lengthmessage.

With the DP messagingprotocol, to adhereto the message-passingsemanticof
sendingmessagesfrom any arbitraryaddressanddeliveringthemto any arbitraryad-
dress,we needto have onememorycopy operationto move thedatato a DMA-able
memoryregionon thesenderside,andtwo memorycopiesfrom theDMA-ablemem-
ory region to thedestinationaddresson thereceiver side.And thewholedatatransfer
scenarioof DP is summarizedin Table2.2of Section2.2.

3.2 The Performanceof DP

We make useof two implementationsof DirectedPoint to demonstratehow our com-
municationmodel could be usedfor performanceevaluationand analysis. As the
modelparametersrepresentsomeformsof softwareoverheadsandhardwarelatency,
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changesin communicationhardwareandsoftwarearebeingrevealedby thechanges
in thesemodelparameters.Thisgivesusbetterinsightson theperformanceimpactsof
variousdesignchoices.

We have two clustersthataredrivenby two differentEthernetimplementationsof
DirectedPoint,oneis a FastEthernetcluster(FEDP)andtheotheris a GigabitEther-
netcluster(GEDP).TheFEDPclusterconsistsof 16 PCsrunningLinux 2.0.36.Each
nodeis equippedwith a450MHzPentiumIII processorwith 512KB L2 cache,a Intel
440BX PIIX4e chipsetthat supportsa 66/100MHz systembus, 128 MB of PC100
SDRAM,andusesaDigital 21140AFastEthernetadapterfor high-speedcommunica-
tion. Thewholeclusteris connectedto a 24-portIBM 8275-326FastEthernetswitch
which has5 Gbpsbackplanecapacity. For theGEDPcluster, it consistsof four Dell
PowerEdge6300SMPserverswith four PentiumIII Xeonprocessorssharing1 GB of
EDO memory. TheXeonprocessorconsistsof 512KB L2 cacheandoperatesat 500
MHz. This Dell systemis usingthe Intel 450NX controllerchipsetwith a 100MHz
front-sidebusandhas64-bit 33 MHz PCI slotsfor the interconnects.All serversare
runningon Linux 2.2.12kernel. In addition,eachserver is equippedwith onePacket
EngineG-NIC II GigabitEthernetadapter, andis connectedto thePacketEnginePow-
erRail2200GigabitEthernetswitch,whichhasabackplanecapacityof 22Gbps.

To review the performanceissuesrelatedto high-speedcommunication,we have
performeda seriesof microbenchmarktestson theseclusters. To achieve beyond-
microsecondprecision,all timing measurementsarecalculatedby usingthehardware
time-stampcountersin the Intel Pentiumprocessors.If applicable,all datapresented
in this sectionarederivedfrom a statisticalcalculationwith multiple iterationsof the
samebenchmarkroutine. Eachtestis conductedwith at least200 iterationswith the
first and last 10% of the measuredtiming excluded. Only the middle 80% of the
timingsis usedto calculatetheaverage.

3.2.1 Latency with PerformanceBreakdowns

By executingtheassociatedbenchmarkroutines(AppendixA), we constructa setof
modelparametersfor the two clusters,asshown in Figure3.1. In the figure, there
are two setsof parametersfor the Gigabit Ethernetimplementation(GEDP),one is
obtainedwhenusingan SMP kernel,i.e. with the SMP supporton the Linux 2.2.12
kernel (GEDP-SMP),and the other is without SMP support(GEDP-UP),i.e. uni-
processormodeon an SMP server. The purposeof this comparisonis to reveal the
differencesin performancewith respectto differentOSmodesandhardwareplatforms.

The @BA parameter With DP messaginglibrary, the @BA parameterreflects the
time usedby the host CPU to initiate the transmissionwhile performing the send
(dp_write()) operation. Figure3.1(a)shows the costassociatedwith the dp_write()
operation. It involvesa lightweight systemcall anda cross-domaindatamovement.
We seethat the processorspeeddoesaffect the software cost with 500MHz Xeon
processorperformsmarginally betterthanthe450MHzPentiumIII processor, asboth
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Figure 3.1: Performancebreakdown of two DP implementations- Fast Ethernet
(FEDP)andGigabitEthernet(GEDP)expressedin theform of ourmodelparameters.
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Figure3.2: Single-triplatency performancewith back-to-back(BTB) connection

hardwareplatformsareoperatedwith a100MHz systembus.However, theprevailing
softwarecostof the \B] parameteris comingfrom thedatamovementoverheadin the
sendoperation.We believe thatwith theDP protocol,any improvementin processor
speedwould beoffsetby thedatamovementcost;hence,usinga systemwith a faster
systembusandmemorysubsystemwouldbenefitmost.

Nevertheless,we seethat DP still managesto minimize the sendoverheadand
achieve goodperformancein driving bothnetworks,especiallyit lookspromisingon
theGigabitcommunication.For example,thecostto senda full-size Ethernetpacket
is about7 ^9_ undertheSMP OS,while the theoreticalspeedin transmittingsuchan
Ethernetpacket underGigabit performanceis around12.3 ^9_ . Therefore,an active
sendingprocesscould saturatethe network by continuoustransmission.Lastly, ob-
served from the GEDPmeasurements,with the SMP mode,thereis an extra 0.5 ^9_
overheadassociatedto it dueto thelockingmechanismfor integrity control.

The \F` parameter Whenexaminingthe \F` parameterin Figure3.1(b),wefind that
thecostassociatedto thisparameteris proportionalto themessagesize,andthemem-
ory copy overheadis higher thanthat in the caseof the \B] parameter. This reflects
thedifferentnatureof thememorycopy operation.For example,in themicrobench-
mark test of the \B] parameter, the involved memorycopy operationis a acb&dfe op-
eration,while for the \F` parameter, it involvesa aNe>dfe operation.Besides,we find
that theSMPkernelhasanextra 20 ^9_ overheadaddedon to theGEDP-SMP, while
bothGEDP-UPandFEDP-UPhave similar performance.This is alsoobservedin the
single-triplatency of the GEDPasshown in Figure3.2, which is measuredwith the
traditionalpingpongtestwith back-to-backconnection.Thereis a largeperformance
gapappearingbetweenthe two OS modes. We concludethat this extra overheadis
inducedby thesupportof symmetricI/O andlocking mechanismin theSMPkernel.

Besidesthe SMP overhead,we alsoobserve that the currentarchitectureof this
GigabitEthernetadapterhasa limitation on the achievableperformance.Due to the
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lack of intelligencenetwork processor, incoming messagesare not deliveredto the
userprocessdirectly. Instead,they aremovedby theDMA engineto a pre-allocated
network buffersarea.Thisrequiresanextramemorycopy donein theinterrupthandler
to deliver themessagesto thedestineduserprocess.Theone-copy costtogetherwith
the interruptoverhead( gihkjml ) would becomea threatto the overall performance,
e.g. the total interruptcostfor a full sizepacket is 19.7 jml underGEDP-UP. This @FE
overheadis larger thanthe theoreticaltransmissiondelayof Gigabit network. Thus,
wouldhinderon theachievableperformance.

Thereareseveral methodsto work out this problem. First, introducesa network
processorto thenetwork adaptersuchthatit canbeprogrammedto movetheincoming
messagesdirectly to theirdestinedbuffers.Thisapproachis takenby otherlightweight
messagingsystemsthatbuilt on top of Myrinet or Giganet[39], e.g.BIP andFM 2.x.
Thus,theinterruptanddatamovementoverheadscanbeeliminatedcompletely. How-
ever, almostall commodityGigabit/FastEthernetcardsdo not provide the luxury to
solve this problem.This is becausehaving a network processortogetherwith theas-
sociatedSRAM is so expensive that the cost of the memoryis roughly half of the
productioncost.Fromthecommercialpointof view, this is not justifiablefor improve-
mentof just a few microseconds.

Anothermethodis by themitigationof interruptoverheadthroughmultiplepacket
receptions- interruptcoalescing.MostGigabitEthernetadaptersprovideamechanism
to performtuningontheinter-interruptgap.Forexamples,wait until therearex incom-
ing packetsbeforeraisetheinterruptsignal,or hold off any pendinginterruptsuntil yjml haselapsedsincehandlinglast packet. The GAMMA messagingsystemtakesa
slightly differentapproach.Whenever thenetwork adapterraisesthe interruptsignal,
the GAMMA protocolblocksoff further interruptsby clearthe processor’s interrupt
flag. By thisway, theinterrupthandlermanuallychecksonfurtherarrival of incoming
messagesandhandlesthemin oneshot. But this methodonly works underUP ker-
nel. Nevertheless,interruptcoalescingis usefulin caseswherepacketsarearriving in
back-to-back,but comesat theexpenseof increasedper-packet latency.

The G9E parameter Sincethetokenbuffer pool is accessibleby bothkernelanduser
processes,thereceiving processcansimplycheckon theTBP for picking upandcon-
sumingthe messages.As theseare donein the userspace,no kernel eventssuch
asblock andwake-upsignalsareneeded.Figure3.1(c) shows the G9E costof pick-
ing up a DP messagedirectly from the TBP without any datamovementor system
call overheads.Constantoverheads,0.34 jml , 0.06 jnl and0.07 jml weremeasuredfor
GEDP-SMP, GEDP-UP, andFEDP, respectively.

Moreover, G9E is notnecessarilyaconstantvalue.With realcommunicationevents,
we needto employ anothermemorycopy operationto move the datafrom the TBP
to thedestinationbuffers. This is becausetheTBP is a pre-allocatedmemoryregion
dedicatedfor incoming messages,hence,it doesnot directly conform to the desire
message-passingsemantic.Besides,consecutive messagesarestoredin TBP, which
arenotalignedin contiguousmemoryregion. To re-assemblelongmessage,oneneeds
to re-constructthe messagesegmentsbackto onelarge trunk. Therefore,an add-on
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oqp&rfs
softwarecostis expectedfor eacharrivedsegment.On theGEDPplatform,this

costsanextraoverheadof gut�vFjml for a 1500-bytepacket.

The LQA and LwE parameters Figure3.1(e)and(f) show two othernetwork-dependent
parameters,they arethe inter-packet transmitgap LQA andinter-packet receive gap LRE .
To justify theirrelativeperformance,all parametersarecomparedwith theirtheoretical
limits. Lookingat theFEDPdata,wefind thatwith modernPCor serverhardwareand
lightweightcommunicationsystem,we areableto drive theFastEthernetnetwork to
its full capacity. For example,themeasuredLQA and LwE for m = 1500bytesis 122.75jml
and122.84jml , while thetheoreticaltransmissionspeedis 123.04jnl . This meansthat
thecritical pathof thecommunicationsystemfalls on theFastEthernetnetwork.

For theGigabitEthernet,dueto the10-fold increasein network speed,limitations
within thehostmachinestartto popup. Thegraphwith LQA -GEDPdata(Figure3.1e)
shows that thenetwork adaptercannottransmitdatain full gigabitperformance.The
measuredLxA value for m = 1500bytesis 18.76 jml but the theoreticalspeedis 12.3jml . Sincethe valueof LQA reflectshow fast can the network adapterinject a packet
into thenetwork, weclearlyseethatthereexistssomebottleneckproblem.To explore
the problemfurther, we have performedsomeinvestigationson this area,and find
that the problemseemsrelatedto the PCI performance,even thoughour Dell server
is equippedwith a 64bit 33MHz PCI bus. It is known that inefficient useof the PCI
bus would result in poor system/network performance[48]. Factorssuchasthe PCI
burst size and the PCI latency time are of the most importance,sincethey can be
directly manipulatedby the systemprogrammer. In our experiments,we variedthe
burstsizeandlatency time,andconductedour standardmicrobenchmarksto measure
theresulting LQA and LwE values.Figure3.3(a)shows thedifferencesin LQA valuesunder
differentPCI settings.It is clearthat the PCI settinghassignificantinfluenceon the
resultingLxA values.Fromtheexperimentalresults,wefind thatthesettingof PCIburst
sizehasaparamounteffecton the LxA value,while thelatency time looksquiteinerton
our tests.For example,thebestnetwork performanceis observedwith PCI burstsize
using64 d-words(256bytes)with differentlatency settings.

A similarpatternalsoappearsin the LwE -GEDPdata,but theproblemis notasclear
asthatof the LxA parameter. We find that themeasuredLwE valuefor m = 1024bytesis
10.6 jml but thetheoreticalgapis 8.5 jnl ; on theotherhand,themeasuredLwE valuefor
m = 1500is 12.6 jml while the theoreticalgapis 12.3 jml . Althoughwe still observe
thevariationof LRE valuesunderdifferentPCI settings(in Figure3.3(b)),it appearsto
belessdrasticthanits LxA counterpart,andthemeasuredresultslook quiteindependent
of the burst sizeand latency time. Part of the reasonmay be due to the difference
in readandwrite performanceof thePCI bus, in particular, undertheIntel 82450NX
chipset[49]. For example,the observed throughputfor PCI read(from memory)is
approximately47% lessthanthe PCI write (to memory)throughputon a 64-bit PCI
bus.

The O parameter Whenlook attheL parameter(Figure3.1(d)),thederivednetwork
latency of the GEDPwith back-to-backconnectionis 6.9 jml for a 1-bytemessage,
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while the network latency of the FEDP with back-to-backconnectionis 9.9 jnl for
the samesizemessage.We observe that the add-onlatency by the GE hardware is
muchhigherthanthat of the FE, whencompareto the theoreticalwire delayfor the
smallestpacket sizeof theGE andFE, which are0.67 jml and6.7 jnl respectively. In
addition,thetime gapsbetweenthenetwork latency measurementswith FEDPback-
to-backandFEDPthroughswitch, andbetweenFEDPback-to-backandtheoretical
FE speedarealmostconstant,while thecorrespondinggapson theGE platformseem
to beincreasingwith themessagesize.This indicatesthatthereexistssomestore-and-
forwardstage(s)alongtheGE network path.

Lastly, Figure 3.2 comparesthe single-trip latency of the two DP implementa-
tions.Toavoid add-onlatenciesfrom theswitches,weconnecttwonodesback-to-back
andmeasuretheir single-triplatencies.TheGEDP-UPachievessingle-triplatency of
16.3 jml for sending1-bytemessage,while GEDP-SMPachieves33.4 jml andFEDP
achieves20.8 jml respectively.

Fromtheaboveanalysis,weobtaintwo setsof performancemetrics,whichclearly
delineatetheperformancecharacteristicsof thetwo DPimplementations.In summary,
thehost/network combinationof theFEDPimplementationhastheperformancelim-
itation on its network component.This is beingobserved by comparingthe @BA , @FE ,
and G>E parameterswith the LQA , LRE and L parameters.And sincetheir performance
characteristicssatisfy the full-duplex condition, i.e. ?�@BAyCH@FE�CzG>E{I|K}LDK~O , we
candirectly adoptthe previous definedpoint-to-pointcommunicationcosts(Eq. 2.6
& 2.7)wheneverwewantto evaluateon its longmessageperformance.Moreover, the
host/network combinationof the GEDPimplementationhasthe performancelimita-
tion not falling on the network component.For instance,the @FE parameteris higher
thanthe LQA and LwE parametersfor both GEDP-SMPandGEDP-UP, which meansthe
performancebottleneckmayfall on this region. Therefore,whenpredictingtheir long
messageperformance,alternatepoint-to-pointcommunicationcost formulaeare re-
quired.For example,sincethebottleneckstagefallsonthereceivephase,thenew cost
formula for predictingtheone-way point-to-pointcommunicationcostof theGEDP-
UP implementationbecomes:

�"���������R�R���x�Q��� ? o Iy��@BAnC�O�C���?�@FE>CDG>E{I (3.1)

3.2.2 Uni-dir ectional Bandwidth

In thissection,wearegoingto exploretheone-waybandwidthperformanceof thetwo
DP implementationswith respectto differenthardwareandOSmode.In theanalysis,
wetry to applytheacquiredknowledgefrom theabovesectionto explainandevaluate
themeasuredperformance.

Two setsof uni-directionalbandwidthmeasurementsfor eachDPplatform- FEDP,
GEDP-UPand GEDP-SMP, are presentedin Figure 3.4. To calculatethe raw DP
bandwidth,we measurethe time spentin transmitting10 MB datafrom oneprocess
to anotherremoteprocess,plusthetime for thereceive processto sendbacka 4-byte
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acknowledgment.By subtractingthemeasuredtimewith thesingle-triplatency of a4-
bytemessage,wecalculatetheachievedbandwidthasthenumberof bytestransferred
in the test divided by the result timing. As DP supportsunreliablecommunication
only, we have implementeda simple Go-Back-Nprotocol on top of DP to provide
flow controlandsupportlimited reliablecommunication.Sinceall theprotocolworks
aredonein theuserspace,it hasadd-onoverheadsto the @BA and G9E parameters.For
example,the @BA -GEDP-SMPvaluefor sendinga full loadpacket is increasedfrom 7jml to 12 jml . To calculatetheflow-controlledbandwidthof DP, we performeda setof
testssimilar to whatwehavedoneto obtaintheraw DPbandwidth.

Fromthefigure,we seethat themaximumachievedbandwidthfor GEDPis 79.5
MB/s, which is theraw DP performancemeasuredundertheSMPkernel. Underthe
UP kernel,theraw GEDPachievesat most75.2MB/s. Despitethefact that theSMP
kernelhasa higher @FE overhead,it hasa betterthroughputthanthe UP kernel. This
shows theadvantageof sharingthetokenbuffersbetweenthekernelprocessanduser
process.UndertheUP mode,theuserprocesscanonly pick up its arrivedmessages
after the interrupt threadreturns,so the whole interruptoverheadis includedin the
delaycalculation. However, with the SMP mode,we have moreCPU resourcesand
the userprocesscancheckout its messageseven beforethe interruptthreadreturns.
This is becausewhenthe receive processgetsthe CPU cyclesanddetectsthat there
arearrived messages,it can immediatelyconsumethe shareddata. Besides,due to
the large interruptoverheadon SMPkernel,it is likely thatan interruptthreadwould
pick upmorethanonearrivedpacket. Hence,in longrunwherepacketsarearriving in
back-to-back,thiseffectively amortizestheinterruptoverheadacrossmultiplearrivals.

For the FEDP, the achieved maximumraw DP bandwidthis 12.2 MB/s, which
is 97% of the FastEthernettheoreticalperformance,while the raw GEDP-SMPper-
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formanceonly achieves63.6%of the theoreticalgigabit throughput.This shows that
therearelimiting factorsin thehostmachineswhich hindertheGE performance.We
haveseenin Figure3.1(e)thatthenetwork adaptercannottransmitdatain full gigabit
performance,by dividing thepayloadsizewith thecorrespondingLQA value,we have a
usefulmeterto estimatemaximumperformancewecanget.Takethevalueof LxA = 18.7jml at m = 1500bytesasanexample,wefind thatthemaximumtransmissionthrough-
put is around80MB/s,which is closelymatchedwith theGEDP-SMPmeasurement.
Similarly, if we assumethatthebottleneckis on the @FE part,let’s take thevalueof @FE
= 19.7 jml for m = 1500bytes,we shouldhave the transmissionthroughputbounded
by 76 MB/s. Again, this is closedto themeasuredperformanceon GEDP-UP. From
theseanalysis,wecanconcludethattheperformanceof theGEDPis limited by the LxA
parameterwhenoperatesundertheSMPkernel,but thebottleneckis shiftedto the @FE
parameterwhenoperatesundertheUPkernel.

To reveal how muchimprovementwe could achieve if we adopta zero-copy se-
mantic in the sendpath, we have donesometeststhat simulateda zero-copy send
operation,(simplyby removing thememcpy()operationandsendingout garbagecon-
tent). Theresultingsendgap( LxA ) is approximately16.4 jml for m = 1500bytes,which
would correspondto a bandwidthof 91.5 MB/s. By eliminating the memorycopy
operation,it shouldonly affect the @BA parameter. However, we find that the LQA pa-
rameterhaschangedtoo. This simpleexperimentsuggestedthat the LQA parameteris
sensitiveto otherbusactivities,sincememorycopy operationinvolvesbustransaction
on the systembus, which in theory, interfereswith the otherdatamovementson the
busnetwork.

With theadd-onreliablelayer, theFEDPperformsalmostasgoodastheraw per-
formancefor mediumto large-sizedmessages,which achievesa throughputof 12.1
MB/s. But for theGEDP, thehigherprotocoloverheaddoesaffect theoverall perfor-
mance,especiallyunderthe UP kernelmode. Our resultshows that underthe SMP
mode,themaximumachievedGEDPbandwidthwith flow control is 77.8MB/s, with
anaveragedropof 3.4%performancefor thepacketsizerangedbetween1K and1.5K
whencomparedwith the raw speed.While for theperformanceunderUP mode,the
maximumachievedbandwidthwith flow control is 65.2MB/s andtheaverageperfor-
mancedropis 13%of theraw speedfor thesamedatarange.This furthersupportsour
argumentthattheperformanceof GEDP-UPismoresusceptibleto softwareoverheads.

3.2.3 Bi-dir ectional Bandwidth

Most networkssupportbi-directionalcommunicationandlots of communicationpat-
ternsrequireconcurrentsendandreceive operationsto achieve optimal results,e.g.
completeexchangeoperation,shift operation,tree-basedbroadcast,etc.Weextendthe
testsusedfor uni-directionalbandwidthto evaluatethe communicationperformance
of thebi-directionalcommunication.During theexperiment,two nodesareinvolved
in eachtest,but they arebothsenderandreceiver. To measuretheraw bi-directional
bandwidthof DP, bothprocessesaresynchronizedby a barrieroperationbeforestart-
ing theexchange.We measurethe time spentby eachprocessin exchanging10 MB



44

Bi-directional Bandwidth

0

10

20

30

40

50

60

0 300 600 900 1200 1500

size of the packet (bytes)

ac
hi

ev
ed

 b
an

dw
id

th
 (M

B/
s)

G ED P-SM P-raw-2th reads

G ED P-SM P-raw-s ingle

G ED P-UP -raw-s ingle

G ED P-SM P-FC -s ingle

G ED P-UP -FC -s ing le

G ED P-SM P-FC -2 threads

FE D P-U P-raw-s ingle

FE D P-U P-FC -s ing le

Figure3.5: Bi-directionalbandwidthperformance
(FC- flow control;2threads- multi-threadmode;single- singlethreadmode)

of data,andcalculatethebandwidthby dividing theexchangemessagesizewith the
measuredtime. Similarly, we performthe samesetof testswith the add-onreliable
layer. Whentestingthe bi-directionalbandwidthon the SMP kernel,we alsotry to
exploretheeffectof usingmultipleCPUsin driving thecommunication.Wehaveper-
formedasetof testswith two threadsperprocess,which sharethesameDPendpoint,
onethreadtakesup the job asthesenderwhile theotheractsasthereceiver. All the
experimentalresultsaresummarizedin Figure3.5.

For theGEDP, thebestbi-directionalperformanceis observedto beabout58MB/s
per process,which is measuredwith raw DP usingmulti-threadmodeon SMP ker-
nel. Comparingwith theuni-directionalbandwidth,we havea performancelossof 22
MB/s, which is a27.5%dropof thepeakpoint-to-pointperformance.Weattributethis
performancelossto thecontentiononthePCIandsystembusesasthereareconcurrent
DMA transfersto andfrom the hostmemoryaswell asmemorycopy operationson
bothsendandreceivephases.

Whencomparedwith thesinglethreadmodeonGEDP-SMPandGEDP-UP, which
only achieve 47 MB/s per process,we believe that the softwareoverheadinducedin
theconcurrentsendandreceiveoperationsis themaincauseof this performanceloss.
Therefore,with theadd-onreliablelayerthataddsmoresoftwareoverhead,it is sensi-
bleto seethatall GEDP-FCperformancesuffersmore.However, it is surprisingto find
thatthebi-directionalperformanceof GEDP-SMP-FCwith multiple threadsupportis
worsethanthesinglethreadmode.Thisperformancedifferenceis comingfrom theex-
tramemorycontentionandsynchronizationneededin accessingshareddatastructures
on the reliablelayer asboth threadsareconcurrentlyupdatingthesesharedinforma-
tion. Finally, similar to theconclusionasappearedin theuni-directionalbenchmark,
the performanceof the FEDPon bi-directionalcommunicationhasachieved a near-
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optimal result,which attains12.1MB/s per processon the raw bandwidth,and11.7
MB/s perprocesswith theadd-onflow controlsupport.

3.3 Summary

Focusingonissuesrelatedto performanceunderstanding,weshow thatby benchmark-
ing thecommunicationsystemin astructuralway, wecansmoothlyconstructa logical
breakdown of the communicationsystem. As individual componentscorrespondto
certainarchitecturalfeatures,it is easierto exploretheirstrengthandweakness,assess
designtradeoffs, andsuggestremedyactionsif appropriate.

TheFEDPimplementationshowsthatadditionalmemorycopy performedin arel-
atively high-speedhostcausesno performancedegradationwhile driving a slow net-
work. On thecontrary, evenwith a high-endserver, whenapplyingthesamemecha-
nismon a high-speednetwork, the DP protocolfails to drive theGigabit Ethernetin
full speed.Therefore,webelievethatwhendesigninglightweightmessagingsystems,
oneshouldconsiderthe performancegapsbetweenprocessor, memory, andthe net-
work, especiallyshouldhave somevisionson the future development.Although the
above analysisshows that part of the GEDPdeficiency is comingfrom the PCI per-
formance,theevaluationresultalsodemonstratesthat therestill have roomsfor us to
further improve its performance,especiallyon the bi-directionalbandwidthwhich is
involvedin many collectiveoperations.

Basedonourmodelparameterset,it showsthatthedatamovementsonthe @BA and@FE parametersaffect the overall performancein the Gigabit communication.Thus,
further reductionof the protocolhandlingoverheads( @BA , @FE & G9E ) areneeded.In
particular, asdatamovementsareinevitable,oneshouldfocuson coordinatingthese
datamovementto minimize the memorycopy costs. Besidesof the datamovement
overhead,theinterruptoverheadsareshown asanotherweakpoint in currentsituation.
Although interruptcoalescingmay improve the overheadsfor long messages,it also
increasestheper-packet latency; thus,is not goodfor small sizemessagesaswell as
infrequentcommunications.Oneshouldadoptsomeheuristicmethodto dynamically
handletheinterruptissuein amoreefficientway.

The above analysishasfocusedon the point-to-pointissueover a lightly loaded
network, therefore,the network congestionissueis not addressedyet. Networks re-
act to congestionin differentways,dependingon theswitch hardwareaswell asthe
adoptedcommunicationprotocol. In next chapter, we aregoingto extendour perfor-
mancestudiesfrom thepoint-to-pointanalysisto a highly congestedcommunication
pattern,themany-to-onecollectiveoperation.
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Chapter 4

Congestive Losson High-Speed
Communication

Understandingthecontentionphenomenonis crucialto high performancecomputing,
ascontentioncanhappenin thehosts,network links andwithin the routers.Further-
more,thedegreeof contentionhasadirectimplicationonthesustainableperformance
for a particulararchitecture-applicationpair. Dif ferentcombinationof hardwareand
software, togetherwith differentcommunicationpatternsandschedulesmay stimu-
latedifferentcongestionbehavior. Thesemake modelingof congestionbehavior on a
globalcommunicationeventachallengingtask.Althoughdirectquantifyingthetarget
architecture-applicationpair could tell us the degreeof performancelossinducedby
thecontention,it doesnotprovide informationon theactualphenomenonthatinduces
theloss.

In thischapter, wearefocusingonthecongestionbehavior of thoseEthernet-based
lightweightcommunicationsystemsunderheavy congestive lossproblem. In partic-
ular, we try to modeltheerrorpathof a user-spaceGo-Back-Nreliabletransmission
protocol,which is built on top of theDirectedPoint(DP) low-latency communication
system.During themodelingexercises,we identify salientfeaturesthatenhanceour
understandingon the packet lossproblem,andtherefore,arerelevant for the design
andanalysisof “contention-friendly”communicationschemes.

We start this chapterby discussingthe importanceof the reliability issueon
lightweight communicationsystems.A brief survey is given in Section4.2 on how
other Ethernet-basedlow-latency communicationschemessupport the reliability
issue,aswell as the descriptionof our Go-Back-Nprotocol. Then, in Section4.3,
we examineand model the congestiondynamicof different buffering architectures
underthe many-to-onecongestionlossproblem. Theseanalysesare augmentedby
experimentalevaluationson real platforms. In Section4.3.4,we further corroborate
our analysisby extending the model to cover different network configurationand
communicationpatterns.Finally, weconcludethischapterwith adiscussionof related
studiesin Section4.4,andprovideasummaryon ourcontributionsin Section4.5.

47
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4.1 Reliability

The developmentof lightweight messagingsystemsis to supportlow-latency com-
municationon high-performancecomputer. Thesesystemsaim at deliveringthebest
communicationperformanceto theapplicationlayers.However, subtleissuesin design
andimplementationof thesecommunicationlibrariescould impacton their usability
andtheultimateperformanceavailableto theapplicationlevel. Oneimportantaspect
thatmostof theselightweightmessagingsystemshavetrade-off for performanceis the
reliability issue,which is acritical issuethataffectsthefinal performancedeliveredto
therealapplications.

Most clustersusestandardsystemsoftwareto managemessagepassing.Particu-
larly, TCP/IPprotocolsuiteis themostcommonlyusedcommunicationprotocolfound
in systemsoftware that delivers reliability to the applicationlayer. However, TCP
wasinitially designedto run on unreliable,wide-areanetwork, andtherefore,it is not
optimizedfor the high-performancedomain. Many performancestudieson TCP/IP
implementations[24,54,55] have reportedon thehigh softwareoverheadsassociated
to thosesupportingfunctionsof this protocolstack,e.g. datamovementandbuffer
managementoverheads.They showedthatthesesoftwareoverheadsarethemajorhin-
dranceto the achievableperformance,especiallywhenmost of the datatraffics are
small sizemessages.As a result,all low-latency communicationlibrarieshave opted
to bypassthis layerandprovide theirown lightweightcommunicationschemes.How-
ever, this bringsup anotherquestionon how thesenew communicationsystemsare
goingto handlethereliability issue.

Whentalking abouthigh-performanceclustercomputing,peoplecommonlyhave
the following assumptionson theclusterinterconnect.First, the interconnectionnet-
worksarecomposedof commoditylocal areanetwork (LAN) or systemareanetwork
(SAN), which arecharacterizedaslow propagationdelay, high bandwidthnetworks.
Second,they assumethat theunderlyingnetwork is almostreliable,suchthat theun-
derlyinghardwarehasextremelylow transmissionerrorrate.Basedon theseassump-
tions,differentcommunicationpackagesprovidedifficult levelsof reliability. Forsome
low-latency communicationpackages,they just offer an unreliableprogrammingin-
terface,andrequirehigherlevel softwareto think over on thereliability issue.On the
otherhand,somepackagesassumethat the hardware is reliable,all dataloss issues
arethe resultof receiver buffer overruns.Therefore,an effective measureto prevent
buffer overrun is by usingof flow control mechanisms,e.g. sliding window and/or
credit-basedflow control.

While choosingto provide anunreliableor a lightweight reliablecommunication
interfaceto the higher level applicationsis a decisionissuethat strives for the best
practicalcompromise;however, oneof themajorachievementsof theTCPprotocolis
its congestioncontrolmechanism.Previousstudiesonhigh-speedLANs [55,79] have
shown that thehigh overheadsin traditionalcommunicationsoftwarelimit theability
to generateload;therefore,theobservedcontentionproblemwasnotcritical. With the
availability of low-latency communicationmechanisms,applicationscannow generate
higherloadto thenetwork, thatcouldresultin congestionbuild up in somepartof the
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network, andof the worst scenario,this would inducecongestionlossproblem. As
theTCP/IPprotocolsuit is not includedin theselightweight messagingsystems,the
systemdesignershaveto consideraboutsupportingthecongestioncontrolmechanism
on thesecommunicationsystems.

Someauthorsof theselow-latency communicationpackagesarguedthat their un-
derlyingnetworkssupportlink-level flow control,transientbuildup of congestioncan
be spottedand back-pressurecould be appliedlink-by-link all the way back to the
sender;therefore,avoid datalossproblemin thenetwork. This maybe trueon some
type of interconnects,e.g. Myrinet, but is a dangerousassumptionfor Ethernettype
network. Sincetherecouldhave datalossproblemin thenetwork, having end-to-end
flow controlalonecouldnot resolve theproblem,anerrorrecoverymechanismshould
be incorporatedin theselow-latency communicationschemessoasto provide a reli-
ablecommunicationinterfaceto higher-level applications.

4.2 Reliable Transmission Protocol for Low-Latency
Communication System

Before discussingon our reliable transmissionprotocol, we have a brief survey on
several low-latency communicationpackageswith regardto how they handlethe re-
liability issue.Existing low-latency communicationsystemsfor clustersfall into two
main families. Oneis basedon programmablenetwork devices,suchasMyrinet and
GigaNet[39], which makeuseof theembeddedco-processorsto offloadthehostpro-
cessorsin running their customizedmessagingprotocols. Another type is basedon
non-programmablenetwork devices,suchasFastEthernetandATM, which rely on
thehostprocessorsto carryout theircustomizedmessagingprotocols.In thefollowing
discussion,we usetheMyrinet-basedsystemsasthe representativesof thefirst type,
andtheEthernet-basedsystemsastherepresentativesof thesecondtypeof messaging
systems.

Myrinet-based systems

❑ AM-II [23] - it implementsthe reliable protocol in the NIC firmware, which
supportsNIC to NIC flow control,retransmission,anddetectingandrecovering
from errors.TheAM-II systemaddressesflow controlat threelevels:

1. usesof creditsat theuser-level for eachendpoint;this allowsmultipleout-
standingrequeststo fill thecommunicationpipeline.

2. betweenNIC to NIC, it usesstop-and-wait flow control for eachlogical
channel;but there have multiple independentlogical channelsbetween
eachNIC pairs.

3. relieson the Myrinet link-level back-pressureto ensurethe network does
notdroppackets.
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A timer event is associatedwith eachpacket transmission,which is usedto en-
surereliabledeliveryby asimpletimeoutandretransmissionmechanism.Upon
successfullydelivery of an in-orderpacket, the receiver positive acknowledges
thesender;hence,thesenderclearsthetimer eventandfreesthecorresponding
logical channel.Whenerror conditionsoccur, e.g. buffer overflow or nonres-
ident endpoint,the protocoldropspacketsandsendsbacka negative acknowl-
edgementto thesender. However, thesenderdoesnot have immediatereaction
to thenegative acknowledge,theprotocolrelieson thetimeoutandretransmis-
sionmechanismto resendthepacket.

❑ FM [75] - Myrinet FM’sdesignsupportsreliable,in-orderdeliverywith end-to-
endcredit-basedflow controlandFIFO queuingat all (hostandNIC) levels.By
assumingthe network is reliable,no timeoutandretransmissionmechanismis
implemented.Eachsenderis allocatedportionof a receiving node’s hostmem-
ory queuesize(credits),andthis guaranteesthat thepre-pinnedmessagequeue
will notbeoverrun,andno messagedatawill belost.

❑ BIP [82] - to deliver morethan96%of theraw Myrinet bandwidthwith a very
low one-way latency timing, BIP doesnot supportany formsof error recovery
andflow control mechanisms.It reliescompletelyon the Myrinet hardwareto
ensurereliable,in-orderdelivery.

❑ LFC [13] - it assumesthat the network doesnot drop or corrupt packets, the
only causeof packet lossis the lack of buffer spaceon receiving nodes’NICs.
It adoptsa credit-basedflow controlbetweeneachpair of NICs, andsendcred-
its arereturnedby meansof explicit acknowledgementsor by piggybackingon
application-level returnedtraffic. However, credits(NIC buffer space)arestati-
cally partitionedamongall nodes,so it needsmoreNIC memoryasthecluster
sizegrows.

Ethernet-basedsystems

❑ U-Net/FE[114] - it providesanunreliability interfaceandleavesbehindthere-
liability issueto the higherlevel applications.To prove that U-Net abstraction
is able to supportlegacy systems,a proof-of-conceptimplementationof TCP
over U-Net/ATM [108] hadbeenimplemented.It wasshown to achieve better
performanceonbothbandwidthandround-triplatency ascomparedto thetradi-
tional in-kernelprotocolunderlightly loadedcondition. However, nothinghad
beendoneon investigationwhetherthe TCP congestioncontrol mechanismis
still suitablefor supportinghigh-performancelow-latency communication.

❑ GAMMA [21] - the initial versionthat basedon sharedFastEthernetnetwork
reliedontheCSMA/CDpropertyof theEthernetnetwork to supportlimited reli-
ableservicewith errordetection.TheredesignGAMMA prototype[22] hasin-
cludeda credit-basedflow-controlprotocolto preventreceiver overrunproblem
aftermigrationfrom theshared-basedto theswitched-basednetwork. However,
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no error recovery mechanismis provided asthe designersassumedthat trans-
missionerror, the sourceof datalossotherthanreceiver overrun,is extremely
rarewith currentEthernettechnology.

❑ GigaE-PM[96] - asit assumesthattheEthernetnetworkdoesnotguaranteemes-
sagearrival, it adoptsaGo-Back-Nprotocolwith STOPandGO flow controlto
guaranteein-ordermessagedelivery on high-speednetwork without using the
TCP/IPprotocol. Besidesusingtimeoutretransmissionmechanismto recover
from dataloss,upondetectionof out-of-ordermessages,the receiver immedi-
ately sendsback a LOSE messageto the senderfor quick recovery from the
loss.

❑ Pupa[106] - it provides reliability guaranteeby usingoptimistic credit-based
flow control,positive andnegative acknowledgements,andtimeoutretransmis-
sion. Initially the flow control restrictionis not enforcedby giving unlimited
creditto eachsender. Upondetectionof buffer overflowsonthereceiver, acredit
updatewith zerocreditis sentto thesender, whichcausesthesenderto stopsend-
ing until it receivesa subsequentpositive credit update.Besides,Pupaadopts
a piggybackedacknowledgementschemewith sender-controlledacknowledge-
ment,which is a mechanismto reducetheamountof acknowledgementtraffics
but still assertseffective response.

❑ PARMA � [62] - is designedasa socket compatibility layerwith no mechanism
associatedto flow control anddatarecovery. This is becausethe authorsbe-
lievedthatthepercentageof packetsincorrectlydeliveredby ahomogeneouslo-
calareanetwork is negligible. Therefore,typicalflow controlandacknowledge-
retransmissionschemesbecomeobsolete,andthey believedthat lost packet de-
tectionis sufficient for all commonuser-level applications,e.g. MPI-basedap-
plications.

In summary, most of theselow-latency communicationlibraries have adoptedflow
control strategy to avoid receiver buffer overflow problem,which is commonlyhap-
penedin an asynchronous,distributed network environment. However, thereis no
prevalentapproachto handletheerrorrecoveryasmostof thesesystemsonly focused
on the fast/normalpathof thecommunicationandneglect theerrorpath,sincethose
authorsbelievedthattheunderlyingnetworksarereasonablyreliable.In thenext sub-
section,we will have detaildiscussionon our reliabletransmissionprotocol,which is
a variantof theGo-Back-NAutomaticRepeatRequest(GBN ARQ) [11,91]. We are
adoptingapproachessimilar to otherpackages,aswell aswelay moreemphasisonthe
errorrecoveryaspect.

4.2.1 Our Go-Back-NARQ ProtocolDefinitions

To supportreliablecommunication,we have implementeda user-level reliabletrans-
missionlayeratopof DP. Fromourexperiences,weobservedthatmodernnetworking
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technologiesarequite reliable,asalmostall datalossproblemshappenedin thenet-
work aredueto thecongestionproblem.As we believe thatby usingour communica-
tion model,wecandeviseefficient schedulesto avoid congestionproblemfor mostof
thecollective communications.To keepthe reliablelayerasleanaspossible,we try
to avoid unnecessarymemorycopy. Thus,weadoptthein-orderacceptpolicy [92] on
thereceiversidesoasto reducethe G9E overhead,andavariantof Go-Back-NARQ as
theerrorrecoveryschemeon thesenderside.

Another commonly used ARQ is the Selective-RepeatARQ [92]. With this
scheme,the only framesretransmittedare thosethat receive a negative acknowl-
edgement.Although Selective RepeatARQ providesbetterretransmissionstrategy,
it requirescomplex buffer managementand/oran extra memorycopy for handling
out-of-orderdataarrival. Therefore,this becomescostlyif theunderlyingarchitecture
doesnot supportit. For example,to implementselective repeatARQ on top of DP,
we needto have an extra memorycopy (

ocs>rfs
) and an extra buffer pool which is

large enoughto temporarilybuffer all out-of-orderarrivals. Sincewe believe that
with well-coordinatedandwell-scheduledcommunicationschemes,congestionloss
would berare. This couldnot justify for consumingextra resourcesandaddingextra
overheadsto thelightweightmessagingsystem.

Go-Back-NARQ is afairly straight-forwardprotocolandhasbeenadoptedin other
lightweightmessagingsystems,e.g.[96,113]. However, simplevariationsof thepro-
tocol could have significant impact on the final performanceundercongestive loss
situation. For example,TCP is basicallyone type of ARQ protocol1, however, its
complexity andimportanceon the Internethasattractedlots of researchesandinves-
tigationswithin thepastdecades[63,74,84]. Beforewe layout our analyseson how
differentbufferingarchitecturesaffect on thecongestionbehavior, we needto provide
aclearpictureon theGBN protocolthatweareusing.

Weareusingafixedsizecredit-basedslidingwindow flow controlandlet ���"� be
thesizeof thewindow, this boundson themaximumnumberof (outstanding)packets
thata source/sinkprocesspair is allowedto transmitwithout waiting for anacknowl-
edgment.To detectfor losspacketsor lossacknowledgements,our reliabletransmis-
sionprotocolsetupatimeoutvaluefor each outstandingpacket. Sinceweassumethat
thenetwork is relatively errorfree,astatictimeoutvalueis used.

Figure4.1shows thestatetransitiondiagramof thesenderandthelogic flow dia-
gramof thereceiver accordingto this GBN protocol. Whenthesink processreceives
a packet,anacknowledgmentmayor maynot besentout thatdependson (1) thecur-
rent stateof the sourcewith respectto this sink, (2) the validity of this packet, and
(3) instructionfrom upperlevel application. Oneof the designgoalsof this reliable
layeris for efficient implementationof structuralcommunicationschemes,e.g.collec-
tive communication.Therefore,we provide a mechanismfor higherlevel application
to decideon themosteffective acknowledgmentmethods,suchashaving immediate

1TheTCPprotocol(specifiedin RFC793[85]) doesnotdefinetheacceptpolicy ontheout-of-order
dataarrival andtheretransmissionpolicy on theerrorrecovery, therefore,we couldhave a Go-Back-N
like TCP if a particularimplementationusesIn-order acceptpolicy andBatch retransmitpolicy (page
663in [92]). However, mostof theimplementationsadopttheSelectiveRepeatARQ approach.
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acknowledgment,piggybackacknowledgment,or delay acknowledgmentwhenever
possible.

Therearetwo typesof acknowledgments.An in-orderpacket will resultin a posi-
tiveacknowledgment(Pack), otherwise,a negativeacknowledgment(Nack) is gener-
ated.This Nackpacket becomesa losssignalto thesourcewhenanout-of-sequence
packet is detected,then this packet is simply dropped. Now the receiver labelsthis
senderashastransitedto the Stall state,andall subsequentout-of-sequencepackets
from this senderwill bediscardedunconditionallywithout generatingany morenega-
tiveacknowledgements.Thisreceiveronly resumestheacknowledgingprocessuntil it
receivesthefirst in-orderpacket from thecorrespondingsender. Therationalebehind
thisapproachis to minimizethenumberof controlpackets.Eventhoughcontrolpack-
etsaresmall-sizepackets,they still consumenetwork resources,e.g. network buffer
andhostreceivebuffer, whicharecritical resourcesunderthecongestionsituation.

On theotherside,whenever thesourceprocessreceivesaPackpacket, it advances
its sliding window, andthus,allows injectionof onemorepacket to thenetwork. Er-
ror situationsaredetectedat the sendersideby either receiving a Nack packet or a
timeoutsituationis raised.On receiving a timeoutincident,thesenderretransmitsthe
correspondingpacket andresetits timer. On receiving a negative acknowledgement,
thesenderbacksup to thefirst errorpacket (indicatedon theNackreply) andresends
all outstandingpackets. Thenit transitsinto theStall state.UndertheStall state,the
senderstopssendingout new packetsuntil the first Pack reply is returnedfrom the
receiver, thenit transitsbackto thenormaltransmissionstate.Otherwise,it waits for
thetimeoutsituationandretransmitsthosetimeoutpacket(s).

Theuniquefeaturesof thisreliabletransmissionprotocolaretheuseof fastretrans-
missionmechanismandthepresentof theStall state.AlthoughstandardGBN proto-
col is known to beinefficient if errorrateis high,webelievethatunderwell-organized
communicationschedules,theprobabilityof having errorsituationsis extremelylow.
Moreover, we still attemptto improve theerror recovery pathin a way that theextra
work-donewould not hurt the performanceof the common/fastpath,but would im-
prove theperformanceof theGBN protocolunderheavy congestion.First, we make
useof thenegativeacknowledgementto serveasaquick recoverysignalwhich is sim-
ilar to theuseof triple-duplicateacknowledgementin theFastRetransmit[93] scheme
of TCPprotocol.By this method,theprotocoloptimisticallyretransmitsall outstand-
ing packetswithoutwaitingfor theretransmissiontimerto expire. Therationalebehind
thisschemeis, sincethereceiverreceivessomeout-of-sequencepacket(s),thenetwork
congestionproblemmaynotbetoosevere,thusthesendertriesto recoverfrom theloss
immediately.

If the network congestionproblem is really harsh,the influx of retransmission
packetswill make it evenworst aswe areusingtheGBN strategy. In orderto avoid
wastingof bandwidth,whena communicatingpair fails to resynchronizethemselves
by usingthe fastretransmission,theprotocolrefrainsthesenderby keepingit in the
Stall state.Now thesendercannotsendout any packet until theretransmissiontimers
expire, thus, reducesthe traffic load. With the decreasein network load, we hope
thatthecongestionproblemwould beresolvedsoon,andthesendercouldresumethe
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transmissionafteridling for a timeoutinterval.

4.3 Congestion Loss under the Many-To-One Data
Flow

In this section,we areexploring the contentionbehavior of our lightweight reliable
transmissionprotocolon differentbuffering architecturesunderthe sametraffic pat-
tern- themany-to-oneflow. Thefunctionof a reliableprotocolin thecommunication
systemis for preventionof and/orrecoveryfromany dataloss.Mostof thedatalosssit-
uationsin modernnetworksarecausedby droppingof packetsin theswitches,which
in turn are inducedby the contentionproblem. We believe that with a betterunder-
standingon how buffering within switchesaffect the performanceof the communi-
cationsystem,especiallyunderheavy contentionsituation,moreeffective congestion
avoidanceschedulescanbedesignedfor theclusterdomain.

4.3.1 Many-To-OneData Flow

Althoughthis communicationpatterninducestheheaviestcongestionon thenetwork
link(s), thecongestionbehavior of this traffic patternis easierto comprehendthanthat
of themany-to-many communicationpattern.Theobviousresultof this many-to-one
traffic is thecongestionbuild-upat theoutgoingport(s),to whichdirectlyor indirectly
connectedto the gatherroot (commonsink) of this traffic pattern. As the outgoing
link is over-subscribed,excessive packetsmustbebuffered. If thecongestionpersists
for a “long” duration,congestionlosswill be the result. However, if the volumeof
the databurstswerewithin the storagecapacityassociatedwith this congestedport,
no packet would be loss. Therefore,thecircumstancethat inducespacket lossunder
sucha traffic patternis the arrival of a large burst of datapackets targeting to the
sameoutgoingport within a closeinterval, and the volumeof this burst overshoots
the storagecapacityaswell asthe drainagespeedof the congestedport. Moreover,
on steady-statecondition, the incoming andoutgoingflows shouldbecomebalance
sincedatatrafficsareregulatedby theflow-controlprotocol.This is commonlyknown
asthe "self-clocking" [51] effect of the flow-control protocol. Therefore,we deduce
thatburstsof datapacketsareonly generatedby thesourceseitherat thestartof the
many-to-onetraffic or afterany packet lossincident.

In thebeginning,all sourceshave a full window, sopacketsareinjecting into the
network at full speed. Therefore,we observe that the volume of the first burst of
datapacketsis proportionalto theflow controlwindow size( �N�"� ) andthenumberof
concurrentsenders( � ). If thebuffering capacity( ��� ) of thebottleneckregion along
the route of this flow is not large enoughto accommodatethis burst, a "cluster of
packets" is dropped. In this study, we assumethat all switchesemploy the drop-tail
FIFO discipline2 [36] asthebuffer managementstrategy; thus,whenthebuffer is full,

2This is themostcommonlyuseddroppingdisciplinein commercialproducts.
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newcomersarediscarded.Dueto thisdroppingdiscipline,packet lossesareexhibiting
someform of temporalcorrelation.This is inferredfrom the following observations.
First, if a packet arrivesat a congestedport is droppedby the switch, packets from
differentsourcesarriving to this bottleneckregion in closeapartarelikely to be lost
too. Second,if aparticulardatastreamlosesapacket,mostof thesubsequencepackets
originatedfrom thesamesenderwithin thesamewindow sessionarelikely to belost
too. Theimplicationof this packet lossbehavior is that thesesourceswill receive the
packet losssignals(negative acknowledgmentsor timeouts)after sometimelater but
againin closeapart. This triggersthe error recovery layer to recover from the loss
andinducesanotherburstof datapackets. Dependson theprotocolusedby theerror
recovery layer, this phenomenonmaycontinueto evolve andresultsin poornetwork
performanceastheefficiency of thecommunicationsystemdeterioratessignificantly.

When analyzingthe contentionbehavior of the many-to-onetraffic in a cluster
interconnect,two featuresshouldbe considered.First, congestionloss only occurs
whenthefirst burst of datapacketsoverrunstheswitch buffer. If the buffer capacity
can toleratethe flooding, we would not seeany congestionloss problem. Second,
the reliable transmissionprotocolhassignificantimpacton the availablethroughput
especiallywhencongestionlossoccurs. Therefore,the overall congestionbehavior
with respectto the many-to-oneflow would be a combinedeffect of the buffering
mechanismandthereliabletransmissionprotocolin use.

For aswitchednetwork, thebuffering’sability to toleratecongestionis determined
by threefactors:

1. Thetotal amountof buffer memoryin eachswitch.

2. Thewayhow buffer memoryis associatedto individualports.

3. Thewaybuffer memoryis organizedto storepacketsof differentsizes.

With an enclosednetwork, if we assumethat all traffics arecoming from the same
applicationrunningonthecluster, wecansafelynarrow our investigationby assuming
thatthedatapacket sizeis fixed3. Therefore,we caneliminatethethird factorandfo-
cusprimarily ontheeffectsof having differentbufferarchitecturesasonthecongestion
behavior. Therefore,our investigationsarefocusingon understandingtherelationship
betweenthebuffering architectureof theswitchednetwork andthereliabletransmis-
sionprotocolon thecongestionbehavior. In particular, we would like to make useof
this informationto predicthow muchperformancelosscausedby thecongestion.

4.3.2 CongestionBehavior on Input-Buffer edAr chitecture

In this section,we are going to devise a simple empirical formula, which predicts
theperformanceobservedby theend-user, whensufferedfrom contentionlosson an
input-bufferedswitchusingtheGBN schemedescribedin previoussection.Assumed

3Normally, the traffic shouldhave a bimodaldistribution, oneis peakedat the control packet size,
which is of smallsizepacket,andtheotheris at themaximumpacketsize.
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that thereareP datasourcesandthemany-to-oneflow startingat time �¡ £¢ , where
all sourcesstart sendingtheir datapackets moreor lessat the sametime. Initially,
all sourceshave anopenwindow of size �N�"� (in unit of fixed-sizepacket), andthey
continuallysendout their packetsto thegatherroot. Congestionstartsto build-up as
wehavemorethanoneactivesender, sopacketsarebufferedat thededicatedmemory
associatedto eachingressport - the input-bufferedarchitecture.As thebuffer sizeis
finite which is of �F� unit, thus,atany giventime �¥¤¦¢ , weobservethatthequeuesize
( §B¨ ) mustsatisfythis constraint,¢�©ª§«¨>©ª�F� . Furthermore,aftertheinitial burst,all
dataflows shouldberegulatedby thegatherroot undernormalcircumstances.There-
fore,we couldseethatthecongestionlosssituationon theinput-bufferedarchitecture
wouldhappenonly if theinitial burstwerelargerthanthebufferingcapacity, i.e. when���"�N¤¬�F� . In otherwords,to avoid congestionlossonthemany-to-onedataflow un-
deran input-bufferedswitch,oneshouldhave a window size( �N�"� ) which is smaller
thanor equalto theinputport bufferingsize( �F� ).

Qt
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Figure4.2: Evolution of thequeuesize( §B¨ ) over time on an input FIFO queuewith
congestionlossproblem

As we areinterestedin studyinghow thecongestionlossevolvedunderour GBN
schemeon this architecture,so in order to study the congestionloss situation,we
assumethat �N�"��¤D�F� andeachsourcehasasteadystreamof fixed-sizedatapackets
waiting to be transmittedto the gatherroot, i.e. all have unlimited amountof data
to send. We alsoassumethat the returnpathsfor the acknowledgementpacketsare
noiselessand congestion-free,so the dataloss problemis mainly coming from the
contentionloss on the forward flows. To model the effective throughputdelivered
to the end-userby this many-to-oneflow, we focus primarily on the evolution of a
particularinput queue,andgeneralizethe result to all input queuesinvolved in this
flow. Figure4.2 shows the queuesizeevolution of the input port buffer undersuch
a congestionlosssituation.Anotherassumptionwe have to make is on thedeparture
rate of this buffering system. As thereare P sendersin this flow, and assumefair
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schedulingon theswitchingengine,thentheexpected(average)departurerate k®°¯²±
for eachinput queuewould be of onepacket per P time slots, with eachtime slot is
measuredas the time usedby the egressport to transferthe fixed-sizedatapacket,
whichcanbeapproximatedby the ³w´ parameter.

After the initial burst,asthedeparturerateof this buffering systemis slower than
theinputrateandthevolumeof theburstis largerthanthebufferingcapacity, packetsat
theendof theburstaredropped(labelA in Figure4.2). However, thesenderwouldn’t
detectthe lossuntil the first out-of-sequencepacket reachesthe gatherroot (startof
period ��µ ), andstimulatesa packet losssignal(Nack). As presentedin Figure4.1, the
immediateresponseof thesenderto thereceptionof theNackis to transitto theReSend
state,andretransmitsall outstandingpackets(anotherburst of full window packets).
Thenit waitsat theStall stateuntil it receivesthefirst positiveacknowledgement.

Underself-clockingprinciple,removal of onepacket at theheadof thequeuewill
inducethearrival of anotherpacketto fill thespace.However, with anout-of-sequence
packet, morethanonedatapacketsareinjectedto thenetwork which causesanother
periodof congestionloss(label B in Figure4.2). For this burst, asthereis only one
buffer spaceleft in thequeue,thus,only thefirst packetcangetabuffer slot. Sincethis
is the expectedpacket that the gatherroot is waiting for, this resultsin changingthe
senderfrom theStall statebackto thenormalstate.In Figure4.2,wehave labeledthe
periodstartingfrom the detectionof the first out-of-sequencepacket to the time slot
just beforethereceptionof thecorrectretransmittedpacket beperiod ��µ . Within this
period,all packetsreceivedby thegatherrootarediscardedasthey areout-of-sequence
packets(theconsequenceof packet lossat labelA). Moreover, sincetheretransmission
burst (labelB) only appearsat thestartof this period,andthereis only limited space
left behindin the queue,mostof thosepacketsaredropped.The queuesize §«¨ will
graduallydropoff aspacketsarecontinuallydrainedawaywithout replacement.

Although the sendertransitsfrom the Stall stateback to the normalstateat the
startof period ��¶ , it immediatelychangesbackto theReSendstateafterthegatherroot
receivesthe next packet, which is an out-of-sequencepacket. Thenanotherburst of
packets is generatedby the sender, which startsto fill all buffer memoryagain,and
eventuallyinducesanotheroverflow situation(labelC). Wedepicttheperiod ��¶ to bea
periodbetweenthetwo transitionsof thesenderfrom theStall statebackto thenormal
state. Like period ��µ , all packetsexcept the first packet received by the gatherroot
in period ��¶ areout-of-sequencepackets(the consequenceof packet lossat label B).
Switchingbackto the normalstatemarksthe startof period ��· . Within this period,
the gatherroot receivesa sequenceof in-orderpackets,which is the outcomeof the
retransmissionburst happenedduring period ��¶ . And period ��· endswith the gather
root switchesback to the ReSendstatewhen it detectsan out-of-sequencepacket,
which is the consequenceof the overflow situationat the endof the retransmission
burstat labelC.

Whenwe carefully look at theevolution of thequeuesizeaswell asthechanges
of packet statuses,we couldfind that thepacket sequencesin periods��µ to ��· form a
patternthatis recurredovertime. Thus,wecouldsimplify ouranalysisby focusingon
thederivationof thethroughputefficiency observedin this recurrentcycle - thepacket



59

losscycle. Wedefinethethroughputefficiency ( ¸ ¹ ºJº ) to be

¸ ¹»º:ºF  ¼½¼½¿¾ ¼À (4.1)

whereĨ denotestheaveragenumberof in-orderpacketsdeliveredto thegatherrootby
this senderduringa packet losscycle, andÕ be theaveragenumberof errorpackets
receivedbut originatedfrom thissenderin thesameperiod.To derive Ĩ andÕ,weneed
to considerthethreesubintervalsin thepacket losscycleandcounttheircorresponding
numberof good and error packets in eachperiod. We have seenthat period ��µ is
consistedof solely out-of-sequencepackets. The startof this periodmarksthe first
errorpacketcausedby thecongestionlossat labelA. Intuitively, thiserrorpacketmust
moveforward ���ÂÁNÃ unit beforeit getsto theheadof thequeue.Whenthegatherroot
receivesthiserrorpacket,thiscausesthegatherroot to sendbackaNackto thesender,
which resultsin filling up thelastbuffer spaceby a goodpacket,andthis goodpacket
denotestheendof theperiod ��µ . Therefore,we deducethatwithin the ��µ period,the
gatherroot receives �F� unitsof errorpackets.

Similarly, the error packets found in period ��¶ are inducedby the retransmission
burstat labelB. As theexpectedarrival rateof this burst is onepacket per time slot,
while the averagedeparturerate of this buffering systemis one packet per P time
slots,we deductthat only Ä¥ÅwÆÈÇÊÉË packetscould be bufferedwhenthey arrive to the
inputFIFOqueue.However, all of thesebufferedpacketsareout-of-sequencepackets.
After this retransmissionburst(labelB), thesendertransitsto theStall state.No more
packetsaresentto the queueuntil it changesbackto the normalstateat the startof
period ��¶ , thenthesenderinjectsanotherpacket to thequeuewhichagainis anout-of-
sequencepacket. Therefore,we couldseethat the expectednumberof goodpackets
received by the gatherroot during period ��¶ is onepacket, andthe expectednumber
of error packets received in this period is Ä ÅwÆ ÇÊÉË ¾ Ã packets. Basedon the same
principle,we estimatetheamountof goodpacketsbufferedwithin period ��· . Before
the retransmissionburst arrived to the FIFO queueat the startof period ��¶ , thereareÄ¥ÅwÆ�ÇÊÉË errorpacketsin thequeue.Sowewouldexpectto have Ì�Í Ç>Î ÅwÆYÏRÐÑÉ�Ç ÐÑ buffer space

to accommodatethosein-orderpacketsbeforethe buffer overflow situationhappens
again,andthis becomestheamountof goodpacketsreceived in period ��· . Thus,the
throughputefficiency observedin apacket losscyclebecomes

¸,¹»ºJº   ÌÈÍ Ç>Î ÅRÆYÏQÐÑÉ�Ç ÐÑ ¾ Ã
ÌÈÍ Ç Î ÅRÆ ÏQÐÑÉ�Ç ÐÑ ¾¬ÒÓ¾ ÄÔÅwÆ�ÇÊÉË ¾ ���

Õ �F� ¾ ÃÓÁ ÄÔÅRÆËÒ �F� ¾¬Ò Á ÌÈÍ×ÖYØË (4.2)

Although ¸ ¹»ºJº is derivedby observingthedynamicbehavior within asingleinput
FIFO queue,if we assumethat the samesituationhappensto all input FIFO queues
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andeachsendergetsa fair share(i.e. ÉË ) of theavailablebandwidth,thentheexpected
throughputefficiency observedon this many-to-oneflow shouldbe

¸ÚÙÜÛÞÝ{ß ¨¹»ºJº  H�áàBâ�¸ ¹ ºJº�à Ã�äã  ª¸ ¹»º:º (4.3)

In conclusion,from formula(4.2),we observe thatwith thecongestionlossprob-
lem, thesustainedthroughputof this many-to-oneflow would belessthan50%of the
availablebandwidth,sincethedenominatoris at leasttwice aslargeasthenumerator.
As congestionlossproblemonly happenswhen ���"�N¤¦��� , thuswe justneedto con-
sidertheeffect of �N�"� only. Fromtheformula,we observe thatthe �N�"� factorhasa
negative linear relationwith the throughputefficiency, suchthat if we increase�N�"� ,
wewouldexpectto haveadecreasein thesustainedthroughput.As for thefactor � , it
seemsto have insignificanteffecton thefinal throughput.

4.3.2.1 Experimental Evaluations

Wevalidatȩ ÙåÛ�Ý{ß ¨¹»ºJº by usingmeasurementdataobtainedfrom ourexperimentalcluster
platform. We usea clusterwith 24 high-endPCs(PIII 733) connectedby the IBM
8275-326Fast Ethernetswitch, which is revealedas an input-buffered architecture
with �F�æ èç0é unitsper input port (AppendixA). To drive theFastEthernetnetwork,
weusetheDirectedPoint(DP) low-latency communicationsystemandimplementthe
describedGo-Back-Nschemeto supportreliability on top of DP. We have shown in
Chapter3 that with sucha high-endcluster, the performancebottleneckfalls on the
network component.

To simulatethemany-to-onedataflow understeadystatestreaming,we gathered
all performancedataby runningtheGathercollectiveoperationwith � ¾ Ã processes
andeachprocesssendsout 30000full sizedatapackets to the gatherroot, e.g. for�z êÃ�ë , thetotalmessagelengthreceivedby thegatherrootis approximately640MB4.
To inducethecongestionlossproblem,we startedthe experimentswith �N�"�ª¤ì�F�
for various �N�"� , P andtimeout(TO) combinations,andobserve their effectson the
final performance.To simplify our analysis,weassumethatthetimeoutvalueis setto
a sufficient large valueto avoid falseretransmission5. Eachtest is conductedwith P
senderssendout their messages“continuously” to thesolereceiver andwe measured
how long would it take for all processesto completethis collective operation. By
dividing thetheoreticalperformanceof thegatheroperationwith themeasuredresult,
we calculatethe throughputefficiency of this gatheroperationundercongestionloss
problem.

4The sizeof the receivedmessageis beyond the memorycapacityof a singleclusternode,which
only has128 MB of primary memory. To avoid pagingoverheadsthat affect the final throughput,
all incomingdatato the gatherroot arediscardedimmediatelyafter protocolchecking,thuswithout
copying from the stagingbuffer to the user-spacebuffer. This avoids the needto createsucha large
receivebuffer, andhence,avoidsthepagingoverhead.

5Thesettingof timeoutvalueis dependedon theavailablenetwork information.As this protocolis
designedfor communicationson anenclosednetwork with negligible transmissionerror, we canmake
useof the í7î , í:ï and ð5ñ parametersto estimatethe timeoutsetting,insteadof using the round-trip
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Figure4.3: Themeasuredthroughputefficiency of ourGBN reliabletransmissionpro-
tocol ascomparedto the measuredthroughputefficiency of thesimpleGBN scheme
on theIBM 8275-326switch.
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The first setof experimentalresultsis presentedin Figure4.3. In this figure, we
are comparingthe throughputefficiency ( ¸ÓÙåÛÞÝ{ß ¨¹ ºJº ) of our GBN schemeand a simple
GBN schemeundertheabove experimentalsettingson aninput-bufferedswitch. The
simpleGBN schemeis theclassicalversionof theGBN schemewhich doesnot have
thefastretransmissionmechanism.Therefore,whenever thereceiver receivesanout-
of-sequencepacket, it simply dropsit and waits for the timeout retransmission.In
general,we seethat the performanceof our GBN schemeis betterthan the simple
GBN scheme,except on a few datapoints. Particularly, our GBN schemeis quite
insensitive to thenumberof sendersandthe timeoutparameter(Figure4.3(a)(c)(g)),
while thesimpleGBN schemevariessubstantiallywith differentP, �N�"� andtimeout
parameters(Figure4.3(b)(d)(f)(h)). With the simpleGBN scheme,we observe that
thetimeoutvalueis closelyrelatedto thenumberof senders(Figure4.3(b)(d)).Such
thatwith eachPvalue,thereis aspecifictimeoutsettingthatfits it most,otherwise,the
performancedeterioratesconsiderably(Figure4.3(h)).Anotherinterestingobservation
onFigure4.3is thattheachievedmaximumthroughputefficiency is nobetterthan50%
of theavailablebandwidthon bothGBN measurements.

Figure4.4 presentsanothercomparisonaboutthemeasuredthroughputefficiency
of our GBN schemewith the predictedperformanceusing Eq. 4.2. Although our
predictionsdo not accuratelymatchthe measureperformance,(the 95% confidence
level of thepredictionerroris Ã�é  "! ¢$#&%  ), ourempiricalformuladoescapturethose
salientfeaturesthat we have describedin previous subsection.First, when thereis
congestionlossproblem,themeasuredperformanceis lessthan45%of theavailable
bandwidth,andthebehavior is independenton thetimeoutsettingif it is beingsetto a
sufficient largevalueto avoid falsealarm(shown in Figure4.4(e)).Thisfindingshows
the importanceof adoptingcongestionavoidancecontrol in the first placeas more
than 50% of the performanceis wasted. Second,both the measuredand predicted
resultsshow that the throughputefficiency is only slightly affectedby thenumberof
senders,thoughwe find that the throughputefficiency improveswith increasein �
(Figure4.4(a)(c)).Themeasuredresultson different ���"� (Figures4.4(c))show that
an inverserelationexists betweenthe throughputefficiency and ���"� , however, the
degradationin performance(slope)is greaterthanwhatwehaveestimated.

4.3.3 CongestionBehavior on Output-Buffer ed Ar chitecture

Wehaveshown thatwith aninput-bufferedarchitecture,we losemorethan50%of the
theoreticalperformanceundercongestionlossproblem.In this section,we switchour
analysisto thecongestiondynamichappenedontheoutput-bufferedarchitectureunder
thesameGBN ARQ scheme.Thenbasedon theseanalyticalstudies,we compareon
theperformancedifferencesbetweendifferentbufferingarchitectures.

With the output-bufferedarchitecture,packets start to accumulatein the buffers
associatedto the egressport that leadsto the gatherroot. As we assumethat the
buffer sizeis finite, at any giventime �Ú¤H¢ , we observe thatthequeuesize( §B¨ ) must

estimation.
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(e)Measured- P=15
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Figure4.4: Comparisonsof themeasuredandpredictedperformanceonthecongestion
loss problemunder input-buffered architecturewith our GBN reliable transmission
protocol.
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satisfy this constraint,¢�© §«¨�© �F� . From this observation, we concludethat the
congestionlosssituationwould happenon this architectureif andonly if we have an
initial burstof datapacketswhichis largerthan ��� , suchthat,when ���"�5àx�u¤D�F� . As
compareto input-bufferedarchitecturewith thesameperport buffering capacityand
underthesamenumberof sources,theoutput-bufferedarchitectureis moresensitive
to thecongestionlossproblemunderthemany-to-oneflow.

To studythesteadystatecontentionbehavior, we assumethat thecommunication
eventstartswith �N�"�Óà"�ê¤¦�F� andall sourceshaveunlimitedamountof datato send.
We alsoassumethatour switchednetwork adoptsthedroptail discipline,andpackets
thatarrive at a full buffer aredroppedunconditionally. This droppingpolicy induces
someform of temporallycorrelationamongstthe senders,which resultsin creating
waveof retransmissionbursts.Undersuchscenario,somesendersfall throughto Stall
stateas their first packets cannotfind an empty slot in the output queue,and thus,
get into hibernation(i.e. remaininactive until retransmissiontimer expire). Some
sendersmayalternatebetweencyclesof PackÙ(' Nackeventsandeventuallyget into
hibernationtoo. Only limited numberof senderscould get throughthis contention
periodandremainactive until thoseslumberingsendersreceive their timeoutsignals
andstartanothercycle of congestion.Therefore,if we collect the activity profile of
a particularsender, we would seethat its activities arecycling betweenPack, Nack
andTimeoutevents.Figure4.5 shows a sampletraceof thesender’s activities which
correspondsto suchanarbitrarysequenceof statetransitionsover time .

P6 N )+* 2 P2 N )+*  P32 N P6 N P106 N )+*  P13 N P6

Figure4.5: Thesampletraceof asender’sactivities
(Legend: , Ù - i consecutive Packs; - - Nack; .0/21 - j Timeoutevents)

Basedon the above observations,we model the congestionbehavior of our reli-
ableprotocolin termsof activity cyclesof thesender, with eachcycle is characterized
by somerecurrentpatternswhich we believe,arestatisticalindependentbut areprob-
abilistic replicasof oneanother. A samplecycle is given in Figure4.6 which is an
abstractrepresentationof thesampletraceshown in Figure4.5.Thecyclebeginswith
the transitionof the senderfrom the Stall statebackto thenormalstateby receiving
a Pack responseafter a seriesof the timeoutretransmissions6. After gettingbackto
thenormalstate,thesendercontinueswith a sequenceof recurrentpattern,with each
patterncomposesof aseriesof PackeventsandendsonaNackevent.Each�43ä� tran-
sition correspondsto the detectionof packet losssituation,but successfullyrecovers
by fastretransmission.However, underseverecongestion,fastretransmissionwould

6Although our reliable protocol implementsa timeout timer for eachoutstandingpacket, in this
model,a timeoutretransmissioneventcorrespondsto abatchretransmissionof all outstandingpackets,
insteadof the individual retransmission.This is because,our reliableprotocol is implementedin the
user-space,and thereforethe inter-messagesubmissiongap is governedby the 5>î parameter. Since
undernormalcircumstance,55î76cí7î , we cansafelyassumethat the individual retransmissiontimers
arecoalescedto form onesinglebatchretransmissiontimer.
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Figure4.6: A typical activity cycle of a senderwhich is composedof a sequenceof
recurrentpatterns

not help, thenthe senderfalls throughto the Stall stateandwaits until next timeout
signal. This is reflectedin the activity cycle asa seriesof TO eventsthat follow the
Nackevent. Finally, thecycle is terminatedby thelast timeoutretransmission,which
markstheonsetof thenext activity cycle.

Now we aregoing to derive an analyticalmodelthat capturesthe throughputef-
ficiency observed by a particularsenderunderthis buffering architecture.Let HJILKM
denotesthedurationof a sequenceof timeouteventsand HONM be the time interval be-
tweentwo consecutive timeoutsequences.Whenaddingup thesetwo intervals, we
have P M+Q HONMSR HJILKM , which becomestheelapsedtime of a particularactivity cycle.
We alsodefine T M bethenumberof in-orderpacketsreceivedby thegatherroot with
respectto this senderduring this P M interval. By viewing U$VWT MWX P MZY\[ M asa stochastic
sequenceof randomvariables,wedefinethethroughputefficiency beH^]`_a_ Qcbed Tgf]ih j$klnm Qcbed Tgfporqtsbud Pvf
whereE[U] denotestheexpectednumberof packetsacceptedby thegatherroot in one
activity cycleandE[C] betheexpecteddurationof oneactivity cycle. Without having
packet loss,we expect that the gatherroot canhandleonepacket per qws time units,
thus,the maximumnumberof packetsthata the gatherroot canhandleduring E[C]
timeunitsis

]ih j$kl m packets.
To derive E[U], we have to estimatethe total numberof Pack responsesreceived

within thosex M�ytz sequences.Let { M bethenumberof x M�ytz sequencesin theintervalH|NM . For the k-th x M�ywz sequence,we define } M�~ to be the numberof Pack responses
received in that period, � M�~ to be the durationof that period. Assumeif the number
of Pack responsesreceived in one x M�ytz sequenceis statisticallyindependentto the
numberof Pack responsesin anotherx M�ytz sequence,thenwe canview U�} M�~t[ asa
sequenceof independentandidenticallydistributed(i.i.d) randomvariables.Thesame
assumptioncanbeappliedto { M and � M ~ . Now wehave
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As for deriving E[C], let � Ù bethenumberof timeoutperiodsin theinterval ¸J�L�Ùandsincethedurationof eachtimeoutperiodis fixed,wehave� Ù  á¸|�Ù ¾ ¸ �L�Ù � |® � ±  H|® ¸|�x± ¾ k® ¸ �L� ± � |® � ±  H|®�� ± àÂk® � ± ¾ |® ¸ �L� ±
Assumethatthenumberof timeoutperiodsin eachactivity cycleis alsoani.i.d random
variable,thenwehave

|® � ±» M|®�� ±Èà |® � ± ¾ |®��|±Èà¥¸ À
andthus,

¸ ¹ ºJºF  |®�� ± àÂk® � ±Yà¥³w´|®�� ±Èà |® � ± ¾ |®��|±Èà¥¸ À (4.4)
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Figure4.7: 3-stateMarkov chainmodel

ToderiveE[y], E[x] andE[m], wemakeuseof conceptsfromdiscrete-timeMarkov
chainmodel [50] to model the activity profile of a sender. A 3-stateMarkov chain
model(seeFigure4.7) is constructedwhich representsthethreedifferenteventshap-
penedin a senderprofile, they areP - Pack,N - NackandTO - timeoutevents.With
referenceto thestatetransitiondiagram(Figure4.1)of ourGBN protocol,aPackevent
meansworking in normalstateor transitto normalstate,aNackeventmeanstransitto
theReSendstate(fastretransmission),andtheTO eventmeansslumberingin theStall



67

statebut beingwaked up by the timeoutsignal. However, transitionfrom oneevent
statusto anothermeansthe detectionof or recovery from somelossevents. There-
fore, thetransitionprobabilitiesbetweencertaineventsaredirectly relatedto the loss
probabilitieson thecongestedpath.

Hence,we definethestochasticprocessin which this 3-statelossmodelis based
on as, ¥ Ù â¢¦ ã = the typeof eventsdeliveredto thesenderat the time of receiving the§ ¨�¨ eventwith a finite statespace, ©�  «ªw�J¬\3¬�¸ À¯® , andthecorrespondingtransition
probabilitymatrix is °±² ÃÓÁ´³ ³ ¢µ ¢ ÃÓÁ µ¶ ¢ ÃÓÁ ¶¸·�¹º ¬
with individual row represents

First row Transition probabilitiesfrom stateP to state ¦ for ¦ » ©� , such that�½¼È®�¥ Ù  i� ¾2¥ Ù ÇÊÉ  i�«±«  Ã Á¿³ , �½¼È®�¥ Ù  À3 ¾2¥ Ù ÇÊÉ  i�B±  À³ ,
and �Á¼È® ¥ Ù  á¸ À ¾�¥ Ù ÇÊÉ  M�B±» H¢ .

Secondrow Transitionprobabilitiesfrom stateN to state ¦ for ¦ » ©� , such that�½¼È®�¥ Ù   � ¾+¥ Ù ÇÊÉ  Â3 ±¡  µ , �½¼Y® ¥ Ù  Ã3 ¾(¥ Ù ÇÊÉ  Ä3 ±¡  ¢ , and�½¼È®�¥ Ù  á¸ À ¾�¥ Ù ÇÊÉ  Å3 ±  èÃÚÁ µ .
Third row Transitionprobabilitiesfrom stateTO to state ¦ for ¦Æ» ©� , suchthat�½¼È®�¥ Ù  }�À¾`¥ Ù ÇÊÉ   ¸ À ±¥  ¶

, �½¼Y® ¥ Ù  c3 ¾Ç¥ Ù ÇÊÉ  £¸ À ±Ô  ¢ , and�½¼È®�¥ Ù  á¸ À ¾�¥ Ù ÇÊÉ  ª¸ À ±» PÃÓÁ ¶
.

And thetransitionprobabilities(1-a), c and(1-f) reflectthedifferentlossprobabilities
experienceby a particularsenderduring differentcongestionstages.Theprobability
c measuresthe likelihoodof a senderto encountera lost packet event,so thata high
valuefor it would indicatethatthecongestionlossproblemoccursfrequently. On the
otherhand,theprobability (1-a) measurestheseverity of thecongestionproblem,so
a high valuemeansthecompetitionis indeedfierce. In addition,a high valueof (1-f)
would indicatea high degreeof clusteringof retransmissionbursts,which meansa
highdegreeof temporalcorrelationbetweenlosses.

Now we first derive E[x]. Given our lossmodeland the assumptionof beinga
stationary7 discrete-timeMarkov chain, the probability that � Ù��  ÉÈ is equalto the
probabilitythatthereappearsto have È P eventsbeforea PNtransitionoccurs.Thus,

�½¼Y® � Ù��  ÊÈ ±   â�ÃÚÁË³ ã Û ÇÊÉ ³ for n  êÃÌ¬ Ò ¬Í#Í# #
andtheexpectedvalueof � is

7Theprobabilityof going from onestateto anotheris independentof the time at which thestepis
beingmade[50].
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k® � ±,  Î� Û � É â ÃÓÁ´³ ã Û ÇÊÉ ³aÈ   Ã³ (4.5)

Likewise, the probability that � Ù  ÐÏ is equalto the probability that thereappearsto
have Ï²Á¬Ã consecutive � Ù�Ñ 3 sequencesbeforeaTimeouteventoccurs,thatis

�Á¼È®�� Ù  ÅÏÈ±   µ ¨ ÇÊÉ â�ÃÚÁ µ ã for Ï| èÃG¬ Ò ¬Í#Í#Í#
andtheexpectedvalueof y becomes

k®�� ±   Î� ¨ � É µ ¨ ÇÊÉ7â ÃÓÁ µ ã Ï|  ÃÃÓÁ µ (4.6)

And theprobabilitymassfunctionandtheexpectedvalueof therandomvariablem are

�Á¼È®�� Ù  ÊÒw±  êâ ÃÓÁ ¶ ã�Ó ÇÊÉ ¶
|®��|±   Î� Ó � É â�ÃÚÁ ¶ ãÔÓ ÇÊÉ ¶ Ò«  Ã¶ (4.7)
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Figure4.8: Eventshappenedin a typical x M y z sequence

Finally, to deriveanexpressionfor E[S], we look into thetimescaleof aparticularx M y z sequence(seeFigure4.8). Let Ü�Ý M�~ be the time gapbetweenthe appearances
of j-1 Þ�ß andthe àGÞ�ß Pack events; á M�~ be the time gapbetweenthe last Pack eventand
theNackevent;and â M�~ betheelapsedtime betweentheNackeventof the last x M�ywz
sequenceandthefirst Packeventof currentsequence.Thenwecanexpress� M�~ be� M�~7Q â M�~ R´ãåä ~Íæèçé Ýëê ç Ü Ý M�~ R á M�~tì
For simplicity, we alsoassumethat á M�~ , â M�~ and Ü Ý M ~ arerandomvariablesandareinde-
pendenton eachother, aswell asassumethatthesequenceof Packeventsis modeled
asa Poissonprocess,thus Ü Ý M ~ canbe modeledasexponentiallydistribution with pa-
rameterí . It follows thattheexpectedvalueof S become
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|® � ±  ª|®�¼w± ¾ 
°²�î � � ÇÊÉ� 1 � Éeï 1 Ù�� ·º ¾ |®�ð ±

|® � ±  M|®�¼w± ¾ â�k® � ±YÁ¦Ã ã k® ï ± ¾ k®�ð ±
From Figure4.8, we seethat ¼ Ù � is the time lapsedbetweena Nack event anda

Pack event. When a senderreceives an Nack event, it responsesby re-sendingall
outstandingpackets, and we would expect that the next Pack event is triggeredby
the receptionof the first packet from this ReSendburst. Thereforethe elapsedtime
betweenthis Nack/Packpair dependson thecurrentqueuesize( §«¨ ) asthefirst packet
of the ReSendburst needsto move forward to the headof the queuebeforea Pack
eventis generated.Since§B¨ is boundedby ��� , andundersteadystateconditiononthe
many-to-oneflow, thebuffer queueshouldoperateunderalmostfull condition.Thus,
wehave

|®�¼w± Õ ��� à ³w´Í#
To derive k® ï ± , which is equalto ñ , wehaveto determinetheaverageinter-arrival timeñ of thePackeventsin a � Ù Ñ 3 sequence.Considerthat if thereis no congestionloss
problem,all (P) sendersget a fair shareof the bandwidth,we would expectthat the
averageinter-arrival time observedby a particularsenderbe �zàÓ³w´ . However, under
congestionlosssituationwith ourreliableprotocol,notall sendersarein activesending
modeassomeareforcedto stayin hibernationcondition.Hencewepostulatethatthe
expectednumberof senders( |®�ò�± ) be Ì�ÍÄ¥ÅwÆ , which is derivedon thegroundthatwith
a buffering capacityof �F� units, after vigorouscompetition,on averageonly |®�ò�±
senderscanwin aplacefor their full window loadof packets.Therefore,wehave

|® ï ±  H|®�ò�±Èà¥³R´   �F� à ³w´���"� #
Wefollow thesamelogic to deduce|®�ð ±ó# RememberthataPackis sentto asender

only whenthegatherroot receivesan in-orderpacket from that sender. So the inter-
arrival time ( |® ï ± ) betweenPackeventshasadirectrelationshipwith theelapsedtime
betweenconsecutive packets from the samesender. To determinek®�ð ± , we have to
estimatehow many packetsfrom thissenderarelost beforethegatherrootdetectsthis
lossproblem.If weconsiderthelossis uniformly distributedbetween1 and ���"� Á Ã ,
thenon average,we would expect to have Ä¥ÅwÆÈÇÊÉØ lost packetsbeforethe gatherroot
detectsthe loss situation. Sinceeachconsecutive packet is separatedby |® ï ± time
units, k®�ð ± becomes

|®�ð ±   ���"�æÁDÃÒ à�|® ï ±   â��N�"�æÁDÃ ã à��F� àÔ³R´Ò �N�"� #
Now wehave
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|® � ±}  ��� à ³w´ ¾ â Ã³ Á¦Ã ãgô �F�¡à ³w´�N�"��õ ¾£â��N�"� Á¬Ã ã àÂ��� à¥³w´Ò �N�"�Õ ô é Ò ¾ ÃÓÁ´³³ �N�"� õ à��F� à¥³R´ (4.8)

By substitute(4.5),(4.6),(4.7)and(4.8) to (4.4),wehave

¸,¹»ºJº   ³R´öp÷ ·Ø ¾ É�Ç ·ÄÔÅRÆùø à��F� à ³w´ ¾ûú É�Ç µëüþý ·ÿý �L�º
  Ãö ÷ ·Ø ¾ É�Ç ·ÄÔÅRÆùø à��F� ¾ ú É�Ç µ ü�ý ·ÿý �L�º (4.9)

wherȩ
À   �p���� . As ¸ ¹»ºJº representsthethroughputefficiency observedbyonepartic-

ularsender, thentheaggregateperformanceof thismany-to-oneflow undercongestion
lossproblembecomes

¸ � ß ¨ Ý{ß ¨¹ ºJº  H�áà ¸ ¹»º:ºG# (4.10)

Theabove empiricalequation(4.9) for predictingthethroughputefficiency on the
output-bufferedarchitectureis formulatedin termsof 3 transitionprobabilities- a, c
andf. Fromtheformula,we observe thattransitionprobabilityc hasa significantrole
on thefinal performance,suchthat if we canfind someway to minimizec, thehigher
throughputwe get. To utilize this equation,we needto provide somemethodsto de-
terminetheseprobabilities.However, we cannotidentify a cleanassociationbetween
our targetperformanceparameters( �N�"� , � , �F� & TO) andthosetransitionprobabil-
ities. Consequently, we have to rely on someinferentialapproach[50] to statistically
estimatethesetransitionprobabilities,which is commonlyusedin otherperformance
studies[63,74,112,119]. In particular, we look at the informationgatheredfrom a
sampletraceandusethis informationto estimateon the transitionprobabilities.For
examples,in our case,wehave

�³�� total numberof
�
	

transitions
total numberof

� (4.11)

��� µ � total numberof transitionsfrom
	

to ���
total numberof

��� Ñ 	 sequences
(4.12)

�¶ � total numberof transitionsfrom ��� to
�

total numberof ��� (4.13)



71

4.3.3.1 Experimental Evaluations

A seriesof experimentsareconductedto validatethe above empirical formula. For
all of thesetests,the sameclusterthat we have usedin Subsection4.3.2.1is used,
however, the numberof clusternodesinvolved dependson the configurationof the
switchor atmost32nodes.Furthermore,thesameGBN reliabletransmissionprotocol
andtheDPpackageareused.Thefirst setof experimentsis conductedwith thiscluster
interconnectedby the16-portIBM 8275-416Ethernetswitch. Underour benchmark
tests,this switch is revealedto have an output-bufferedarchitecturewith ���������
unitsperoutputport. As this switch canonly support16 full 100Mb/s connections,
we usea clustersizeof 16 nodesto conductall tests.Thesecondsetof experiments
areconductedby interconnectingthis clusterwith theCiscoCatalyst2980GEthernet
switch, which has80 FastEthernetportsand2 Gigabit Ethernetports. By applying
our benchmarktestson this switch,we uncover thattheswitchinternalis adoptingan
output-bufferedallocationschemeon a sharedmemoryarchitecture8 (with ����� ��� �
units per outputport). We only connect32 clusternodesto this switch asthis is the
maximumsizewehave for this homogeneouscluster.

We employ a similar testingmethodologyas appearedin Subsection4.3.2.1on
eachplatform, however, to inducethe congestionlossproblem,we have a different
window sizingconstraint,that is !#"%$�& �(' ��� . Sincethetwo switchingplatforms
havedifferentbufferingcapacityandsupportedportnumber, thustheextentof varying
the !)"%$ and

�
parametersaredifferenttoo. In orderto applyour empiricalformula

(Eq. 4.9),wecollectactivity tracesfromthoseprocessesduringthetests.Weobtainthe
measuredperformanceondifferentparametersettings(differentcombinationsof !#"%$ ,�

and ��� ) by runningthesametestsfor 30 iterationsandtake theaveragetiming as
theresultmeasurement.To minimizetherequiredruntimememoryto storetheactivity
traces,only the activity tracesof all senderson the last iterationarereturned.Then
the correspondingtransitionprobabilitiesarecalculatedfor eachsender, andfinally,
the meanvaluesfrom all the sendersaretaken asthe transitionprobabilitiesfor this
particularparameterset. Table4.1 displaysa samplesetof datacollectedfrom the
IBM 8275-416platformby this method.

We starttheanalysisof our GBN schemeby comparingits performancewith the
simpleGBN scheme(asdescribedin Subsection4.3.2.1)ontheIBM 8275-416switch,
andtheresultsareshown in Figure4.9. In contrastwith theinput-bufferedarchitecture,
we find that our GBN schemeworks effectively on the output-bufferedarchitecture,
while thesimpleGBN schemeperformsextremelyinefficientonthisarchitecture.The
measuredresultsonthesimpleGBN schemeshow thatits performanceis insensitiveto
theP and !)"%$ parameters,but is slightly dependedon thetimeoutsetting.Themajor
differencebetweenour GBN schemeandthesimpleGBN schemeis on theexistence
of fastretransmissionmechanism.However, fastretransmissionis simplya stochastic
approachon improving theefficiency, aseachsenderattemptsto recover from theloss
beforefalling throughto theStall state.Throughthis kind of randomselection,some

8On the supportingdocumentof this switch [99], Ciscoclaimsthat this switch hasa low-latency,
centralized,sharedmemoryswitchingfabricarchitecture.
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� !)"%$ ��� �* ���,+ �-
Measured�/.103254303268737 Predicted

7 18 400 0.0218 0.0547 0.5329 0.8375 0.7639

7 24 400 0.0216 0.1383 0.5300 0.7846 0.7598

7 36 400 0.0227 0.2344 0.5420 0.6971 0.7189

11 18 400 0.0357 0.2097 0.6109 0.7345 0.7294

11 24 400 0.0338 0.2863 0.5763 0.6947 0.7162

11 36 400 0.0305 0.3956 0.5207 0.6380 0.6798

15 18 400 0.0495 0.2907 0.5346 0.6309 0.6573

15 24 400 0.0441 0.3674 0.4977 0.5975 0.6501

15 36 400 0.0341 0.4675 0.4053 0.5596 0.6477

7 18 1600 0.0112 0.0578 0.6810 0.8929 0.8397

7 24 1600 0.0118 0.0834 0.6091 0.8822 0.8550

7 36 1600 0.0126 0.1106 0.5628 0.8027 0.8363

11 18 1600 0.0202 0.0931 0.6390 0.8366 0.8621

11 24 1600 0.0163 0.1522 0.6444 0.8222 0.8884

11 36 1600 0.0164 0.1798 0.5789 0.7516 0.8390

15 18 1600 0.0204 0.1952 0.6922 0.7976 0.8670

15 24 1600 0.0174 0.2230 0.5918 0.7785 0.8905

15 36 1600 0.0175 0.2635 0.5641 0.6877 0.8238

Table4.1: Sampledatacollectedon the416platform



73

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

6 11 16

P

E
ff

ic
ie

n
cy

W=12
W=18
W=24
W=30
W=36

(a)our GBN - Timeout= 1000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

6 11 16

P

E
ff

ic
ie

n
cy

W=12
W=18
W=24
W=30
W=36

(b) simpleGBN - Timeout= 1000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

10 20 30 40

W_FC

E
ff

ic
ie

n
cy

P=7
P=11
P=15

(c) our GBN - Timeout= 1000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

10 20 30 40

W_FC

E
ff

ic
ie

n
cy

P=7
P=11
P=15

(d) simpleGBN - Timeout= 1000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

100 600 1100 1600

Timeout (in units of time slot)

E
ff

ic
ie

n
cy

W=12
W=18
W=24
W=30
W=36

(e)ourGBN - P = 15

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

100 600 1100 1600

Timeout (in units of time slot)

E
ff

ic
ie

n
cy

W=12

W=18

W=24

W=30

W=36

(f) simpleGBN - P = 15

Figure4.9: Comparingthe performanceof our GBN schemewith the simpleGBN
schemeon theIBM 8275-416switch
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sendersget their chancesin continuingtheir transmissionsandeffectively utilize the
bandwidth,while theresthave to wait for their chancesaftera timeoutinterval.

In Figures4.10and4.11,we have thecomparisonsof themeasuredandpredicted
performanceof ourGBN schemeontheIBM 8275-416platformfor variousparameter
sets.In general,theempiricalformula(Eq. 4.10)correctlyreflectsthemacroscopicbe-
havior of our GBN reliabletransmissionprotocolon theoutput-bufferedarchitecture.
Specifically, boththemeasuredandpredictedresults(Figure4.10)show thathaving a
larger TO settingimprovesthe throughputefficiency. This behavior is a resultof the
additionof thefastretransmissionmechanism,which randomlyselectsa few senders
to continueanddeniesthe rest. BesidestheTO parameter, we alsoobserve thatboth
the !)"%$ and

�
parametersareinverselyrelatedto thethroughputefficiency.

On theotherhand,observingfrom theresultsshown in Table4.1andFigure4.11,
we find thattheaccuracy of our predictionsis deterioratingalongwith theincreasein�

, !#"%$ and ��� , albeit thelow errorrate(the95%confidencelevel of theprediction
errorfallson 9�:#;=<?>@��: ). Whenthetimeoutsettingis small(subgraphs(a),(b),(c)&(d)
of Figure4.11),we clearly seethat our empirical formula correctlyreflectsthe rela-
tionshipsbetween

�
, !#"%$ & �/.103254303268737 , but whenthe timeoutsettingis large, the rela-

tionshipsbecomeunclear. This is because,whenlook into thedatashown in Table4.1,
ourempiricalformulatendsto over-estimatetheimprovementmadeby theincreasein
timeoutparameter.

Figure4.12showstheresultsof thesecondsetof experimentsusingtheCiscoCat-
alyst 2980Gswitch with the 32-nodecluster. The samefindingscould be observed
from this setof dataascomparedto the IBM 8275-416case,but theaccuracy of our
predictionson this platform is betterthan that of the IBM 8275-416case(the 95%
confidencelevel of the predictionerror is AB:C;D<?>@9�: ). To uncover the performance
differencebetweenthe two switches,we extract performanceresultsfrom thesetwo
setswhich arecollectedwith thesameparametersettings,andpresentthemin Table
4.2. In general,we find thatincreasein bufferingcapacitywould improve theconges-
tion performance.However, it is interestingto seethat theCiscoswitch,which hasa
larger buffering capacity, could result in having poorercongestionperformancethan
the416switchonsomescenarios.

Our assumptionon the timeout( ��� ) settingis that it shouldbesufficiently large
to avoid falseretransmission.Therefore,for the timeoutsettingon all tests,it satis-
fies this constraint- ���FE � ��� . This ensuresthat the timeouttimer is setto a value
larger thanthe round-tripdelayon a saturatednetwork; andif the timer expires,this
highly indicatesthat thenetwork is underheavy congestion.To quantify theeffect of
the timeoutparameteron the throughputefficiency, we intentionally includetimeout
settingsthatareout of our assumedrange,andtheresultis shown in Figure4.13. We
observethatthethroughputefficiency is in a logarithmicscalewith thetimeoutparam-
eter. This finding supportsour initial assumptionandindicatesthat the performance
is severely degradedby the falseretransmissionphenomena.On the otherhand,the
observedperformancedoesnot improve a lot evenif we usea very largetimeoutset-
ting. This justifiesthatpicking a reasonablelargetimeoutsettingis sufficient to guard
againstthecongestionlossproblem.
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Figure4.10:Comparisonof themeasuredandpredictedperformanceof theIBM 8275-
416switchunderheavy congestionlossproblemwith our GBN reliabletransmission
protocolsubjectedto differenttimeoutsettings
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Figure 4.11: Comparisonsof the measuredand predictedperformanceof the IBM
8275-416switchwith our GBN reliabletransmissionprotocol. Themain focusis on
revealingtheeffectsof thePand !#"%$ parameterson thefinal performance.
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Figure4.12: Comparisonsof the measuredandpredictedperformanceof the Cisco
Catalyst2980Gswitch underheavy congestionlossproblemwith our GBN reliable
transmissionprotocol
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Switch ��� � !#"%$ ��� Measured Predicted

IBM416 95 7 24 400 0.7846 0.7598

Cisco2980 128 7 24 400 0.8088 0.7413

IBM416 95 7 24 1600 0.8822 0.8550

Cisco2980 128 7 24 1600 0.8602 0.8046

IBM416 95 15 24 400 0.5975 0.6501

Cisco2980 128 15 24 400 0.6354 0.6772

IBM416 95 15 24 1600 0.7785 0.8905

Cisco2980 128 15 24 1600 0.7785 0.8571

IBM416 95 15 12 400 0.719 0.7256

Cisco2980 128 15 12 400 0.7797 0.7427

IBM416 95 15 12 1600 0.8745 0.8956

Cisco2980 128 15 12 1600 0.8891 0.8782

Table4.2: Comparisonsof thecongestionbehavior observedon the IBM416 andthe
Cisco2980switchesunderthesameparametersets
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Figure4.13: Effect of thetimeout( ��� ) parameteron thethroughputefficiency when
the network is underheavy congestionlossproblem. The dataarecollectedon the
IBM 8275-416platformwith

� � � � , !#"%$G� ���
.
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4.3.4 Discussionof the Models and Their Implications

In previoussubsections,wehaveexaminedontheperformancebehavior of two buffer-
ing architecturesunderheavy congestionloss. Regardsto thebuffering architectures,
anothercommonlyusedbuffering schemeshouldalso be considered- the shared-
buffered[110] or commonoutput-bufferedarchitecture[42]. This schememakesuse
of dynamicbuffer allocationfrom a commonpool of buffers,andthereforeeachout-
put port virtually hasa larger buffer storage. The main advantagesof this scheme
ascomparedto output-bufferedarchitectureare(1) thehigherbuffer utilizationcanbe
achievedand(2) asmallertotalbufferingcapacityis required.However, to avoid unfair
utilization,mostimplementationssetupanupperlimit oneachoutputport. Dueto the
architecturalsimilarity betweentheshared-bufferedandtheoutput-bufferedschemes,
we considerthat theabove analyticalstudyon theoutput-bufferedschemeis directly
applicableto theshared-bufferedarchitecture.

We have two modelsthatdescribethecongestionbehavior of our communication
systemunderdifferentbufferingarchitectures;however, onecanshow thatthe3-state
Markov chain model can be usedto derive the input-bufferedcase,if we view the
input-bufferedcaseasa specialcaseof this Markov chainmodel, where

+ � �
&* � H�IKJLHM?N�O I%PQIKJSRUT V . Althoughusingstochasticprocessto modelsystemdynamicis a

powerful technique,it hassomeknown limitations. For somecases,to capturereal
world phenomenabut still keepingthe modelequationtractable,onehasto rely on
someknown andwell-behavedstatisticalor probabilisticmodels.Then,thequestion
becomeshow closearetheseassumptionsmatchedwith thereality?Besides,we may
find that on somecases,thereexists no generalprobability model that suits for our
needs.Thenonehasto collect informationfrom the runningsystem,or if a system
doesnotexist, collectfrom thesimulator. Therefore,in all cases,analystsarerequired
to have statisticalexpertise. Dependingon the techniquesused,theseskills areusu-
ally not commonto the parallel programmers[116]. Furthermore,of our study on
theoutput-bufferedarchitecture,we areusingthesecondmethodto derive thosetran-
sition probabilities. Although the predictionresultsarewithin acceptableaccuracy,
we believe that the informationrevealedby theempiricalequation(4.10) for output-
bufferedis notasexpressiveasthatby theempiricalequation(4.3) for input-buffered.
For example,onecandirectly estimatetheeffect of varyingthe !#"%$ parameterfrom
equation(4.3),while equation(4.10)only shows partof thepictureaswe cannottake
holdof therelationshipbetween!#"%$ andthosetransitionprobabilities.

Theprimaryobjectiveof thisstudyis to exploretherelationshipbetweenbuffering
architectureandcongestionbehavior, andthroughtheanalysis,wecoulddevisebetter
strategiesin handlingthecontentionproblem. Althoughour studiesarebasedon the
many-to-onepatternwith a singleswitchednetwork, we believe thatour findingscan
beextendedto capturethecongestionbehavior of differentnetwork configurationsand
communicationscenarios.In shortsummary, herearewhatwehaveobservedfrom our
analyticalstudiesandpreviousexperiments:

1. Thenumberof attributedsources(
�

) on thecontentionproblemhasa negative
impacton the throughputefficiency with our GBN reliableprotocol,excepton
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the input-bufferedcase. However, it hasthe leastweight on the performance
aspectwhencompareto otherperformanceparameters.

2. Thelargerflow controlwindow size( !#"%$ ) weset,themoresusceptiblyweare
whenfacingwith thecongestionlossproblemfor all cases.Therefore,thebest
tacticis to avoid thelosscompletely. Sincedifferentbufferingarchitectureshave
differentoverflow conditions,i.e. !)"%$ ' ��� for theinputbufferingand !#"%$
&�W' ��� for theoutputbuffering,we shouldobserve theserulesin selectingthe
optimalwindow size.However, if wearetooconservative in settingthewindow
size,welosethebenefitof having pipelining.Besides,evenwith asmallwindow
setting,westill experienceperformanceproblemonalargeclusterif thenetwork
traffic becomesasymmetric.

3. Under bulk data transfer, the throughputefficiency improves logarithmically
with theincreasein timeoutvaluewith ourGBN reliableprotocol,excepton the
input-bufferedcase.Therefore,we find thatthesettingof thetimeoutvaluehas
a significantweighton theresultingthroughput.Fromour experimentalresults,
weobserve thatit is goodenoughto setthetimeoutvaluesto therangebetween���X&ZY\[S]#^ ���W_����X&�Y3[?] H on theoutput-bufferedcase,sincethethroughput
efficiency only scalesuplogarithmically. While with theinput-bufferedcase,the
rangebetween

� &����`& � _ ���a_cbd&����`& � shouldwork pettygoodon our
GBN scheme.

To further our understandingon the congestionbehavior, we extendthis studyto
anothertype of network configuration- Hierarchicalnetwork9 [35]. The hierarchi-
cal network makesuseof fastertechnologyasthebackbonenetwork to supportfull-
connectivity betweenmany smallersubnetworks,while thesesubnetworkscanbecom-
posedof asingleswitchednetwork or anotherhierarchicalnetwork. Figure4.14gives
an exampleof a two-level hierarchicalnetwork that composesof FastEthernet(FE)
andGigabitEthernet(GE)switches.

For thefirst setof testson thehierarchicalnetwork, we show that thecongestion
behavior of theoutput-bufferedcasecanbeusedto explain on thecongestionbehav-
ior of an input-bufferedport, which happensto be thebridgingport betweenthe two
Ethernettechnologies.Usingthesameclusterasin previousexperiments,we connect
10 clusternodesto oneIBM 8275-326switch andtherearetotal threesuchsubnets
in this setup.EachIBM 8275-326switch is connectedto a GigabitEthernetswitch-
theAlcatel PowerRail2200(PR2200),througha Gigabit uplink port. With this con-
figuration,in theory, we have full-connectivity for all 30 machines.After runningour
benchmarktests,we find that this Gigabituplink port hasan input-bufferedarchitec-
turewith ���e��fg� units(which matcheswith buffer sizeof otherFEports).However,
wealsouncoveraseriousproblemof thisuplink port. Althoughit is capableto sustain
ten full FE streamson the upstreamflow10, it could only manageto sustainat most

9A formaldefinitionof theHierarchicalnetwork will appearon Chapter6
10Upstream- movementof datafrom thelow-level to upper-levelof thehierarchy;while downstream

is just thereverse.
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Figure4.14: A hierarchicalnetwork composesof GigabitEthernetandFastEthernet
switches

sevenfull FE streamson the downstreamflow without packet loss. More discussion
will be given later in this subsection.As for thePR2200GE switch,our benchmark
testsshow thatit hasashared-bufferedarchitecturewith ���e� ��� < units.

No. of sendersh SubnetA(10 nodes) SubnetB(10nodes) SubnetC(10nodes)

7 4 senders 3 senders targetreceiver

11 6 senders 5 senders targetreceiver

15 8 senders 7 senders targetreceiver

19 10 senders 9 senders targetreceiver

Table4.3: Thesettingusedin emulatingthemany-to-oneflow overacongesteduplink
port

To emulatethe many-to-onecongestionlossproblemon the uplink port, we use
the following experimentalsettings,which aresummarizedin Table4.3. With such
settings,we remove theupstreamperformancelimitation, andby directingall traffics
to the sameuplink port, we createa scenariosimilar to the output-bufferedconges-
tion problemon an input-buffereduplink port. Therefore,we canapplyour previous
techniqueto analyzethecongestionbehavior inducesby this traffic condition,andthe
resultsarepresentedin Figure4.15. Again,we observe a similar congestiondynamic
whencomparewith thepreviousexperiments.Theonly exceptionwe have observed
is the extraordinaryperformanceimprovementwith the timeoutparameterwhenwe
have !)"%$)� � f for different ��� settings.We couldnot identify any clueexceptthat
from the activity traceson the transitionprobabilities(a, c and f ), with !#"%$D� � f
andincreasein timeoutvalue,a senderis lesslikely to encountertheNackevent,but
onceit transitsto theReSendstate,it is moreproneto bekept in theStall state,i.e. c
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Figure4.15: The measuredandpredictedresultsof the many-to-onecongestionloss
problemon theuplink portunderourGBN reliabletransmissionprotocol
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anda becomesmallerwhenincreasein timeoutsetting.Besides,we observe that the
performancebehavior becomesgovernedby window flow control( !)"%$ ) settingrather
thanon thenumberof attributedsources(P).

In thepreviousexperiments,wecouldnotshow thathaving alarge ��� valuewould
bebenefitunderthecongestionproblem.To look for supportingevident,we compare
themeasuredperformanceof thethreesetupsunderthesameparametersettings,IBM
8275-416,Cisco 2980 and the IBM 8275-326uplink. The results(as presentedin
Table4.4) show thathaving a larger buffer capacitydoesprovide betterperformance
whensubjectsto thesametraffic loading.

Switch ��� P !#"%$ ��� Measured Predicted

uplink 45 15 12 400 0.6068 0.6691

IBM416 95 15 12 400 0.719 0.7256

Cisco2980 128 15 12 400 0.7797 0.7427

uplink 45 15 12 1600 0.7309 0.8666

IBM416 95 15 12 1600 0.8745 0.8957

Cisco2980 128 15 12 1600 0.8891 0.8782

uplink 45 11 30 200 0.4129 0.4798

IBM416 95 11 30 200 0.6263 0.5931

uplink 45 11 30 1600 0.5564 0.6430

IBM416 95 11 30 1600 0.7967 0.8759

Table4.4: Comparisonsof themeasuredperformanceon IBM416, Cisco2980andthe
IBM uplink port underthesameparametersettings.

Although the above experimentalsetuplooks ratherartificial, it shows that the
input-buffereduplink port behaves like an output-bufferedport when it is subjected
to heavy congestive flow acrossthehierarchy. To further examineon thecongestion
behavior of theuplink portunderrealistictraffics,were-configurethenetwork setupof
theclusterto emulatemultiple concurrentdataflows acrossthehierarchicalnetwork.

No. of Senders SubnetA(8 nodes) SubnetB(4 nodes) SubnetC(12nodes)

hjilk h senders notused h receiversm3ndo hjpqk 8 senders hsrtk senders h receivers

Table4.5: The network configurationusedto emulatingthe multiple one-way data
transferoveracongesteduplink port

Two setsof testsare carriedout. With network configurationshown in Table
4.5, we createmultiple one-to-oneone-way dataflows acrossthe target uplink port;
while with network configurationshown in Table4.6, we createmultiple one-to-one
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No. of Senders SubnetA(12 nodes) SubnetB(12nodes)

k�i)hji nvu I H asbothsendersandreceivers I H asbothsendersandreceivers

Table4.6:Thenetworkconfigurationusedto emulatingthemultiplebi-directionaldata
flow overa congesteduplink port

bi-directionaldataflows acrosstheuplink ports. Themainreasonwhy we usediffer-
entnetwork settingsis to keepour focuson thecongestionlossproblemat the target
uplink port(s)only, andtry to avoid othersourcesof loss. To mimic thebulk transfer
dataflow, all testsareconductedwith eachsendersendsout 30000full sizepacket to
its partner.
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Figure4.16: Thecongestiondynamicof theuplink port undermultiple one-way bulk
transfers

Figures4.16and4.17show theper-receiverbandwidthsmeasuredon theone-way
andbi-directionaltestswith differentwindow flow control and timeoutsettings. In
general,the performancebehaviors undersuchdataflows agreewith our conclusion
madeon the studiesof the many-to-onecongestionloss problem. Particularly, the
testresultsmatchwith our analysesthattheflow controlwindow sizehastheheaviest
weightonthefinal performance,andthetimeoutsettingcomesnext, while thenumber
of attributedsourceshasthe leastweight. Furthermore,Figure4.16uncoversthe in-
trinsic limitation of theuplink port,asthemeasurementsshow thatit canonly sustain
at most7 full FE messagestreamsregardlessof the window sizesetting. Oncewe
move beyond its throughputlimitation, the flow control settingbecomessignificant,
andthis indicatesthattheuplink port is now workingunderoverloadcondition.Of the
worst, Figure4.17 further demonstratesthat underheavy loadingwith bi-directional
dataflows, the circuitry of the uplink port cannotsupportmore than8 streams,i.e.
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Figure4.17: Thecongestiondynamicof theuplink port undermultiple bi-directional
datatransfers

only supportsup to 4 concurrentduplex streams.Undersuchcondition,boththedata
andcontrolpacketsaresubjectedto loseastrafficsonbothdirectionsareheavily con-
gested,however, westill observeasimilarcongestiondynamicasidentifiedin previous
experiments.This fortifies our belief that the studieson themany-to-onecongestion
lossproblemdocapturethosesalientfeaturesof ourGBN reliabletransmissionproto-
col.

4.4 RelatedWork

As TCP is the mostwidely usedreliableprotocolin today’s network, thereexist nu-
merousstudieson performancemodelingandanalysisof this protocol,especiallyon
thecongestionbehavior overwide-areanetworks,e.g.theInternet[56,63,74,84,122].
Althoughwe arenot adoptingTCPasour lightweight reliablelayer, their workspro-
videvaluableinsighton building up our work. In particular, thework in [74] analyzes
andmodelstheFastRetransmitandtheTimeoutfeaturesof theTCPprotocol,which
happensthat our reliableprotocolalsosupportssimilar features.However, they as-
sumethat packet lossesarecorrelated,andif a packet is lost, all subsequentpackets
from the samecongestionwindow are lost too. This lossassumptionsimplifies the
modelingtask,but cannotreflecttherealsituationunderthedrop-taildiscipline.

Dueto theuniquenessof ourGBN reliabletransmissionprotocol,a3-stateMarkov
chainmodelis usedfor the lossbehavior analysis.This 3-statemodelcanbeviewed
asanextensionof theGilbert’s2-stateerrormodel,which is commonlyusedfor mod-
eling of channelerror [60,61] or packet loss[2, 74] on the communicationnetwork.
By delineatingthelossprocessasthelikelihoodin stayingor transitingbetweenstates,
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this providesa methodto reflectthetemporalcorrelationbetweenpacket lossevents.
The differencebetweenthe 2-statemodelandour model is that the Gilbert’s model
characterizethe error statedirectly, while our model characterizethe error statein-
directly, i.e. eachstatein our modelonly representsthe occurrenceof an event and
it is the transitionbetweenstatesthat delineatesthe lossprocess.Besides,our error
structureis built on theinteractionsbetweentheunderlyingbuffer architectureandthe
reliabletransmissionprotocol,this givesusasolidgroundto reasononour results.

Moreover, thereare other approachesto characterizethe error or loss dynamic
[112,119]. Of particularinterest,thework in [119] examinesthetemporalcorrelation
betweenpacket losson the Internetconnectionsby collectingreal measurements.It
foundthatwithin 1000mstime-scale,thelossesarehighly correlated,otherwise,they
areindependentof eachother. By usingthesamedataset,it alsoevaluatesthreeloss
modelsof increasingcomplexity: the Bernoulli (random)model,the 2-stateMarkov
chainmodelandthek-th orderMarkov chainmodel. The resultsshow that thefiner
thecorrelationtime-scale,thebetteraccuracy wehavewith morecomplex model.

4.5 Summary

In this chapter, we analyzeand model the congestionloss problemexperiencedon
today’s high-speedcommoditynetwork. Two differentanalyticalmodelsfor input-
bufferedandoutput-bufferedarchitecturesareconstructedandanalyzed.Throughthe
modelingprocess,we studyhow differentbuffering architectures,aswell asdifferent
settingsof our Go-Back-Nreliableprotocol, affect on the congestiondynamic. To
show ourcontributions,weorganizeour resultsaroundareason:

1. Of themodelingaspect,we show thatthedeterministicmodelprovide moreac-
cessibleinformationthanthestochasticmodel,but requiresexplicit delineation
of relationships.However, stochasticmodelis morepowerful andflexible, de-
spitetheneedsof statisticalexpertise.Throughthecomparisonon our two per-
formancemodels,we point out that the behavioral different betweenthe two
bufferingarchitectureson thecongestionlossproblemlies on how they interact
with thereliableprotocol.

2. In theanalysisarena,weshow thatour studyon thecongestionlossbehavior of
theoutput-bufferedcasecanexplainotherarchitecturalsituationsandcommuni-
cationscenarios.In addition,we find thatunderthemany-to-onetraffic, input-
bufferedarchitecturehasa higherthresholdon theoverflow problem;however,
oncethe overflow situationoccurs,the performancesuffers significantly(both
measuredandpredictedresultsshowedthatwecouldonly achievelessthan50%
of thebandwidthundercongestionloss).

3. Of the contentionstudies,we find that buffering architecturehasa significant
impacton the congestionbehavior, asa result, somemeasureson congestion
control may find to be effective underonearchitecturebut futile in others. In
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particular, the additionof the Stall stateover classicGBN schemehasa posi-
tive impacton the congestionperformanceunderthe output-bufferedcase,but
showsnoeffectontheinput-bufferedcase.Besides,wefind thatthelargerbuffer
capacityassociatedto a switchport, thebettercongestive lossperformancewe
haveon theoutput-bufferedcase.

4. Of the protocoldesignissuefor clustercomputing,we show that with many-
to-onebulk datatransfers,settinga longertimeoutduration(e.g. ���w&�Y\[S]j^���W_����X&xY3[S] H ) helprelieving thecongestionproblemwith our GBN reliable
protocol.Besides,we shouldtake greatcareon theselectionof theflow control
window size,asits settingpaysa critical role on the wholeperformancespec-
trum, i.e. over all traffic conditions. In particular, oneshouldmake useof the
availableinformationon thebuffering architectureandcapacity, thecommuni-
cationpatternandthenumberof participatingnodesto derive thecorresponding
settings. This shows that we needto have a global prospective, ratherthana
simpleend-to-endview whendesigningcommunicationprotocols.

Theaboveresultsarevaluableinformationfor usto deviseeffectivestrategiesto handle
thecongestionlossproblem. However, thebestanswerto thecongestionproblemis
we shouldtry to preventany packet loss. This is because,no matterhow efficient the
congestionrecoveryprotocolis, theperformancestill suffers.
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Chapter 5

CompleteExchangeon Non-Blocking
Network

In previouschapter, we show thatcongestionlossis a seriousthreatto thecommuni-
cationperformance.A goodrule of thumbin achieving high-performanceon commu-
nicationis to avoid congestionbuild up. Hence,weshouldavoid contentionin thefirst
place.Wehavestressedin earlychaptersthatcontentionis aphenomenonwhichexists
everywhere.Contentioncanhappenin hostnode,network link andwithin theswitch.
Nodecontentionhappenswhenmultiple datapacketscontendfor thereceive channel
of a node,while link contentionoccurswhentwo or morepacketssharea communi-
cationlink. And switchcontentionis inducedby theunbalanceof traffic flow through
theswitch,which resultsin overflow of theswitchbuffer. In fact, it is impracticalto
think thatwecaneliminatecontentioncompletely, unlesswesacrificeourperformance
objective.

In this chapter, we carryon with our studiesof thecontentionissueaswell asthe
performanceissueby focusingon themostdemandingcommunicationpatternon all
message-passingmachines- theCompleteExchangeoperation.We make useof our
communicationmodel to designandanalyzeseveral completeexchangealgorithms,
andaccuratelydemonstratetheir relative performance.Thesealgorithmsfeaturetheir
own communicationschedulesto avoid node,link andswitch contentionon a non-
blockingnetwork. Thenetwork is saidto benon-blockingif all disjoint point-to-point
connectionsarecompatible,suchthat thereexistsa disjoint pathbetweeneachnode-
pairwhich areinterconnectedby this network. Besidesthecontentionissue,ourmod-
eling worksuncover otherinternalfactorsthathave significantinfluenceon thecom-
municationperformance.

This chapteris organizedas follows. We start the discussionby having a brief
overview on thecompleteexchangeoperationtogetherwith somerelatedwork. Then,
follow by somediscussionson the network issuein Section5.2. In Section5.3, we
presentandanalyzevariouscommunicationschedulesfor thecompleteexchangeop-
erationwith respectto our communicationmodel. Section5.4 containsour experi-
mentalvalidationsandanalysesof thesealgorithmsonarealclusterplatform.Finally,
summariesarepresentedin Section5.5.

89
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5.1 CompleteExchange

Completeexchange, also known asall-to-all personalizedcommunication, is a col-
lective operationtakesplacewith a setof processes,andeachprocesshasa distinct
setof datato transmitto every otherprocessin theset. To minimizethecommunica-
tion delay, all processesareactively participatingin thecommunication.It is known
to be the moststringentcommunicationrequirementimposedon the interconnection
network. Sucha communicationpatternoccursin numerousnumericalandscientific
applications.

Due to its importance,completeexchangeoperationhasbeenextensively stud-
ied in the past. Most of the studiesarefocusedon designingcommunicationsched-
ulesto avoid contentiondelayinducedby the topologicalconstraintsof the underly-
ing networks,suchashypercubes[10], meshes[94], tori [104], fat-trees[81], multi-
stageinterconnectionnetworks[121] andmulti-dimensionnetworks[33]. Thesealgo-
rithmsexploit thefull performanceof theunderlyingnetworksby carefullyscheduling
communicationsto avoid bothnodeandlink contention.Thus,thesecommunication
schedulesarealmostshapedto thetargetnetwork constraints.

Generalspeaking,algorithmsfor completeexchangecan be classifiedinto two
categories,the direct or indirect approaches.For the direct algorithm,eachprocess
directly sendsthosedatablocks to eachof the destinationprocessesusing separate
communicationsteps.A clearadvantageis thatthemessagesaredeliveredright to the
destinationswithout going throughany intermediatenodes,hence,eachmessageap-
pearsonly oncein thenetwork. This favorsnetworkswith higherconnectivity suchas
multistageinterconnectionnetworksandthecrossbarnetworks,sincethemajorissueis
to schedulethetransmissionssuchthatno link contentiontakesplace.For theindirect
algorithm,datablocksfor asetof destinationprocessesarecombinedto a largerblock
andaresentto a representative process,this is thenforwardto thecorrectdestination
processes.Theindirectapproachreducesthenumberof communicationstepsto reduce
thestartupcost;however, it introducesmoretraffic in thenetwork andextra software
overheadsin performingdatapermutation.Thus,indirectapproachfavorssmall size
messagesexchange,while directapproachfavorslongmessagesexchange[16,17,19].

To avoid link and node contention,somecompleteexchangealgorithmssplit
the communicationscheduleinto multiple phases. Each phasecorrespondsto a
contention-freerouting of messagesbetweennodes. This approachrestrainsthe
parallelismbetweendifferentphases,asa processwould not enternext phaseunless
it hasfinishedthemessageexchangeof thecurrentphase.Besides,not all processes
areactive in eachphase[57,104], therefore,inactive processeshave to be kept idle
for the whole phase. Furthermore,to achieve this contention-freesynchronism,the
schedulewould inducesubstantialsynchronizationoverhead.First,processesaheadof
schedulecannotcontinue,thismeanssomeof thelinks carrynodata.Second,it is hard
to enforcethis synchronismon a distributed system. In particular, synchronization
achievedby softwaresolutions(e.g.,barrier)couldcontendwith normaldatatransfer
and this may becomea wasteof bandwidth. Bokhari et al. [18] have pointedout
that by usinga relaxed synchronizationschemethat possiblyincreasesthe network
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contention,the overall performanceof the completeexchangecommunicationcould
beimproved.

5.2 Non-Blocking Switch

Demandingapplicationssuchasmultimediaanddata-intensive applications,require
highernetwork transferrates. Traditionalbus-basedLANs arenot capableto serve
for the needs.Therefore,the useof switchesin LANs becomesan effective way to
increasethenetwork bandwidth.Besidesof theimprovementin network performance,
theseswitchesprovide greaterflexibility andinterconnectscalability in network de-
sign. Drivenby themarket demandsandtrends,industrialsectorshave investedcon-
siderableefforts in improving the quality of their commercialproducts.Particularly,
somecommercialnetwork productseven supportnon-blockingswitchingcapability
up to hundredsor even thousandports [71]. A switch is said to be non-blockingif
theswitchingfabric is capableof handlingthe theoreticaltotal of all ports,suchthat
any routing requestto any free output port can be establishedsuccessfullywithout
interferingothertraffics.

Theoretically, connectingall clusternodesvia a singlenon-blockingswitch pro-
videsthe bestperformance.However, to achieve goodcommunicationperformance,
balanceof traffic flows aswell asschedulingof communicationsshouldbe stressed,
asany misjudgmentmay result in congestionloss. Although having a non-blocking
switchingfabricguaranteeshigh-performance,thereareotherinternalfactorsthathin-
der the switch performance.In particular, the buffering mechanismusedwithin the
switchesis oneof thecrucial factors.Therearemany variationsof switch’s buffering
architecture,mostcommodityswitchesfall into oneor a combinationof thesethree
basictypes: input-buffered,output-bufferedandshared-buffered. In Chapter4, we
have investigatedandreportedon how the switch’s buffering architectureaffectsthe
congestionbehavior underheavy congestive loss.

A known phenomenonthatcomeswith the input-bufferedswitch is theHead-Of-
Line (HOL) blockingproblem.Packetsblock at theheadof thequeuealsoblock the
packetsbehindthem,evenif someof thesepacketsaredestinedfor idle outputports.
By usingqueuinganalysis,HOL blockingis shown to reduceavailablethroughputto
58%evenunderuniform traffic pattern.However, input-portbuffering is thesimplest
to designastheinternalspeedof thebuffer only operatesat thesamespeedasthein-
put/outputlinks. Therefore,they arecheapalbeithavesomephysicalconstraint.While
for theothertwo architectures,output-bufferedandshared-buffered,they donotsuffer
from theHOL problemandthuscouldsupporthigherthroughputthaninput buffered
switchon sometraffic patterns.Dueto technologicalconstraints,theperformanceof
thebuffersmustbefastenoughto sustainsimultaneousaccess[110], andthis requires
morecomplex andstringentdesign.Thus,theseswitchesareusuallymoreexpensive
thantheinput-bufferedswitch.



92

5.3 CompleteExchangeAlgorithms

We first derivedthelower boundcostfor thecompleteexchangeoperationon our ab-
stractmodel- thecompletelyconnectedcluster. Assumingthateachnodeis capableto
sendandreceiveamessagein onetimeunit, suchthat yz�d{3|`��}v|e~�}��x^�� +�� y���{��Q��}3�Z^�

. With this capability, a processcanactively sendandreceive at thesametime, thus
canfully utilize the communicationnetwork. In this study, we areonly focusingon
thecommunicationperformancein exchanginglargedatablock, which is thegeneral
scenariohappenedin mostscientificandnumericalcomputationson messagepassing
machines.To simplify theanalysis,we assumethateachdatablock correspondsto k
datapackets. Therefore,the minimum amountof packetsbeingsentandreceived in
thecompleteexchangeoperationperprocessis

��� y�� �� � packetsor
���?� y�� �� � bytes

if eachdatapacket is of sizeb bytes.
As theminimal time in sendingor receiving apacketof sizeb bytesis boundedby

thesendgap( ��{ ) andreceivegap( ��} ), andeachmachinecaninjector receivenomore
thanonepacket within this gap.Therefore,we deducethattheminimal time required
for thecompleteexchangeoperationundersucha clustercommunicationabstraction
is

��� 2 � � �d{�|s� +�� y�y � y�� �� � �� ����{���y � y�� �� � �� ��� }���| � |s��}�|�~�}
� y � y�� �� � �� �S� +�� y���{3�%��}���|��d{�| � |���}�|�~�}
� � y�� �� ���d|,��� (5.1)

where�8�G���d{�| �  ��|���}�|�~�}
Thus,any solutionto thek-itemcompleteexchangeoperationon theclusteris optimal
if it takes ��� 2 � time units to finish theoperation.Carryon with thededuction,we see
thatthenecessaryconditionsto satisfytheaboveoptimality are:

1. Eachdatapacket mustbesentdirectly to thetargetnodewithoutdetour.

2. Eachclusternodeis actively sendingand receiving the datapackets without
network stallingduringthewholecourseof operation.

Condition1 ensuresthatall messagesappearoncein thenetwork, andtherefore,min-
imizesthetotal transmissiondelayandmessagingoverhead.While with Condition2,
weensurethatnobubbleexistsin thenetwork pipelines.As ourperformancegoalis to
minimizethecommunicationtime,existenceof bubblesin thenetwork pipelinemeans
thatwehaveto take longertime to completethetransmission.Thus,any schedulethat
ensuresnobubbleappearsin thenetwork pipelinesachievesbetterperformance.

With theassumptionof complete-connectedtopology, links andbandwidtharesuf-
ficient but contentionstill exists if messagetransmissionsarenot well scheduled.In
particular, any efficient algorithmin realizingthecompleteexchangeoperationmust
balancebetweensynchronizationand contention. This is because,due to the dis-
tributednatureof the clusters,it is difficult to imposea lock-stepschedule.As most
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of the synchronizationoperationsare implementedby software means,this further
impedeson normaldatacommunicationandcontendsfor network resources.In the
following subsections,we review the communicationschedulesusedby differental-
gorithmsfor thecompleteexchangeoperation,anduseourperformancemodelto eval-
uatetheir performance.

5.3.1 Shift Exchange

This algorithm is the simplestway to schedulecommunicationswithout nodecon-
tention. It takes p-1 communicationrounds,and during eachround, eachprocess
sendsout k items to one partner, and receivesk items from anotherpartner, which
is determinedby ashift pattern.

Algorithm 1 Shift Exchange

for i = 1 to p-1 do
from_partner = ( myid + p - i) % p
to_partner = ( myid + i) % p
for ( s = 1 to k) & ( r = 1 to k) in parallel do

if ( send_item_to( to_partners , to) = SUCCESS)
then

inc s
fi
if ( recv_item_from( from_partnerr , from) = SUCCESS)
then

inc r
fi

endfor
endfor

As depictedin Algorithm 1, during eachround,eachnodeuniquelymapsto one
sendtoand recvfrom partners,thusexhibits no nodecontention. However, the non-
stallingcondition(Condition2) is not enforcedunderthis scheme.Althoughthereis
no explicit synchronizationappearedbetweenconsecutive roundsandboth sendand
receiveoperationsareof non-blockingsemantics,thep-1 roundshaveanimplicit syn-
chronizationcostthatintroducesbubblesto thenetwork pipelines.For example,Figure
5.1depictsatypicalcommunicationround.Boththesendandreceivechannelsareidle
until thefirst byteof thefirst packet is beinginjectedinto thenetwork. Similarly, after
receiving the lastbyteof the lastpacket, bothchannelsareidle until theclusternode
hasfinishedhandlingthelastpacket of this round.Thepredictedcommunicationcost
for this completeexchangeoperationis

�K{ � � 7 2 � y�� �� ��y �d{K| � �d| �  ��|���}�|�~�}3�
� � �Ky�� �� ��|¡y�� �� ����� (5.2)
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Figure5.1: Shift Exchangepattern

From the cost formula, we noticethat this algorithmis not optimal as thereis a
messagingoverheadwhich is proportionalto thenumberof clusternodes,asdenoted
by y�� �� ���8� .

5.3.2 GeneralizedPairwise Exchange

In thepairwiseexchangealgorithm,nodesarepairingup for directexchangein each
round. Traditionally, the pairing patternis basedon the Exclusive Or (XOR) binary
operation. From high-level prospective, the communicationcostof the pairwiseex-
changealgorithmcoincideswith thatof theshift exchangeasbothalgorithmsinvolve
thesamenumberof communicationroundsandcommunicationload. Therefore,we
canconsiderthat ± 4 ��²©}x³�±´{z��² 7 2 . We will discusslaterhow they maybedifferentfrom
animplementationview, suchthattheir costformulaemaybedifferent.

The major drawbackof the XOR bitwise operationis the requirementof �s³ ��µ
in order to symmetricallypairing up all the nodes. For the casewith �(¶³ ��µ

, the
numberof roundsbecomes

�%·¹¸ .1º�»®4�¼¾½�¿ , andduringeachround,not all thenodesfind
a matchingpartner. The solution to the pairing problemis to find an algorithmthat
matchesour completely-connectedtopology. Thepairingproblemcanbeformulated
asanedge-coloringproblemonany connectedgraph.It is definedas:

GivenagraphÀc³Áy Â¾��Ã`� , with Ä5Â=Ä ³s� nodesconnectedby asetof edges
(E), what is theminimumnumberof colorsneededto color theedgesof
G sothatno two adjacentedgesareassignedthesamecolor.

In graphtheory, this is alsodefinedastheedge-chromaticindex Å�Æ�yzÀX� of G. Thus,
thesolutionto ourscheduleproblemis to find analgorithmfor edge-coloringthecom-
pletegraph,with theedge-chromaticindex representsthenumberof communication
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Algorithm 2 EdgecolorPairingAlgorithm

PROCEDURE EdgeColor ( round, myid, p )
{ Ç

’ = odd( p) ? p : p-1

if ( myid < 

Ç
’) then

    v = ( round + 

Ç
’ – myid) % 

Ç
’

else

    v = odd( round) ? 




 +

2

'χround
% 

Ç
’ : 

2

round

fi
if (odd( p) AND v = myid) then
    return –1 // idle for this round
else if ( v = myid)

    return 

Ç
’

else
    return v
fi

}

rounds.Dueto its uniqueness,thereexistsasimplenumerablesolutioncomparableto
the XOR bitwiseoperationfor ��EÈb , andis beingdescribedandproved in [40]. By
incorporatedthis algorithm(Algorithm 2) to thepairwiseexchangescheme,we have
the generalizedpairwiseexchangealgorithm. Under this mappingscheme,the per-
formanceis only slightly deterioratedwith p communicationroundsfor all oddcases,
insteadof having p-1 communicationroundsfor all evencases.

5.3.3 SynchronousShuffle Exchange

Theabove two algorithmshaveamessagingoverheadwhich is dependedon thenum-
berof communicationrounds.If k is smallandp is large,they wouldperformpoorly. A
simplesolutionto thisproblemis by removal or reductionof thismessagingoverhead.
We observe that theprevious two schedulesarearrangedto avoid nodecontentionat
themessagelevel, suchthatduringtheexchange,thewholemessage(k datapackets)
is beingsentcontinuallyto thedestination.

Thesynchronousshuffleschedule(Algorithm 3),effectively multiplexesall thep-1
messagesin a singleroundby applyinga contention-freescheduleat thepacket level
without explicit synchronizationoperation. Basedon that packet-level scheduling,
at a particularinstant É¤Ê (assumelogically synchronized),eachprocessis sendingitsË 2 � packet to the process�Q² directly. And �?² is derived from a nodecontention-free
permutationscheme( Ì ), e.g.theshift pattern,theXOR patternor theedgecolorpattern.
As eachprocesscanuniquelymatchto differentprocessat eachpacket transmission
step, it guaranteesno two packets are directedto the samedestinationat the same
instant,thusno nodecontention.Thepredictedcommunicationcostfor this complete
exchangeoperationis



96

Algorithm 3 SynchronousShuffle Exchange

for ( s = 1 to k) & ( r = 1 to k) in parallel do
    for ( is = 1 to p-1) & ( ir = 1 to p-1) do

        to = Í s( myid, is)

        from = Í r( myid, ir)

        status = send_item_to( tos, to )
        if ( status = SUCCESS) then
            inc is
        fi
        status = recv_item_from( fromr, from )
        if ( status = SUCCESS) then
            inc ir
        fi
    endfor
endfor

Î´Ï�Ð�ÑvÒÔÓ ÕdÏ�Ö�×LØKÙ�ÚÜÛ�Ý�Þ�Ö�ßlÛàØdÖsÕ�á�Ö�â�á
Ó ×´Ù�ÚeÛ�Ý�Þ�ØdÖ,Î�ã

(5.3)

Fromthecostformula,wenoticethatthemessagingoverheadis keptconstant,and
is notdependedonp or k. In addition,thiscostformulamatchesexactly to ouroptimal
formula

Î�äæå�ä
. This shows that theschemecaneffectively utilize thesendandreceive

channelsby multiplexing all themessagesseamlesslyto asinglepipelineflow without
unnecessarysynchronizationdelay.

5.3.4 Group Shuffle Exchange

If every operationis executedon schedule,and the network resourcesare scalable,
then,the permutationschemeof thesynchronousshuffle exchangecouldbe finished
in minimal time. However, in reality, logical synchronizationis not enforceddueto
thedistributednatureof theclustersystem.Randomdelaysbetweencommunication
events,suchasschedulingdelays,could breakthis harmony andresult in “transient
hot-spot”in theswitch. Observedthatthemorepacketsaretargetingto thesameout-
put link, which arearriving from differentsourcesat differenttime period,thehigher
chanceof having conflictseven undera regular anduniform pattern. When two or
morepacketscontendfor thesameoutputlink, bufferingof conflictingpacketswould
resultin routingdelay. As thebuffering techniquewithin theswitchhasanenormous
impacton the network performance,we reckon that the synchronousshuffle scheme
couldsuffer on clusterswith input-bufferedswitchesdueto thehead-of-lineblocking
problem.

Groupshuffle exchange(Algorithm 4) is ahybridapproachthatcombinesthepair-
wiseexchangeandthesynchronousshuffle exchangealgorithms.Themainideais to
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Algorithm 4 GroupShuffle Exchange

round = 



 −

ω
1p

// assume p is even

for i = 1 to round do

    group = []
    for j = 1 to ω do
        group[ j] = EdgeColor( ( i-1)* ω+j, myid, p )
    endfor
    for ( s = 1 to k) & ( r = 1 to k) in parallel do
        for ( js = 1 to ω) & ( jr = 1 to ω) do

            to = group[ js]

            status = send_item_to( tos, to )
            if ( status = SUCCESS) t hen
                inc js
            fi

  from = group[ jr]

            status = recv_item_from( fromr, from )
   if ( status = SUCCESS) then
                inc jr
            fi
        endfor
    endfor
endfor

overcometheHOL problembut still achieving comparableperformanceascompared
to thesynchronousshuffle scheme.In purepairwiseexchangescheme,packetsappear
in eachinput port are destinedto a uniqueoutgoingport in eachround, thus HOL
blocking doesnot exist even underinput-bufferedswitch. However, in the pairwise
scheme,thestartupoverheadis linearlyproportionalto thenumberof communication
rounds,which hindersits efficiency. For the groupshuffle exchange,we reducethe
numberof communicationroundsto ç�èêé§ëìsí . In eachround,a processoris performing
asynchronousshuffle exchangewith atmost î partners.Themainideaof thisscheme
is to limit thedegreeof fan-out( î ) during individual shuffle exchangephases,while
keepingthenumberof communicationroundsto aminimum.

As this algorithmcomprisesof morecommunicationrounds,thestartupoverhead
would behigherthanthatof thesynchronousshuffle schemebut lower thanthepair-
wisescheme.Thepredictedcommunicationcostfor this algorithmis, (assumeî di-
videsp-1)

Î�ï�á�ð ñ è Ó ÚeÛ�Ý
î ÙzÕdÏ´Ö�×gØ î ÖsßòÛòØ�ÖsÕ�á�Ö�â�á\Þ

Ó ×LØKÙ�ÚóÛ�Ý�Þ�Ö ÚeÛ�Ý
î Î8ã

(5.4)

Table5.1summariestheperformancecharacteristicsof all four completeexchange
schemesthatwehavediscussedsofar.
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Synchronous Group Pairwise Shift

Fanoutdegree( ô ) p-1 ô 1 1

No. of communicationrounds 1 õ�öø÷§ùú�û p-1 p-1

Pipelinestall 0 õ�öê÷§ùú�û ½�¿ p-2 p-2

Table5.1: Performancecharacteristicsof differentCompleteExchangeschemes

parameters ü { ý�{ ýø} ü } þ�} L for 326 L for 416

Time( ÿ�� ) 12.5 122 123 20 7 0.3387p+149 0.3413p+264

Table5.2: Modelparametersfor theexperimentcluster

5.4 Experimental Results

Our experimentalplatform is a clusterconsistsof 16 standardPCsrunning Linux
2.0.36. Eachnodeis equippedwith a 450MHz PentiumIII processorwith 512 KB
L2 cacheand 128 MB of main memory. The interconnectionnetwork is the Fast
Ethernetdriven by the DirectedPoint communicationsystem.Eachnodeincludesa
DEC21140-basedEthernetcard andconnectsto a Fast EthernetSwitch. Two IBM
switcheswith differentinternalarchitecturesaretested.Oneis the model8275-326,
which is a 24-portvirtual cut-throughswitch,andis revealedby our microbenchmark
asan input-bufferedarchitecture.Anotherswitch is the model8275-416which is a
16-portstore-and-forward switch, andis revealedasan output-bufferedarchitecture.
We have implementedtheabove algorithmson this platformandcomparedtheir per-
formanceswith theanalyticalformulae.

To evaluatetheperformanceof thesealgorithms,modelparametersof our experi-
mentalclusterarerequired.Table5.2showsall thenecessarymodelparametersfor this
cluster, whicharederivedfrom themicrobenchmarktestsasdescribedin AppendixA.
As we areassumingk-item completeexchange,we cansimplify the analysisby us-
ing a constantvaluefor mostof the parameters.This is becauseall experimentsare
conductedwith a fixedsizedatapacket, which is themaximumpayload(1492bytes)
availableto aDirectedPointpacket.

5.4.1 CompleteExchangePerformance

We validatethe performanceof thesealgorithmsby comparingthe measuredresults
with theoptimalprediction,which is derivedby usingEq. 5.1. Figure5.2 shows the
analysison theperpacket overheadof thesedirectalgorithmsfor p = 4,8,16with k =
64 on thesameclusterbut interconnectedby thetwo IBM switchesrespectively. The
perpacketoverheadis ametricusedto measuretheaveragelatency experiencesby the
processorin exchanginga dataitem. This is calculatedby dividing themeasuredtime
with the total numberof datapacketsthat eachprocesshassentout. The measured
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Figure5.2: Performanceof differentcompleteexchangealgorithmswith k=64ona16
nodescluster

resultsconformwith our analyticalstudies,that is, thesynchronousshuffle exchange
algorithm is the bestamongstall of thesedirect algorithms,and their performance
rankingsmatchwith their costformulaein theprevioussection.For thegroupshuffle
exchange,we use � =5 at p=16, i.e. thereare

�����	�
������� rounds,and � =4 at p=8 (2
rounds).Thegroupshuffle schemeworksasthesecondbestwhich is almostclosedto
theperformanceof thesynchronousshuffle exchangealgorithm(which only hasone
communicationround).We do not provide any datapointsfor groupshuffle at p=4 in
Figure5.2 aswe believe that it is meaninglessto usegroupshuffle schemewhenp is
small.

Oneof thefeaturesof ourGBN reliablelayeris thesupportof piggybackacknowl-
edgementscheme.Sincethecommunicationscheduleof pairwiseexchangeinvolves
only a single partnerin eachround, we can apply optimizationtechniquessuchas
piggybackanddelayacknowledgementto reducethe control traffics. Basedon this
optimizedimplementation,we seethat thepairwiseexchangealgorithmworks faster
thantheshift exchangealgorithmin all cases,althoughthey bothhave thesamecom-
municationcomplexity. This is a typical exampleon the tradeoff betweensimplicity
againstaccuracy on the performanceanalysisissue. In Section5.3, all analyseson
differentcommunicationschemesarebasedon theassumptionof thesend-and-forget
nature[8] of asynchronouscommunication.However, as the underlyingnetwork is
unreliable,we have to build a reliableprotocol layer to accomplishreliability. This
protocol layer would inducesomecontrol traffics that inevitably interfereswith the
normaldataflows.

Figure 5.3 shows the achieved bandwidthof thesealgorithmsfor p=16 against
differentmessagesizes(k) rangefrom 2 to 768 (datapackets)on the two switches.
Achievedbandwidthis a metricwhichmeasurestheefficiency of thealgorithmin uti-
lizing thenetwork. This is calculatedby dividing thetotaldatamessagesizespernode
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Figure5.3: Achievablebandwidthpernodefor differentalgorithmsascomparedto theopti-
malprediction

with the measuredcommunicationtime. The resultsshow that synchronousshuffle
exchangeperformsthebestwith theachievedbandwidthfor eachnodereaches11.82
MB/s (on IBM 8275-416),which is 97%of theavailablebandwidth.While themea-
suredbestachievementfor shift exchangeis 11.25MB/s on IBM 8275-416,pairwise
exchangeis 11.6 MB/s on IBM 8275-326and group shuffle is 11.8 MB/s on IBM
8275-416respectively.

For very long messages(large k), both shift exchangeandpairwiseexchangeare
catchingup with the performanceof the synchronousshuffle exchangealgorithm.
However, for exchangingsmall to mediumsizemessagesin shift exchangeandpair-
wise exchange,the waiting time incurredby eachcommunicationround cannotbe
masked away and resultsin poor performance.For example,at k=4, we observed
that the achieved bandwidthof the pairwiseexchangeis 72% of the optimal perfor-
mance,while the achieved bandwidthof the synchronousshuffle exchangereaches
92%. Furthermore,it is interestedto seethat the optimizationtechniquesadopted
in the pairwiseexchangealgorithmlooks morepromisingon the virtual cut-through
switch (IBM 8275-326)thenon the store-and-forward switch (IBM 8275-416). We
have repeatedthesameexperimenton IBM 8275-326with thecut-throughmodebe-
ing switchedoff, andweexperiencedthesameperformancepatternasreportedon the
IBM 8275-416switch(in Figure5.4).

On the otherhand,the synchronousshuffle andthe groupshuffle exchangesper-
form muchbetterevenup to k=100.Thesynchronousshuffle schemelogically sched-
ulesall communicationsat the packet level in a patternthat avoids nodeandswitch
contentions.As waiting time is removed,thenetwork links arebetterutilized,andwe
canexchangeall themessagesby minimal time, hence,achievedbetterperformance.
Theoretically, at the sameinstant,all packetsarrived to differentinput portsaredes-
tined to differentoutputportsaccordingto our contention-freeschedule.Therefore,
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16 nodes (326 - S&F mode)
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Figure5.4: Achievedbandwidthon IBM 8275-326with store-and-forwardswitching

thisscheduleshouldoperateefficiently on any non-blockingnetwork.
In reality, noglobalclock is implementedandtheoperationsarenot lock-stepsyn-

chronized.Theshuffle patternof thesynchronousexchangecouldinducehead-of-line
blockingontheinput-bufferedswitch.Thegroupshuffleexchangealgorithmlimits the
degreeof fanout andintroducesminimal waiting time duringthecommunication.As
shown in Figure5.3, it performsalmostasgoodasthesynchronousshuffle exchange
algorithmevenat smallk.

5.4.2 Effectson Group Size �
In Figure5.5wecomparetheefficiency of thegroupshuffle exchangealgorithmswith
respectto differentgroupsize � for p=16 on variousper nodemessagelengthk=4,
40, 400. Technicalspeaking,with � ��� , thesynchronousshuffle exchangereduces
to the pairwiseexchange,while � ����� correspondsto the synchronousshuffle ex-
change.Clearly, thisfigureshowsthatsynchronousshuffle exchangealwaysperforms
the bestin all aspects.The groupshuffle exchangeperformsconsiderablywell even
undersmall � for mediumto large messagesascomparesto pairwiseexchange.As
theperformanceof thesynchronousshuffle algorithmdeterioratesunderheavy traffic
whenp is large(will bediscussedin thenext subsection),thegroupshuffle algorithm
becomesanalternative in achieving higherperformance.

5.4.3 Scalability on ProblemSizek

We comparethe scalabilityof thesealgorithmswhenoperatedon the input-buffered
switch (IBM 8275-326)with p=16 and � =5 while varying the problemsizek. This
testrevealstheeffect of HOL problemwhile transmittinglong messages.Figure5.6
showstheresultsof thisexperiment.Clearly, weseethatsynchronousshuffleexchange
achievesthebestperformance,however, theperformancedegradedsignificantlyafter��� ����� (out of therangeshown in thegraph),which correspondsto thetransmission
of totalmessagelength11MB pernode.Theperformanceof groupshuffleexchangeis
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only slightly worsethanthesynchronousshuffle exchange,andit continuesto operate
athighefficiency until

��� ���! !" (around49MB pernode).Lastly, weobservethatthe
pairwiseexchangecontinuesto work for verylargemessagelength(around54MB per
node),but theperformancedropsdramaticallyasthe requiredtotal messagingbuffer
sizeis approachingthemachinelimit, which is around128MB.In summary, thegroup
shuffle exchangealgorithmshowsits robustnessin dealingwith theHOL problemand
canretaingoodperformancefor very largemessagesizes.

5.4.4 Comparing Switching Mechanisms

Sincethecompleteexchangeoperationinducesheavy network loadingthatstresseson
thecommunicationnetwork severely, it couldbeusedasa tool to evaluatetherelative
performanceof differenthardwarecomponents.Figure5.7 shows theachievedband-
width of thegroupshuffleschemeandsynchronousshuffleschemefor p=16onourtwo



103

8275-326  vs  8275-416

9

10

11

12

1 10 100 1000

Per node message length (k)

A
ch

ie
ve

d
 B

an
d

w
id

th
 (

M
B

/s
)

326_CT_gp(5)

326_CT_sync

326_SF_gp(5)

326_SF_sync

416_gp(5)

416_sync

Figure5.7: Comparisonof performancebetweena virtual cut-throughswitch (IBM 8275-
326) anda store-and-forward switch (IBM 8275-416)on the synchronousshuffle andgroup
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switches.Generally, both switcheshave the similar performancefor long messages,
so not muchdifferencebetweenthe cut-throughor store-and-forward modes. How-
ever, on shortmessageexchanges,if we cannotfully utilize the network, we cannot
effectively maskaway thehigherlatency of store-and-forwardswitching. This is be-
ing reflectedby theslowerperformanceof thegroupshuffle schemeon bothswitches
whenthey areworking in store-and-forwardmode.Furthermore,we observe that the
switchinternalbuffering mechanismdoesaffect theoverall performance.Theperfor-
manceof the synchronousshuffle exchangealgorithmon the output-bufferedswitch
(IBM 8275-416)is alwaysbetterthanthesamealgorithmon theinputbufferedswitch
(IBM 8275-326)with bothpacket forwardingmodes.

5.4.5 Comparisonwith MPICH

In Chapter4, we observe thatunderheavy congestionloss,our reliableprotocolmay
not be working efficiently due to its simplicity. For examples,we are using static
window sizeandretransmissiontimer, while thesophisticatedTCP/IPprotocoladopts
many features[93] in handlingthe congestionissue. Sincecongestionloss occurs
mainlyat highnetwork load,onewould think of switchingbackto thetraditionalpro-
tocolstackwhile wearehaving intensivecommunicationscheme,suchasthecomplete
exchangeoperation.

Our objective of devising efficient communicationschemesatop of lightweight
messagingsystemis to supporthigh-level programmingmodelsuchasMPI. There-
fore, we have a direct comparisonof our DP implementationof synchronousshuffle
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Compared with MPI on 326 for p  = 16
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Figure5.8: Comparingtheperformanceof thesynchronousshuffle completeexchange
algorithmwith two MPICH implementations

exchangealgorithmagainsttheMPICH [68] implementationof thecompleteexchange
operations.The resultsareshown in Figure5.8. Thereare two completeexchange
MPICH implementationsin this graph. The curve labeledas “MPICH” represents
theoriginal implementationfoundin theMPICH package,while thecurve labeledas
“pairwise-MPI” representsour implementationof the generalizedpairwiseexchange
algorithmwith theMPI_sendrecv()communicationprimitive.

First, we clearly seethat theoriginal implementationof the MPI_Alltoall() func-
tion by MPICH performsextremelyinefficient. Thisis becausetheir implementationis
basedon simplenon-blockingMPI_Isend()andMPI_Irecv()functions,which areis-
suedin anuncoordinatedmanner. Therefore,it wouldsubjectto bothnodeandswitch
contentionaswell asthehigh overheadproblemthat inheritsfrom theTCPprotocol
stack. To avoid the nodeandswitch contention,the “pairwise-MPI” carefully coor-
dinatesthe communications,andachievesconsiderableimprovement. However, our
DP implementationof synchronousshuffle exchangeevenoutperformsthe“pairwise-
MPI” implementationsignificantly. This shows that thetraditionalprotocolstackhas
severelimitation on achieving high-speedcommunication.In otherwords,it is inad-
visableto drive the high-performancecommunicationnetwork with the conventional
communicationprotocols.

5.5 Summary

In this chapter, we focuson thepracticalissuesof designinghigh-speedcompleteex-
changealgorithmsonacommodityclusterinterconnectedby anon-blockingnetwork.
As theperformanceof interconnectionnetworksis thelimiting factorof mostexisting
clusters,improving thecommunicationperformanceby well schedulingof communi-
cationeventscould leveragethe overall performanceof the clusters. Four complete
exchangealgorithms,including,shift exchange,pairwiseexchange,groupshuffle ex-
changeandsynchronousshuffle exchangealgorithmsarestudiedandimplementedon
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our experimentalplatform. Their commoncharacteristicis that they all arrangethe
communicationsor messageexchangesin anodeandlink contention-freemanner.

Basedon thearchitectureandcommunicationmodelof cluster, we observe thatto
achieve optimal result, the network pipesmustbe fully utilized. Any waiting stage
wouldstall thecommunicationpipelinesanddecreasetheoverall communicationper-
formance.This optimumcouldonly befulfilled by thesynchronousshuffle exchange
algorithm,which adoptsa contention-freescheduleat thepacket level. Dueto its ef-
fectiveness,ourexperimentalresultsshow thattheperformanceof synchronousshuffle
exchangereaches97%of theavailablebandwidth.In particular, weshow thatby care-
ful schedulingof all communicationeventsto balancetheusageof availablenetwork
resources,this hidesaway the synchronizationoverheads,andgainconsiderablyim-
provementevenwhenexchangingsmallsizemessages.While bothshift andpairwise
exchangesshow their effectivenesson exchanginglongmessages,they becomeineffi-
cientwhenexchangingsmallmessagesasthey cannotfill up thosenetwork pipelines
effectively.

Theoretically, undera contention-freescheduleover a non-blockingnetwork, all
packetsarrivedto differentinputportsaredestinedto differentoutputports;therefore,
canberoutedinstantaneously. However, in reality, no globalclock is implementedto
coordinateall clusternodesandtheir events.Thus,their operationsarenot lock-step
synchronized.Any variationsin communicationscheduleswill resultin drifting from
thetheoreticalharmony. Theconsequenceis packetsstartto cumulatein thenetwork
dueto experienceof conflicts. Underthis situation,the buffering architectureof the
switch playsa critical role in the performanceissue. In our experiments,we show
thattheperformanceof thesynchronousshuffle exchangealgorithmis affectedby the
Head-Of-Lineblocking problem. To counteractthe HOL blocking,we have devised
thegroupshuffle exchangealgorithm.Lastly, weshow thatthegroupshuffle exchange
performsalmostasgoodas the synchronousshuffle exchangealgorithm andscales
betterwhenit worksonaninput-bufferedswitch.
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Chapter 6

CompleteExchangeon Hierar chical
Network

In this chapter, we proposeanefficient communicationschedulefor runningthecom-
pleteexchangeoperationon clusters,which areinterconnectedby theEthernet-based
hierarchicalnetwork. Theessentialfeatureof thiscommunicationschemeis theproac-
tive approachin handlingcongestion.We considerthe contentioneffect at threedif-
ferentstages.At thefirst stage,we experienceno contentionandtheperformanceof
thenetwork is boundedby its hardwareperformanceonly. For example,thenetwork
load is light and thereareno conflicting traffic. At the secondstage,we have mild
contentionwith slightdecreasein performancedueto theexperienceof contentionde-
lay. At the third stage,we experiencesignificantperformancelossasthe severity of
the contentionhasinducedthe congestionlossproblem. Therefore,to achieve good
performance,we try to avoid contentionin thefirst placeby having a communication
schedule,which preventscontentionat the nodeandswitch. If congestiondoesde-
velop,our communicationschemeregulatesthetraffic to avoid furtherbuilding up of
congestionthatresultsin congestionloss.

Our completeexchangealgorithm on hierarchicalnetwork is basedon the syn-
chronousshuffleexchangealgorithm,whichis developedonatheoreticalnon-blocking
network. By introducinga global windowingconceptto all participatingnodes,they
areresponsibleto monitorandregulatethetraffic loadsto avoid congestion.Basedon
architecturalfeatureslikethenetworkbufferingcapacityandthebalancingof upstream
anddownstreamflows, we derive the global windowing schemeandthe contention-
awarepermutation,which transformthealgorithmto work efficiently on thehierarchi-
cal network.

This chapteris organizedasfollows. Section6.1 laysdown thearchitecturalchar-
acteristicsof theEthernet-basedhierarchicalnetwork, anddescribesa simpleabstract
modelof the hierarchicalnetwork to aid our analysis. Section6.2 describeshow to
augmentthe original synchronousshuffle exchangealgorithm to run efficiently on
bothEthernet-basedhierarchicalnetworksandnon-blockingnetworks. Then,theex-
perimentalresultsof the modified algorithm are presentedin Section6.3. Finally,
summariesarepresentedin Section6.5.
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Figure6.1: Poll resultson thesubject:"Whatinterconnectdo youuseor wouldusein
yourcluster?" (Source:Clusters@TOP500[28])

6.1 Hierar chical Network

Ethernet-basednetwork is the most widely usedlocal areanetworking technology.
AlthoughstandardEthernethaslimited bandwidthin supportingclustercomputing,its
enhancedversions,suchasFastEthernet(FE), GigabitEthernet(GE) and10 Gigabit
Ethernetprovide sufficient bandwidthwith a steadyupgradepath in building large-
scalecommodityclusters.Therefore,many self-madelarge-scaleclusters[25–27]are
using Fast Ethernetand/or its successoras the baseof their interconnections.For
example,Cluster@TOP500[28] hasconductedaninformalsurvey onchoiceof cluster
interconnects.Therearetotal 380votesasof July 2001on this poll, andtheresultis
shown in Figure6.1. Roughlyspeaking,60%of thesystemdesignershave votedfor
Ethernet-basedinterconnect.

Currently, there are two approachesin building a large-scalecluster using the
Ethernet-basedinterconnections.First,usingasinglehigh-performance,highportden-
sity chassisswitchto connectall machines[71]. Second,usingahierarchicalnetwork,
in which clusternodesareconnectedto FastEthernetswitchesandusingtheGigabit
Ethernetasa backbonenetwork to interconnectall FastEthernetswitches.Giventhat
the backbonecapacityof the interconnectionnetwork is greaterthan the bandwidth
demandsof thewholecluster, bothapproachessupporta fully connectednetwork with
similarperformance.In reality, bothapproachesaresufferedfrom similararchitectural
constraintsthat limit their actualperformance.In previouschapter, our studyof com-
pleteexchangeon a single routerswitch hasrevealedthat the buffering mechanism
usedwithin the switch could hinderits actualperformance,andwe have proposeda
sub-optimalalgorithm(groupshuffle exchange)in dealingwith thesituation.

The hierarchicalapproachmakesuseof compatiblenetwork technologies,which
is amorecost-effectivemethodin incrementalscalingof thecluster. With currentEth-
ernetinstallations,connectionsbetweendifferenttechnologiesarecommonlybridged
by oneor moreuplink ports,which areadd-onsto those“lower” enddevices. Since
fasterEthernettechnologiesaremutatedfrom the standardEthernet,so they areus-
ing the samemechanismin switchingpackets. Packet received on an ingressport is
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switchedto thecorrespondingegressport accordingto thedestinationMAC address
foundat theheadof eachpacket. Theswitchusesits addresslookuptableto makethis
forwardingdecision.

Within the Fast Ethernetswitch, thereare two typesof network traffics, either
internal traffics or cross-switchtraffics. For internal flows, packets are destinedto
clusternodesthat connectto the sameFE switch directly; while for thecross-switch
flows,packetsaredestinedto remoteclusternodesthatareresidedacrossthenetwork
hierarchy. Therequirementof having higherchannelbandwidthfor theuplink limits
the switching mechanismadoptedon this type of interconnection. As cut-through
switching is only possiblefor ports operateat the samedatarate or slower, this is
not suitablefor the uplink connectionsand makes the store-and-forward switching
betheonly feasiblesolution.However, thechangeof channelbandwidthbetweentwo
technologiesmayinducehotspotsincestore-and-forwardswitchingcausescumulating
of upstreamanddownstreampacketsover thoseuplink ports.

Apparently, even under a node contention-freeschedule,sharingof uplinks is
neededon a hierarchicalnetwork. For instance,all cross-switchtraffics are going
via theuplinksto theGEswitch,packetshaveto contendfor thesharedlinks although
they are from distinct sourcesand to distinct destinations.In theory, undera node
contention-freeschedule,the distribution of datapackets shouldbe well balanced.
Thus, any transientcongestionover the uplinks could be handledby the buffers in
theswitchesaswell asthehigherthroughputof theuplink connections.However, the
distributednatureof theclustersdoesnotguaranteeto adhereto atightly synchronized
schedule.Any randomdelayon schedulingcommunicationeventsof the complete
exchangeoperationmay result in considerablycontention.As congestionis handled
by thebuffersin theswitches,therefore,we seethat thebuffering mechanismplaysa
critical role in theoverall performanceof thehierarchicalnetwork.

6.1.1 SystemModel

To simplify the discussion,a two-level switch hierarchyasdepictedin Figure6.2 is
discussed.For this treetopology, all clusternodesaretheleaf nodes,andaregrouped
into disjoint setswith KML membersin eachset.Membersof thesamesetareconnected
to aparentwhichis aswitchnodelocatedatLevel1,andall communicationsgenerated
by theset- bothwithin setandacrossset,have to go throughthis switchnode.Com-
municationsbetweensetsareestablishedthroughthe root switch node,which fully
connectsall Level 1 switchnodes.To supporthigh performancecommunication,we
assumethattheswitch-to-switchlink bandwidthNPO andthenode-to-switchlink band-
width NQL satisfythis constraint,KMLRNQLTSUNVO , which ensuresthatthethroughputcapacity
of theuplink is ableto handleall upstream/downstreamtrafficsgeneratedby thewhole
setat any particularinstant. We alsoassumethat the backbonebandwidthof those
Level 1 switchesaregreaterthanor equalto KWLXNYLWZ[NVO , andthebackbonebandwidthof
therootswitchis greaterthanor equalto K\O>NPO . With theseassumptions,theaggregated
bandwidthavailableto aclusterwith p nodes(where]_^`KMLRK\O ) is boundedby KMLRK\O>NYL .
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Figure6.2: Interconnectiontopologyof thetwo-level switchhierarchy

6.2 Modified SynchronousShuffleExchange

In Chapter5, we have presentedthe SynchronousShuffle completeexchangealgo-
rithm, which is a bandwidth-optimalalgorithm on any non-blockingnetwork. The
spirit of thisalgorithmis thenodecontention-freescheduleoperatedatthepacket level
without explicit synchronizationoperation. By effectively utilizing the sendandre-
ceivechannels,thisschememultiplexesall themessagesseamlesslyto asinglepipeline
flow by schedulingconsecutive packetsto differentdestinationnodesaccordingto a
nodecontention-freepermutation( a ).

If every operationis executedon schedule,the permutationschemeof the syn-
chronousshuffle exchangecanbefinishedin minimal time. However in reality, asthis
scheduleinducesintensive communicationsanddemandson logical synchrony, any
non-deterministicdelaysbetweeneventscould breakthe synchronismand result in
congestiondevelopedin theswitch.For example,non-coordinatedprocessscheduling
would introducerandomness.Wehaveshown in previouschapterthatnotall switches
canwithstandsuchanintensivecommunicationpatternfor anextendedperiod.

Generally, having logicalsynchrony onall clusternodesis anidealisticassumption
for thecaseof commodityclusters,which have no hardwaresynchronizationsupport.
To imposethis synchrony, explicit synchronizationoperationscanbeused.However,
thisbringsonextrasynchronizationoverheadto thetotalcommunicationtime,andalso
stallsthecommunicationpipelinesasnodatacommunicationsaretakingplaceduring
synchronization.Sinceperformancelossis causedby oversubscriptionto thenetwork,
which inducespacket lossat thebottleneckregion, thebestsolutionto avoid conges-
tion lossis to preventoversubscriptionto thenetwork. Thatcanbedoneby applying
someform of traffic controlon eachnodeto minimizethecontentionproblem.
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6.2.1 Global Window CongestionControl

The conjecturebehind the contentionprobleminducedby the synchronousshuffle
exchangealgorithmis the non-deterministicdelayson communicationevents. With
the hierarchicalnetwork, two more sourcesof delay could contribute to this non-
determinism.

❑ Queuingdelayat theuplinks:with thehierarchicalnetwork, inter-switchtraffics
haveto gothroughshareduplinksandconflictingpacketsarebuffered;therefore,
increasesthenetwork delay.

❑ Thedifferenceof network latenciesbetweennodes:evenwith theuseof faster
technologyfor upperlevel interconnections,additionaltransmissiondelayson
deliveringthedataacrossthehierarchywould inducethecontentionproblem.

To achieve optimalperformanceon thehierarchicalnetwork, sharingof links is nec-
essary. Thus,having link contentionis a fact that we mustconfrontwith. Although
mild contentionincreasesnetwork delay, it doesnotseverelydegradetheperformance,
unlessthecongestionpersistsfor a long periodof time, which resultsin buffer over-
flow. Therefore,it would be useful to have a congestioncontrol schemeto prevent
oversubscribingthenetwork.

In this study, we adopta proactive approachin thecongestioncontrol. This con-
gestioncontrol schemeis differentfrom traditionalapproaches.Conventionalmech-
anismsfor controlling congestionarebasedon end-to-endwindowing schemes[89],
however, they arenotsuitablefor collectiveoperationsin high-speednetworks.This is
becausethey areusuallyreactiveschemes.They probefor congestionsignals,suchas
packet lossandtimeoutsignals,andrespondby recoveringthelossandregulatingthe
traffic loadto avoid furtherloss.However, wehavealreadylostsomepackets,andthis
hasaffectedtheperformance.Our GBN reliableprotocoldescribedin Chapter4 is an
exampleof a reactive scheme.Besides,thefeedbackinformationfrom thenetwork is
usuallyoutdateddueto thepropagationandtransmissiondelays.Hence,any reactive
actiontakenmaybetoo lateto avoid furtherloss.Furthermore,end-to-endwindowing
only providestraffic informationon individual connection.It lacksin a globalpicture
of thenetwork, suchasthenumberof traffic sourcesandthecommunicationpatternin
used.

However, in clustercomputing,thetraffic patternis predictablein thecaseof col-
lective operationson an enclosednetwork. Therefore,we canutilize thoseavailable
information,suchasthenetwork buffer capacities( bdc ) of theswitchednetwork, the
communicationpatternand communicationvolume, to derive someresource-aware
congestioncontrolscheme.With ourglobalcongestioncontrolscheme,eachsourceis
assignedwith apredefinedresourcelimit, andourschemeforcesthemto regulatetheir
traffic loadsbelow this limit. By having a fair shareof resources,this ensuresthatno
sourcewill exceedits allowedtraffic capacityandavoidscongestionloss.

Wehaveobservedthatduringtheexecutionflow, at e+f;g communicationstep,apro-
cessis sendinga datapacket to anotherprocessaccordingto thenodecontention-free
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permutationschemea . If every operationis on schedule,thenumberof outstanding

datapackets( h ) in transitfrom a processto otherprocessis boundedby i cjBkml . Under

mild congestion,the processexperiencesslight increaseof h . If congestionpersists,
thiseventuallyinducespacket loss,and h will increaseconsiderably. Theaboveobser-
vation implies that to avoid overflowing thenetwork buffers,we needto regulatethe
numberof outstandingpackets( h ).

Theprinciplebehindour congestioncontrolschemeis quitesimple.Whenapply-
ing this schemeon our completeexchangealgorithm,all sendersareassignedwith a
globalwindow ( n j ) at thebeginningof thecommunicationevent.This n j factoracts
asa controllerto limit theamountof traffic thata particularsendercaninject into the
network. If a senderfinds that sendingout a datapacket may overloadthe network,
when ho^`n j , it justhaltscurrenttransmissionandwaitsuntil it is safeto transmit,i.e.hqp`n j . By picking thecorrectvaluefor n j , this schemeguaranteesthatduringany
interval, thetotal numberof packetsenteringthenetwork doesnot exceedthesumof
apre-specifiedlimit, which is thenetwork buffer capacityat thebottleneckregion. To
computen j , weneedto identify thebottleneckregionandmeasurethebuffer capacity
( brc ) associatedto thebottleneck,thenwe derive n j from bdc on theprincipleof fair
sharing.

Basedon thecommunicationpatternandschedule,we estimatetheaveragenum-
ber of packets( s ) generatesat eachcommunicationstepwhich areforwardedto the
bottleneckregion. Without lostof generality, let’staketheFE/GEhierarchicalnetwork
asanexample.Assumethattheuplink portsarethecritical bottlenecksandthey areof
input-bufferedarchitecture.Underthe synchronousshuffle schedule,in p-1 commu-
nicationsteps,a processgeneratesp-1 datapacketswhich aredestinedto p-1 distinct
nodes.However, only KMLutwv packetsareswitchedlocally, andtherest, ]xtyKML pack-
ets,areforwardedby theFastEthernetswitch to its uplink port. Therefore,therearez ]{t_KML5|5KML packetsbeingforwardedupstreamby eachFEswitchin p-1 communication
steps.Basedon thenodecontention-freepermutation,thesameamountof datapack-
etsareswitchedfrom theGigabitbackbonebackto eachFEswitch.Thus,theaverage
numberof datapacketsdirectedto eachuplink portpercommunicationstepiss}^ z ]ot~KML5|5KML]ot�v (6.1)

Fromthis,wederive thevalueof n j , which isn j ^�� bdcs�� (6.2)

6.2.2 Contention-Aware Permutation

However, knowing thevalueof n j is a necessarybut not sufficient conditionto avoid
congestionloss.This is becausen j is derivedfrom takingtheaveragetraffic load,and
unliketraditionalend-to-endscheme,globalwindowing needsto monitorandregulate
all traffic flows of a process,not just oneconnection.If the traffic distribution is not
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node id 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
switch id 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3

step i-3 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3
i-2 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3
i-1 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3
i 1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2

i+1 1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2
i+2 1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2
i+3 1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2
i+4 2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
i+5 2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
i+6 2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
i+7 2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
i+8 3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0
i+9 3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0
i+10 3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0
i+11 3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0

This communication pattern is generated by the XOR

permutation scheme. With each entry of the lower matrix
represents the target node id of the communication event
and each row corresponds to a communication step.

The induced cross-switch pattern with each entry stands
for the target switch id to which the destination node
resides

node id 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
switch id 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3

1 0 3 2 5 4 7 6 9 8 11 10 13 12 15 14
2 3 0 1 6 7 4 5 10 11 8 9 14 15 12 13
3 2 1 0 7 6 5 4 11 10 9 8 15 14 13 12
4 5 6 7 0 1 2 3 12 13 14 15 8 9 10 11
5 4 7 6 1 0 3 2 13 12 15 14 9 8 11 10
6 7 4 5 2 3 0 1 14 15 12 13 10 11 8 9
7 6 5 4 3 2 1 0 15 14 13 12 11 10 9 8
8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7
9 8 11 10 13 12 15 14 1 0 3 2 5 4 7 6
10 11 8 9 14 15 12 13 2 3 0 1 6 7 4 5
11 10 9 8 15 14 13 12 3 2 1 0 7 6 5 4
12 13 14 15 8 9 10 11 4 5 6 7 0 1 2 3
13 12 15 14 9 8 11 10 5 4 7 6 1 0 3 2
14 15 12 13 10 11 8 9 6 7 4 5 2 3 0 1
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Figure6.3: An examplepermutationin whichglobalwindowing alonefails to regulate
thetraffic.

uniformly spreadacrossthenetwork, theglobalwindowing schemecouldnot fulfill its
functioncorrectly. This is beingshown in Figure6.3. In this example,weassumethat
thebottleneckregion of the4X4 two-level hierarchicalnetwork is at theuplink ports
with bdco^w�!� . However, undertheXOR permutationscheme,wecouldexperiencethe
contentionlossproblemeventhoughglobalwindowing is adopted.

In this example,thesizeof n j is ������	� OQ� ^`� . Assumethatatcommunicationstepi,
four packetsoriginatefrom switch2 andheadfor switch3 areblockedby somecause,
e.g. HOL, so as thosepackets that follow in step i+1, i+2, and i+3 from the same
switch. However, no processis awareof the congestionproblemunlesstheir global
windowsbecomesaturated.Thismayonly behappeneduntil stepi+8 whenprocesses
in switch 3 detectthe congestionproblem. By that time, processesin switch 1 have
alreadysentout all their packets to processesin switch 3, which further increases
the queuelengthat switch 3. Moreover, processesin switch 0 arenot awareof the
problem. This is becauseglobal windowing collectstraffic informationon the base
of pastevents,but noneof thesepasteventscould indicatethe congestionproblem
in switch 3. As a result,processesin switch 0 continueto sendall their packets to
processesin switch3, which finally overflow thebuffer.

An obviousreasonfor this failure is that the feedbackinformationon traffic con-
dition is not regularly gatheredfrom all part of the network. Thus, informationon
partof thenetwork is outdated.Althoughtheoverflow situationcouldbedetectedand
resolved by both global windowing and individual end-to-endflow control scheme,
performancehasbeensufferedaspackets are lost inevitably. If we canarrangeall
communicationeventsin awaythateachprocessis communicatingwith differentpro-
cessesresidein anodelinkedto differentswitchesat eachcommunicationstep.Then,
thetraffic loadswouldbecomemoreevenlydistributedaswell ashaving moreregular
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node id 0 4 8 12 1 5 9 13 2 6 10 14 3 7 11 15
switch id 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3

4 0 12 8 5 1 13 9 6 2 14 10 7 3 15 11
8 12 0 4 9 13 1 5 10 14 2 6 11 15 3 7
12 8 4 0 13 9 5 1 14 10 6 2 15 11 7 3
1 5 9 13 0 4 8 12 3 7 11 15 2 6 10 14
5 1 13 9 4 0 12 8 7 3 15 11 6 2 14 10
9 13 1 5 8 12 0 4 11 15 3 7 10 14 2 6
13 9 5 1 12 8 4 0 15 11 7 3 14 10 6 2
2 6 10 14 3 7 11 15 0 4 8 12 1 5 9 13
6 2 14 10 7 3 15 11 4 0 12 8 5 1 13 9
10 14 2 6 11 15 3 7 8 12 0 4 9 13 1 5
14 10 6 2 15 11 7 3 12 8 4 0 13 9 5 1
3 7 11 15 2 6 10 14 1 5 9 13 0 4 8 12
7 3 15 11 6 2 14 10 5 1 13 9 4 0 12 8
11 15 3 7 10 14 2 6 9 13 1 5 8 12 0 4
15 11 7 3 14 10 6 2 13 9 5 1 12 8 4 0

After applying the contention-aware mapping to re-map
each node’s logical id, a new communication pattern is
generated with the same XOR permutation scheme.

The induced cross-switch pattern with each entry stands
for the target switch id to which the destination node
resides

node id 0 4 8 12 1 5 9 13 2 6 10 14 3 7 11 15
switch id 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3

1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2
2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0
0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3
1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2
2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0
0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3
1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2
2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0
0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3
1 1 1 1 0 0 0 0 3 3 3 3 2 2 2 2
2 2 2 2 3 3 3 3 0 0 0 0 1 1 1 1
3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0

Figure6.4: Theresultingcommunicationpatternafterapplyingthecontention-aware
permutationscheme.

informationfeedbackbetweendifferentprocessesin differentpartof thenetwork.

An approachin generatingthis kind of dispersive pattern is by adopting a
contention-awarepermutation,which includesknowledgeon thenetwork constraints
to generatethe communicationschedule.Observed that the original permutationis
obtainedby somesimplefunctions( a ) which operateon inputssuchascurrentcom-
municationstepandnodeid. A simplemethodto incorporatethe network structure
into the original permutationis by redefininga mappingbetweenthe logical nodeid
to its physicalid. Oneexampleof suchpermutationscheme( � ) canbeasfollows:

logical id ^ � physicalidKML � Z z physicalid ��KML5|���K\O (6.3)

Carryon with thepreviousexample. If we apply the XOR permutationon there-
mappedlogical id, we getthecommunicationscheduleasshown in Figure6.4,which
is a moreevenly distributedpatternwith respectto both switchesandclusternodes.
We observe that with this new communicationpattern,a processis communicating
with differentprocesseslocatedin differentpart of the network in consecutive com-
municationsteps.Thisgreatlyrelievesthecontentionat theuplink portsandimproves
theeffectivenessof our congestioncontrolscheme.

Basedon theglobalwindowing andthecontention-awarepermutationscheme,we
have modifiedthesynchronousshuffle exchangealgorithmto work efficiently on the
two-level hierarchicalnetwork, andthemodifiedalgorithmis givenin Algorithm 5.
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Algorithm 5 ModifiedSynchronousShuffle ExchangeAlgorithm

set η = 0
for ( s = 1 to k) & ( r = 1 to k) in parallel do
    for ( is = 1 to p-1) & ( ir = 1 to p-1) do

        to = � s( φ( physical id), is)

        from = � r( φ( physical id), ir)

        if ( η < Wg) then
        status = send_item_to( tos, to )
        if ( status = SUCCESS) then
            inc is

  inc η
        fi

        status = recv_item_from( fromr, from )
        if ( status = SUCCESS) then
            inc ir

  dec η
        fi
    endfor
endfor

6.3 Experimental Analyses

Our experimentalplatform is a cluster consistsof 32 standardPCsrunning Linux
2.2.14. Eachclusternodeequipswith a 733MHz PentiumIII processorwith 256KB
L2 cache,128MB of main memory, an integrated3Com905CFE controllerand is
connectedto the Ethernet-basedswitchednetwork. Onceagain,we usethe Directed
Pointcommunicationsystemto drive thenetwork andconductall our experiments.In
this study, we usefour FastEthernetswitchesandoneGigabitEthernetswitch to set
upvariousconfigurationsto evaluateour algorithm.

TheGE backboneswitch is a chassisswitch from Alcatel. It is themodelPower-
Rail 2200(PR2200)with backplanecapacityreaches22 Gigabit per second(Gbps).
Thisswitchis equippedwith 8 GEportson2 modules,but weonly useatmost4 ports
in our experiments.Four FE switchesarefrom IBM, which areof the model8275-
326. It is a 24-portinput-bufferedswitchwith backplanecapacityreaches5 Gbps.A
one-portGE uplink moduleis installedon eachFE switch for connectingto the Gi-
gabit backboneswitch. Table6.1 summariesall the buffer parametersof the above
switches,which areusedin our algorithmto computethe global windows ( n j ) on
differentnetwork configurations.

To analyzeandevaluatetheperformanceof ourcongestioncontrolmechanism,we
havesetupfivedifferentconfigurationsonthiscluster- 16X1, 8X2, 8X3, 6X4 and8X4,
with eachconfigurationcorrespondsto a differentdegreeof contentionon theuplink
ports(exceptconfiguration16X1). The configurationAXB correspondsto connectA
clusternodesto eachFE switch,andtherearetotal B FE switchesinterconnectedby
theGE switch.Thismakesup aclustersizeof ����b nodes.
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Switch/uplink Architecture � c
AlcatelPR2200 Shared-buffered 820

IBM 8275-326 Input-buffered 43

IBM GE uplink Input-buffered 45

Table6.1: The bdc parameterof differentswitchesin our experimentalsetup

6.3.1 16-NodeSingleSwitch - 16X1

Thesynchronousshuffle exchangeis designedto work efficiently onany non-blocking
network. However, in previous chapter, we have shown that there is internal con-
strainton an input-bufferedswitch, which limits the problemsizescalabilityof our
synchronousshuffle exchangealgorithm.Althoughgroupshuffle exchangeis devised
to alleviatetheproblem,it only workssub-optimallyfrom theanalyticalpointof view.
In thischapter, wehavedevisedanew congestioncontrolschemeto makesynchronous
shuffle exchangeworksefficiently on the hierarchicalnetwork. We considerthat the
samecongestioncontrolschemecanbeappliedto thesingle-routernetwork to offset
thelimitation imposedby theHOL blocking.

Figure 6.5 presentsthe measuredresultsof four completeexchangeimplemen-
tationson a 16-nodecluster interconnectedby a single input-bufferedswitch (IBM
8275-326).They arethesynchronousshuffle with globalwindowing (sync+GW),the
pairwiseexchange(pair), theoriginal MPICH implementation(MPICH) andthepair-
wise exchangeMPI implementation(pair-MPI). The experimentis conductedwith
eachnodesendinga long messageto every nodein thecluster, which rangesfrom 1
KB to 1200KB of datato eachnode.Boththemeasuredperformanceandtheper-node
achievedbandwidthof eachimplementationareshown in thegraphs.

We have shown in Figure5.6 (Section5.4) that the performanceof the original
synchronousshuffle algorithmdegradessignificantlyafterk>512,which corresponds
to a messagelengthof 746KB pernode. By supplementingthesynchronousshuffle
algorithmwith theglobalwindowing scheme,we show thatit continuesto operateef-
ficiently astheproblemsizescales.Whencomparedto theoptimalperformance(Eq.
5.3), the modifiedsynchronousshuffle exchangealgorithmhasits efficiency ranged
from 87% to 97% of the theoreticalbandwidth. Whencomparedwith the pairwise
exchange,the resultsshow that the modifiedsynchronousshuffle algorithm canef-
fectively maskaway synchronizationoverheadandachievesbetterperformance.This
shows that theadd-oncongestioncontrolschemedoesnot affect theefficiency of our
synchronousshuffle exchangealgorithm.Indeed,it effectively guardsagainstthecon-
gestionloss.

Not tomentiononthepoorperformanceof bothMPI implementations,eventhough
we arenow usinga fasterprocessorandpumpingthe network with moredata,their
performancesare restrainedby the high protocoloverheads.Although the pairwise
MPI implementationgenerallyperformsbetterthantheoriginal MPICH implementa-
tion, we observe that the original MPICH implementationis slightly betteron small
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16 nodes - single switch (326)
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messageexchanges.This reflectsthat theuseof non-blockingsendandreceive oper-
ationscouldhideaway partof the synchronizationoverheadwhenexchangingsmall
sizemessagesandthe inducedcontentionproblemis minimal, e.g. the useof eager
protocolin theMPICH. However, whenexchanginglongmessages,it wouldbebetter
to haveawell-coordinatedschedule.

6.3.2 16-NodeHierar chical Configuration - 8X2

In this subsection,we startour experimentson thehierarchicalnetwork by first using
a 16-nodeconfiguration. We areusingtwo FastEthernetswitcheswith eight nodes
connectto eachswitch, andthey areinterconnectedvia the Gigabit Ethernetswitch.
With this setup,the theoreticalbisectionbandwidth[46] is 1 Gb/s,which shouldbe
sufficient for thecurrentclusterconfiguration.

BaselineStudies Ourexperimentresultsin Section4.3.4haveshown thattheuplink
circuitry of the IBM 8275-326switch is not asgoodasit claims. In orderto reason
on themeasuredperformance,suchthatwecanmake thecorrectjudgmenton theper-
formanceof our implementations,we have performedsomebaselinemeasurements
to determinethe bestachievablethroughputacrosstheseGE uplinks. Insteadof us-
ing the8X2 configuration,we have the10X2 configurationandmeasuretheachieved
aggregatedbandwidthacrossthehierarchicalnetwork by having multiple concurrent
bi-directionaldataexchanges.Figure6.6shows theresultsof this baselinestudy. The
peakaggregatedbandwidthachievedonthissettingis 103MB/s with 12concurrentbi-
directionalflowsacrosstheuplink ports.Beyondthat,thecommunicationperformance
startsto deteriorategradually. With thesamesoftwareandhardwaresettings,but re-
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placingthehierarchicalnetwork with a singleIBM 8275-326switch,we canachieve
a linearly scaledaggregatedbandwidth,which is labeledas“local” in thegraph.This
demonstratesthat the limitation is on the uplink circuitry, not on othercomponents.
With this baselinemeasurement,wehaveasolid foundationto justify on theexpected
communicationefficiency acrosstheproblematicuplink ports,suchthatwehave

Bestcrossswitchdataexchangetime � Total crossswitchvolume�Y���{�`���!  (6.4)

Take anexamplewith the 8X2 configuration,the total cross-switchvolumeon thek-
item completeexchangeis ¡!¢�£ MTU £o¤ �Y¥�¦¨§M©5ª £ §M© bytes. Thus,the besttiming
in delivering this volume of dataacrossthe uplink connectionis

©�«�¬XB®¯
MTU©�°�± seconds.

Assumedthatanefficient communicationscheduleshouldbeableto arrangeall local
andcross-switchcommunicationsbehappenedconcurrently. Therefore,theexecution
timeof thek-itemcompleteexchangeshouldbeboundedby thebestcross-switchdata
exchangetime. Then,thebestachievedper-nodebandwidthfor this k-item complete
exchangeoperationis

®¯
MTU

5©�²³8´¶µ�·�¸B·
MTU³'¹%º � � ¡¼» �\½ MB

�! 
.

After understandingabout the performancelimitation of the network, we carry
on with our analysis. With the 8X2 configuration,the theoreticalcomputedvalue
of ¾À¿ is 10; however, whenconsideredtogetherwith implementationissue,suchas
the existenceof control packetswith reliablesupport,the calculatedvalueof ¾Á¿ isÂIÃ\ÄTÅÇÆ ©�È	É�¬XÊ'B¬XB«©�² Ë � Ä

. We have measuredthe performanceof the modified syn-

chronousshuffle algorithm with this global windowing setting,and the resultsare
presentedin Figure 6.7. Similarly, we are comparingdifferent implementationsof
the completeexchangeoperationon this configuration. Five setsof measurements
areshown in thegraphs.They arethesynchronousshuffle with globalwindowing and
contention-awarepermutation(sync+GW+CA),pairwiseexchange(pair),pairwiseex-
changewith contention-awarepermutation(pair+CA),theoriginalMPICH implemen-
tation andthe pairwiseexchangeMPI implementation(pair-MPI). The resultsshow
thatsynchronousshuffle exchangewith globalwindowing andcontention-awareper-
mutationperformsthe bestamongstall testedimplementationsin this configuration.
Whencomparedto the expectedbestachievement,the modifiedsynchronousshuffle
shows its effectivenessin utilizing thenetwork pipelinesaswell asavoiding thecon-
gestionloss,sinceit reaches93%of thebestachievedperformance.

However, we find that theperformanceof theDP pairwiseexchangeimplementa-
tion hasdegradedconsiderablyunderthis hierarchicalconfigurationwhencompared
to its performanceon thesingle-switchcase(Figure6.5b). Initially, theperformance
of the DP pairwiseimplementation(labeledas“pair”) increaseswith the increasein
messagelengthuntil the maximumcapacityof the uplink portshasreached.After
that, theperformanceis affectedby thecongestionlossproblem.However, our GBN
reliableprotocolcouldonly recover from thelosswith long messageexchanges.This
is beingshown astheslow increasedin theachievedbandwidthafterexperiencingthe
congestionlossproblem.To investigateon whetherthecontention-awarepermutation
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Figure6.7: The performanceof modifiedsynchronousshuffle exchangeon the 8X2
configuration- 8 nodesconnectto eachFEswitch,which is connectedto thePR2200.
(Legends: GWCA- global windowing plus contention-aware permutationscheme;
CA-contention-awarepermutationschemeonly)
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schemewouldalsobenefitthepairwiseexchangealgorithm,wehaveappliedthesame
contention-awarepermutationon theDP pairwiseimplementation.Themeasuredre-
sults(labeledas“pair+CA”) show that this augmentationexhibits a similar behavior
ascomparedto the purepairwiseexchange.However, the congestionlossproblem
appearsearlierthanwe have expected,andthe overall performanceis slightly worse
thanthepurepairwiseexchangeimplementation.

On the other hand, it is interestedto seethat the performancesof the two MPI
implementationsdonothavesignificantperformancechangesonthishierarchicalcon-
figuration.We find thatthey bothhave slight improvementson exchanginglong mes-
sage,but theoriginal MPICH implementationhaslost its performanceon exchanging
smallmessages.Thiscouldbetheresultof contentionover theuplinksastheMPICH
implementationdoesnot carefully schedulethosecommunicationevents. This indi-
catesthatunderthishierarchicalconfiguration,it demandsfor abettercommunication
schemeto coordinatethecommunicationevents,sincetheperformanceis limited by
theaggregatedbandwidth.

6.3.3 24-NodeHierar chical Configurations - 8X3 and 6X4

To constructa24-nodeclusterwith ourhardwareresources,wecanarrangethehierar-
chicalnetwork in two differentconfigurations:

1. 8X3 - By connectingthreeFastEthernetswitchesto theGigabitEthernetswitch,
andeachFE switch haseight clusternodesconnectedto it, we get a 24-node
cluster. With this configuration,thecomputedvalueof ¾Á¿ is 4 andtheexperi-
mentalresultsareshown in Figure6.8.

2. 6X4 - All four FEswitchesareconnectedto theGEswitchwith six clusternodes
attachedto eachFE switch,we have the second24 nodesconfiguration.With
this configuration,the computedvalueof ¾Á¿ is 5 andthe experimentalresults
areshown in Figure6.9.

We have performedthesamesetof testson thesetwo configurationsascomparedto
the 8X2 setup.Whencomparingtheir expectedbestachievementson thesetwo con-
figurations,which areof 9.25MB/s on the 8X3 configurationandof 10.96MB/s on
the6X4 configuration,we seethat the6X4 configurationhasa betterthroughputper-
formance.This is reasonablesincewe only attach6 nodesto eachFE switch on the
6X4 setup.Again,we seethatthemodifiedsynchronousshuffle performsthebeston
bothsetups;however, it only reaches89%and88%of theexpectedbestachievements
on the 8X3 and6X4 configurationsrespectively. A possibleexplanationon the per-
formancedegradationis dueto the useof small global window settings,which may
reducethepipeliningefficiency. However, increasetheglobalwindow sizewould in-
creasethecongestionlossprobability, thiscouldcreateanadverseeffectontheoverall
performance.

As for the two MPI implementations,their measuredperformancelook similar to
theperformanceobservedin the8X2 configuration.Suchthattheachievedbandwidth
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of thepairwiseMPI implementationis peakedat 5.4 MB/s and5.2 MB/s on 6x4 and
8x3 respectively, ascomparedto 5.5 MB/s on the8X2 setup.Similarly, theachieved
bandwidthof the MPICH implementationis peaked at 2.7 MB/s and 2.6 MB/s on
6X4 and 8X3 respectively, while it achieves 2.7 MB/s on the 8X2 setup. Besides,
we observe that asthe clustersizehasincreasedfrom 16 nodesto 24 nodes,the ob-
servedcontentionproblemof theoriginal MPICH implementationon small message
exchangesis gettingworsethanthe8X2 configuration.Nevertheless,all thesefindings
supportourbelief thatconventionalcommunicationlibrariesarerestrainedby thehigh
softwareoverheads.

As for the DP pairwiseimplementations,their measuredresultsexhibit different
performancebehaviors on thesetwo configurations.On a configurationthatsupports
lessaggregatedbandwidth(8X3), we find that we have experiencedsevere perfor-
mancelossstartingat smallsizemessageexchanges.But, with a lessrestrictive con-
figuration(6X4), the lossesstartto appearonly on mediumsizemessageexchanges.
After that, the performanceslowly increaseswhenexchanginglongermessages.On
theotherhand,we find thattheadd-oncontention-awarescheme(pair+CA)performs
betteron the8X3 configurationwhencomparedto thepurepairwiseimplementation.
A possibleexplanationto thisobservationis thatthecontention-awareschemeis more
effectivewhenoperateson amorestringentconfiguration.

6.3.4 32-NodeHierar chical Configuration - 8X4

With this configuration,we interconnectfour FE switchesto theGE switch,andeach
FE switchis attachedwith 8 clusternodes.Carryon with thesamesetof experiments
with theglobalwindowing parameter( ¾Á¿ ) setto 3, themeasuredresultsareshown in
Figure6.10. Sameasotherexperiments,themodifiedsynchronousshuffle algorithm
shows its clearadvantageoverotherimplementationswhenrunningon this hierarchi-
cal configuration.In particular, it achieved per-nodebandwidthpeaksat 7.67MB/s,
which is around92%of theexpectedbestachievement(8.32MB/s) on this configura-
tion.

As for the two MPI implementations,their performancesclosely match with
other configurations,which are peaked at 2.5 MB/s on the per-nodebandwidthfor
the MPICH implementationand 5.03 MB/s on the pairwise MPI implementation.
However, the performanceof our DP pairwise exchangeimplementationsuffers
considerablywhenexchangingsmall to mediumsizemessages,as the resultsshow
that thepairwiseMPI implementationoutperformsthe DP pairwiseimplementations
onthismessagerange.This indicatesthatourGBN reliableprotocolis notworkingas
effectively astheTCPprotocolexceptwith largemessageexchanges.Onceagain,we
observethattheadd-oncontention-awarepermutationon thepairwiseimplementation
hasslight performanceimprovementon the currentconfiguration. Whencompared
this finding with the resultson otherconfigurations,we believe that the contention-
awareschemeworksbetterona morestringentconfiguration.Thisobservationshows
that contention-aware permutationalleviates the congestionbuild-up at the uplink
ports;however, it still hasto work togetherwith theglobalwindowing schemein order
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to avoid congestionloss.

6.4 RelatedWork

Theusesof modelsin designingalgorithms,in particularcommunicationalgorithms,
arenotuncommonin theparallelcommunity[47,53,73,76,88]. Thesealgorithmsare
mostlyshown to beefficientor optimalwith respectto thebasedmodelsby usingpaper
andpenor simulations.For example,Karp et al. [53] haddesignedanoptimalk-item
broadcastalgorithmbasedon theLogPmodel[30]. This algorithmis presentedasa
communicationschedulewheretherootsendseachdataitemonly once,but alternates
amongrecipientsin order to retain the logarithmic depthof a tree broadcast.The
principle behindthis communicationschedulematcheswith our synchronousshuffle
exchangealgorithm,asboth schedulestry to arrangethe communicationssuchthat
a processorwould only at mostsendout onedataitem andreceive onedataitem in
onecommunicationstep.However, asdemonstratedin ourexperimentalstudies,these
typesof communicationschedulesmaybetooidealistic,whichdemandto havelogical
synchronismin orderto achievetheoptimalbounds;therefore,it is hardto achievethe
claimedperformanceon a realplatformunlessmorecontrolof thecommunicationsis
enforced.

Similar to our contention-awarepermutation,Nupairojet al. [73] hasreportedthat
to ensurethe efficiency of their optimalmulticastalgorithm,which is built on top of
a parameterizedmodel [76], it is necessaryto considersomearchitecture-dependent
characteristicsof a system. This is becausein real network, network contentionis
likely to occurif concurrentmessagetransmissionsarenot scheduledproperly. Their
approachmakesuseof the topologicalinformationfrom the meshor multistagenet-
works, to order thosecommunicationsin the multicast tree to avoid network con-
tention. This supportsour belief thatoptimalperformanceachievableon parallelma-
chinescanbefirst designedby usingarchitectureindependentmodel,andthenperform
performancetuningof animplementationonthebasedof somearchitecturedependent
characteristics.

Donaldsonet al. [34] alsoreportedthat the BSPlib, a communicationlibrary for
BSP[105] programming,is usinginformationrelatedto theglobalstateto improvethe
collectiveuseof thecommunicationsystem.Dueto thesynchronousnatureof theBSP
machines,communicationsareconstrainedto take placeonly in certainstages.This
constraint,althoughlimits its flexibility , cantransformto enhancementon communi-
cationsaseachprocessorcaninfer theglobalstateof thecommunicationin which it is
involved.For example,aBSPprocessknowswhichotherprocessesareaboutto com-
municate,andhow muchthey planto send,andthencanestimatetheglobalnetwork
loading;this in turn,canbeusedto determinetheidealscheduleandtransmissionrate.
Their objective is similar to our approach,but we are working on an asynchronous
model,which makesuseof the buffering informationandcommunicationpatternto
devisethecorrespondinginformation.

We make useof the taxonomyintroducedby Yanget al. [120] asa referencefor
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comparingdifferentcongestioncontrol schemes.Broadly speaking,our global win-
dow congestioncontrolmechanismis ananticipatory, closedloopcontrolschemewith
implicit feedbackof global information. By anticipatorycontrol, this meansthat the
controlis acongestionavoidancescheme,whichtendsto drivethenetwork towardthe
optimaloperatingpoint but without falling into thedangerof congestion.With closed
loop control,this standsfor theuseof implicit feedbackinformationto thesourcesas
thecontroldecisionsin regulatingthe traffics. In our case,thecontrol informationis
derivedfrom thetotalnumberof unacknowledgedpacketsfor all communicatingpart-
ners.Underthesameterminology, theslow startschemeusedin theTCP[51] could
be consideredasa reactive, closedloop control with implicit feedback,which based
ontheround-tripdelayof acknowledgements[120] on individualend-to-endflow. Be-
sidesusingthe acknowledgementsasthe feedbackcontrol, othermeansof feedback
canbe used.For example,the Warpcontrol scheme[77] makesuseof a time-stamp
basedmeasure,calledWarp, to monitornetwork utilization, andto control the injec-
tion ratesfor achieving optimalutilization. However, like theslow startscheme,it is
alsoa reactiveschemethatbasedon end-to-endfeedbackinformation.

Beingananticipatoryscheme,our proactive approachis similar to thecongestion
control schemesusedin someof theATM networks. Theseschemesusuallyoperate
throughinput rateregulation[89], which relieson theunderlyingnetwork devicesto
supportand managethe resourceallocationand scheduling. For example, the use
of explicit feedbacksignalsthat generatedor set by the congesteddevices to alert
othernetwork devicesor communicatingnodesonthegrowing congestion.With these
controlschemes,duringthecall-setupprocedure,theinformationsourcesareassigned
with somepredefinedrate,andareforcedto limit their averageinput ratebelow this
value.This ensuresthatno sourcewill exceedfor anextensiveperiodof time therate
providedby thenetwork andavoidscongestion.

Insteadof usingthebuffer resourcesasaguideto monitorthecongestionproblem,
otherapproacheshave beenproposedto explicitly managetheallocationof scarcere-
sourcesto differentpurposes.For example,Roy etal. [87] proposetheusesof Quality
of Service(QoS)mechanismsat the applicationlevel to managecontention,so asto
improve theperformanceof MPI applications.They arguethat if appropriatemecha-
nismscanbeprovidedfor expressingapplicationrequirements,for arbitratingbetween
differentrequirements,for enforcingallocations,andfor providing feedbackto appli-
cationsconcerningachievedperformance,thenapplicationscanadapttheir behavior
accordingto resourceavailability. However, theirapproachrequirethattheunderlying
network supportstheQoSmechanisms.

6.5 Summary

In this chapter, we have presentedanefficient implementationof completeexchange
operationon theEthernet-basedhierarchicalnetwork. Theexamplehierarchicalnet-
work is basedon a Gigabitswitchasthebackbone,which interconnectsall FastEth-
ernetswitches.We believe thatthehierarchicalnetwork modelis apracticaldesignto
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constructlarge-scaleclusters.With thissystemconfiguration,clusterscanbescaledup
to hundredsor thousandsof nodes,andsupportenoughbandwidthfor high-speedcom-
munication.Our researchcanbeusedin any combinationof Ethernet-basedswitched
networks,which we belief, over 60%of theself-madeclustersarebasedon. And the
conceptis applicableto futuretechnologies,suchas10GigabitEthernet,whichsimply
extendsthetopologyto multi-level hierarchy.

We have demonstratedthat thecontentionproblemson suchnetwork, suchasthe
link, thenode,andtheswitchcontention,canseverelyaffect theoverall performance
of the clusters. To avoid congestionloss on this type of network, we proposethe
useof synchronousshuffle exchangealgorithmwith congestioncontrol schemeand
contention-awarepermutation.With the proactive approachin handlingcongestion,
this algorithmmakesuseof architecturalcharacteristicsto avoid congestionbuild-up
in the first placeand reducescongestionwhenever it happens.We derive a global
window schemefrom informationon thenetwork buffer capacity, which forceseach
nodeto limit their traffic loadsandensuresa fair sharingof network resourcesthat
avoidscongestionoverflow. Wealsomakeuseof informationonthenetwork topology
to derive a contention-aware permutationin generatinga communicationschedule,
whichavoidscontentionatthenodeandattheswitch,aswell ascreatingamoreevenly
distributedtraffic patternon thenetwork. This improvesthesynchronismof thetraffic
informationexchangebetweenclusternodes,andhence,improvesthe effectiveness
of theglobalwindowing schemein monitoringthenetwork. Theproposedalgorithm
is implementedon a 32-nodeclusterwith differentnetwork configurations.And the
resultshave showed that it can efficiently utilize the network as well as effectively
controlthecongestionproblem.



Chapter 7

Conclusionsand Dir ection for Futur e
Works

In this chapter, we summarizeandconcludethe thesis. To achieve our objective of
usingcommodityclustersfor supercomputing,this dissertationproposestheuseof a
realisticcommunicationmodelfor performanceunderstanding,aswell asfor algorithm
designandanalysis.We have concentratedon identifying the essentialpropertiesof
thecommunicationarchitecturewhichhavesignificantimpactontheperformance,and
devising benchmarkmethodologiesto quantify their performancecharacteristics.By
organizingthesearchitecturalfeaturesasaperformanceparameterset,wehavecreated
aframework for theprogrammersto conductperformanceunderstanding,performance
calibrationand performanceprediction. We have appliedthis modelingframework
in examiningtheperformancecharacteristicsof two implementationsof theDirected
Pointlightweightmessagingsystem.In particular, wehavedemonstratedtheeffective-
nessof usingthemodelasanevaluationtool in delineatingthestrengthandweakness
of thesecommunicationsystems,aswell asusingthe modelasa emulatingtool for
assessingvariousdesigntradeoffs.

Our communicationmodel is distinguishedfrom other performanceor abstract
modelson its supportsof the congestionstudiesandpipelining communication,be-
causeour model is derived on the baseof a resource-centricviewpoint. Pipelining
communicationis the key to achieve high-bandwidthdatatransfersin modernnet-
works by maximizing the numberof concurrentdatamovements. This is achieved
by maximizingtheusesof availablenetwork resources.However, without well coor-
dinationandscheduling,aggressive pipelining may leadto contentiondevelopment,
whichresultsin performanceloss.This is beingshown in ourstudiesof thecongestive
lossproblemin Chapter4. Basedon the network buffering informationprovidedby
our model,we artificially controlledthedegreeof congestionhappenedon thecluster
network. Observingthroughbothmodelingstudiesandexperimentalevaluations,we
have examinedhow differentbuffering architecturesinteractedwith our Go-Back-N
reliableprotocolandaffectedon the congestiondevelopmentof the communication
systemwhensubjectedto heavy congestion.Throughtheseperformancestudies,we
obtainvaluableinsightsonguidingof thedesignof efficient reliabletransmissionpro-
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tocolon topof thelightweightmessagingsystems.
Sinceall congestionproblemsarecausedby thecontentionof resources,with the

availability of theresourceinformationdescribedby ourmodel,wecanutilize thesein-
formationto devisehigh-level communicationschedules,which optimizethepipelin-
ing efficiency aswell asguardagainstthecongestionlossproblem. In this study, we
makeuseof theCompleteExchangeoperationto validateontheaboveconjecture.We
havedevisedtheSynchronousShuffle Exchangealgorithm,andhavedemonstratedby
meansof analyticalandexperimentalstudiesthat it is an optimal algorithmon any
non-blockingnetwork. To maximizethepipeliningefficiency, we adopta contention-
freescheduleat thepacket level. This completelyeliminatesunnecessarystartupand
synchronizationoverheads.

Evenwith acontention-freecommunicationscheme,otherfactorscouldintroduce
non-deterministicdelaysto well-scheduledcommunicationevents,suchasvariations
in processschedulingandcompetitionwith high-priority systemactivities. We have
shown that the buffering architectureof the switch playsa crucial role undersucha
circumstance.This is because,the synchronousshuffle exchangealgorithmachieves
high-performanceby fully utilizing thenetwork links,any variationsin communication
scheduleswill inducecontention,andthis is handledby theswitch’sbuffers.However,
the network buffers are scarceresources.Furthermore,we have demonstratedthat
switcheswith input-bufferedarchitectureaswell asthehierarchicalnetworksaremore
vulnerableto thesenon-deterministicdelays.To solve this problem,this dissertation
proposestheuseof our modelparameter(

�dÌ
) to derive a congestioncontrolscheme,

whichlimits thetraffic loadsandensuresafair sharingof network resourcesthatavoids
buffer overflow. To improve theeffectivenessof thecongestioncontrolschemewhen
workingonthehierarchicalnetwork,wehaveincorporatedinformationonthenetwork
topologyto devisea contention-awarepermutation.This permutationschemegener-
atesacommunicationschedule,which is bothnodeandswitchcontention-freeaswell
asdistributing the network loadsmoreevenly acrossthe hierarchy. This relievesthe
congestionbuild-up at the uplink portsand improvesthe synchronismof the traffic
informationexchangebetweenclusternodes.

7.1 Contrib utions

Although this dissertationfocuseson the performanceissuesrelatedto commodity
clusters,theprinciplebehindthis thesisresearchshouldbeapplicableto otherparallel
computerswith thesamearchitecturefoundation.To conclude,we organizeanddis-
cussour accomplishmentsaroundareasof contributions- modelingandperformance
understanding,congestionstudies,andalgorithmdesignandanalysis.

Modeling and Performance Understanding Computer systems are evolving
rapidly. The developmentof computersystemsis highly complex that demandsfor
a systematicapproachin performanceunderstanding.This dissertationdemonstrates
the importanceof having both quantitative and qualitative metrics in performance
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understanding. With the quantitative information, we can evaluate, questionand
analyzehow the systemperforms. While with the qualitative information, we can
predict,analyzeandexplain how theapplicationbehaves. Oneof theapproacheson
performanceunderstandingis theuseof modelingtechniques.Thefoundationof this
thesisresearchis the developmentof a realisticcommunicationmodel that captures
the performancecharacteristicsof the target machineand serves as a practicaltool
for designand analysisof algorithms. This includesa set of microbenchmarksto
quantify the resourcesinformationanda setof performanceparametersto delineate
theperformancecharacteristicsof thecommunicationsystem.Themodelparameters
hold the quantitative and qualitative information for both programmersand system
designersto understandor reasonabouttheir program/systemdesigndecisions.

CongestionStudy This thesisdemonstratesthatthebufferingmechanismwithin the
routersor switcheshasa paramountinfluenceon the communicationperformance.
We make useof theavailableinformationon thenetwork buffering to investigatethe
congestionproblemby two differentapproaches.To begin with, we explorehow the
softwareandhardwarecomponentsinteractedwhenthecommunicationnetwork is un-
derheavy congestion.Our analyticalandexperimentalresultsshow thatunderasym-
metrictraffic loads,theoutput-bufferedmechanismis moresusceptibleto theconges-
tion lossproblemthantheinput-bufferedmechanism.Althoughinput buffering hasa
higherthreshold,oncetheoverflow situationoccurs,theresultingcommunicationper-
formancedropssignificantly. Besides,wefind thatthebehavioral differentbetweenthe
two bufferingmechanismsliesonhow they interactwith thecommunicationprotocol.

Thesecondpartof our investigationsonthecongestionproblemis onthedesignof
high-performancecommunicationalgorithms,whichcanefficientlyutilize thenetwork
resourcesaswell ascanavoid thebuilding upof congestion.Theuniquefeatureof our
approachis theusesof resourcesinformationprovidedby ourcommunicationmodelto
guideourdesignandanalysis.Wehaveintroducedaglobalcongestioncontrolscheme
to thecompleteexchangealgorithm,andhave demonstratedthat it effectively avoids
congestionlossandmaintainssufficientthroughputto maximizetheperformance.The
principle behindthe global congestioncontrol schemeis to prevent oversubscribing
thenetwork, andtheschemeis derivedfrom informationrelatedto thecommunication
patternand volume, a well as from modeledarchitecturalfeatures. Improving the
congestioncontrolwith theideaspresentedin thisdissertationhasmadeit aneffective
solutionfor high-performancecommunicationon commoditynetworks.

Algorithms Analysis and Design We have devised an efficient communication
schedulefor the completeexchangeoperation- the SynchronousShuffle Exchange,
andhave shown that it is an optimal algorithmon any non-blockingnetworks. Al-
though our experimentalresultsshowed that the synchronousshuffle exchangeis
realizableand efficient, in reality, thereare limiting factorsthat restrainits perfor-
mance.This is commonlyhappenedwhenportingtheoreticalalgorithmsonto thereal
platforms,asalgorithmsaredesignedandanalyzedon a simplified/abstractplatform.
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In thisdissertation,weunknottheproblemsby augmentingthealgorithmswith mech-
anismsthat arederived from our communicationmodel. This shows the importance
of usingapracticalperformancemodelto performalgorithmdesignandanalysis.

7.2 Futur eDir ections

This dissertationcoversa broadscopeon the studyingof performanceissues,how-
ever, certainissueshave not beenfully addressed,which becomeareasfor our future
investigations.

Modeling We believe thatour performancemodelis a generalmodelthat coversa
broadspectrumof parallelplatforms.However, oneof theimportantfeaturesof mod-
eling is that modelsmustnot be madeobsoleteby advancesin realizingtechnology.
It is interestto seehow our modelfits to thenext wavesof technologyachievements.
For examples,on thenetworking aspect,we have 10 GigabitEthernet[5], WDM op-
tical networks and the InfiniBand architecture[6]; on the systemarea,we have the
massively produced64-bit microprocessor, VIA communicationinfrastructure[107]
andPCI-X [78]. All thesetechnologieswill increasethe performanceof datacom-
munication;however, we reckon that problemsinducedby congestionandbuffering
architecturewill still haveconsiderableimpacton theperformance.

User-level Reliable Support Reliablesupporton lightweight messagingsystems
needsfurther studied. Our studiesshow that the reliableprotocol interactswith the
network buffering architectureon thecongestiondevelopment;however, we still lack
of informationon determiningwhich reliablemechanismis bestsuit for low-latency
high-performancecommunication.For example,von Eicken et al. [108] hasshown
that theblameof poorTCP performanceis not on theprotocol,but on theparticular
implementationandits integrationinto theoperatingsystem.Their experimentsonly
supportedthatwemayhavegoodTCPperformanceonlight-loadcommunications,but
did not providedevidencethattheTCPis still effective for handlingcongestionprob-
lem on low-latency communicationunderheavy congestion.Therefore,it is worth-
while to investigateon how TCPinteractswith thenetwork buffering architectureon
thecongestiondevelopment.Theresultscouldprovide usefulinformationto guideus
to achievebetterperformanceonsituationsunderheavy congestion.

Furthermore,in theimplementationof thereliablelayeron topof DP, we find that
oneof the hindranceson the performanceof user-level reliablesupportis the delay
in delivering the control information. As the underlyingnetwork doesnot differen-
tiate betweencontrol anddatapackets, it handlesall packetswith the samepriority;
this coulddelaysomehigh priority events,e.g. Nack. We areinvestigatingon using
existing featuresof commoditynetworks, suchaspriority queuesandvirtual lanes,
to improve the situation. This is importanceto the developmentof congestioncon-
trol schemeashaving fastercontrol informationexchangesimprovesefficiency of the
controlscheme.
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Contention Study Our approachon tacklingthecongestionproblemworksthebest
for schedulingregularcommunicationpatternsonawell-structured,enclosednetwork.
Two possibleareasof extensionsarethestudiesof irregular communicationpatterns
andtheusesof asymmetric/irregularnetworks. Anotherlimitation of this thesisstudy
is ouroptimizationtechniquesuchasglobalcongestioncontrolis implementedin off-
line approach.It is worthwhile to implementit in on-line mode,suchasautomation
throughcompilerdirectivesandruntimesupports.For example,a large-scalecluster
may be usingin a space-sharedmodeby several concurrentparallelapplications.If
weassumethateachparallelapplicationis allocatedwith disjoint setof clusternodes,
how canthe congestioncontrol schemeadaptto the resultingirregular configuration
andirregulartraffic pattern?
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Appendix A

Benchmark Methodologies

In this Appendix, we briefly describethe benchmarkmethodologiesthat we useto
derive thosemodelingparameters(in Chapter2). Althoughour microbenchmarksare
originatedfrom the programmingabstractionof DP, we believe that our techniques
applyto otherlow-latency communicationsystems,asDP programminginterfacefol-
lows thetraditionalmessagepassingparadigm[111].

A.1 Micr obenchmark for the ÍÏÎ Parameter

The
�dÌ

parameterof ourmodelprovidestwo informationrelatedto thebufferingsys-
tem: (1) it displaysthemaximumnumberof buffer unitsassociatedto aswitch’sport,
and(2) the associatedbuffering architectureadoptedby this switchingunit. As the
primaryusageof providing buffer storageis to handletemporarycongestion,thenat-
ural startingpoint of our investigationis to createartificial congestionproblem. For
this communicationmicrobenchmark,we carry out a setof teststhat systematically
generatetraffics from multiple input ports(S) to a prefixedsetof outputports(R). On
eachtest,westartwith ashortburstof packets(of predefinedvolumeandpacketsize),
generatedsimultaneouslyfrom all thesourcenodes,andarefloodedto thetargetdes-
tinationnodes(ports).After injectingtheburst into thenetwork, all sourcenodeswill
stall for a specificduration,which is long enoughfor theswitch’s buffers to clearoff
their loadingandfor thereceiversto counthow many packetshave they got. Thenthe
programincreasesthe burst volume,andcontinuesthe sameprocessuntil the target
burstvolumeis reached.By usingdifferentnumberof sourcenodes(S) andsinknodes
(R) oneachtest,wecollectasetof losspatternswhichbecomesthebufferingsignature
of theswitchingunit in question.

Beforediscussingon how to draw theconclusionfrom thebufferingsignature,we
first illustratethe theorybehindour microbenchmark.Assumingthat the network is
error-free, all packet lossesare causedby buffer overflow, either in the switch port
or at the receiver node. The prerequisiteof having buffer overflow is the unbalance
of flow acrossthe buffer region, so we simplify the bottleneckregion as a staging
buffer betweeninputandoutputpipes,asshown in FigureA.1. Intuitively, thestaging
buffer startsqueuingup dataitemswhenthe departurerateis slower thanthe arrival
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FigureA.1: Bottleneckstagephenomenon

rate. Thus, the ratio betweenthe departurerateandarrival ratebecomesa measure
of congestion.Due to the limited size, this stagingbuffer cannotsustainlong-term
congestion,andeventuallystartsdroppingall newly arrivedpacketswhenit is full.

Herewe derive a deterministicmodelto delineatethis overflow problem. Let the
stagingbufferbeof size Ù� units,andthearrival anddepartureratesoverthisbottleneck
stagebe A andD units per secondrespectively. Assumethat at Ú � �

, the staging
buffer is empty, andwith anunbalanceflow ( ÛÝÜßÞ ), packetsstartto cumulateover
thestagingbuffer. Now at Ú �wà , thebuffer becomesfull, thenwehave

Û¨á à[� Ù�`â Þãá à ä à[� Ù�Û ¦ Þ (A.1)

Therefore,when Úæå à , thesystemcanaccommodateall arrivalsandthesuccess
probability is equalto one. However, afterbuffer saturation,at ÚçÜ à , newly arrived
packetscanonly beacceptedandforwardedwith aprobabilityof è é . Hence,weexpect
that the probability of success( ê ) on moving k packets (where ¢ Ü Ù� ) acrossthis
bottleneckstagewhen ÛëÜ�Þ is:

ê � ì ¢ ¦ é 
íîé É è�ï £ è é â é 
íîé É è¢� Þ Û â Ù� ¢ (A.2)

We seefrom equation(A.2) thatby varyingtheseparameters,we areexpectingto
getdifferentpacket lossratio:

❑ thearrival rateA - by controlling thenumberof network sourcesSanddriving
themin full speed,wehave Ûwðòñ¿�ó .

❑ thedeparturerateD - by choosingthenumberof sinknodesR, wehave Þôðöõ¿�÷ .
❑ theburstvolumek

Thus,by plotting the measuredsuccessratio againstthe inverseof the burst volume
(k), we would expectto geta linearequation,which has Ù� asits slopeand õ  ¿ óñ  ¿ ÷ asits
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Switchingunit Architecture
�dÌ

IBM 8275-326 Input-buffered 43

IBM 8275-326(uplink) Input-buffered 45

IBM 8275-416 Output-bufferedø 95

Intel 510T Shared-buffered 1990

Intel 510T(uplink) Shared-buffered 1990+510

CiscoCatalyst2980G Output-bufferedø 128

CiscoCatalyst3524 Shared-buffered 650

Alcatel PowerRail2200 Shared-buffered 820

TableA.1:
�dÌ

parametersof differentEthernetswitchesù
Both switchescouldbebuilt on a shared-bufferedarchitecture,but thebuffer allocationschememay

imposeanupperlimit on eachoutputbuffer, hence,createstheoutput-bufferedsignatures.

y-intercept.Besides,by usingdifferentcombinationof S andR, theresulting Ù� value
would reflect the internal buffer architectureadoptedby that switching unit. Table
A.1 summarizesthe

�dÌ
parametersfor someswitcheswehavemeasuredby usingthis

microbenchmark.We alsopresentthegraphicalsignaturesof threeswitchingunits in
FigureA.2, which serve asthesamplesignaturesto demonstratehow differentbuffer
architectureslook likeunderourmicrobenchmark.

A.2 Micr obenchmark for the ú`û Parameter

In our model,thearrival of datapacketsfrom thenetwork is anasynchronousevent,
andtherefore,we cannotdirectly probethe sourcecodefor measuringthe software
overheadassociatedto thereceptionevent. Consequently, we have to rely on indirect
probing.Observethatwithoutthesupportof programmablenetwork co-processor, dis-
patchingof arrivedpacketshasto becarriedoutby thereceiverhostprocessor. This is
becauseof theprotectionreason,moving dataacrossaddressspacesshouldbehandled
by privilegeprocessonly. As thehostprocessoris engagedduringmessagereception,
otherexecutionflows would be affected. Basedon this observation, considerif we
know abouttheexpectedexecutiontime of a particularcomputationsegment.And on
a particularrun of this computationsegment,thereis messagereceptionhappenedin
thebackground,we would expectto observe a remarkableincreasein executiontime.
Thence,we have deviseda techniqueto indirectly measurethesoftwareoverheadas-
sociatedto any messagereception.In summary, Algorithm 6 presentsthepseudocode
for our üdý microbenchmark.

Ourtechniquetomeasureüdý is quitestraightforward.Asweneedto detectwhether
a message(packet) hasarrived,we have to poll for thedataarrival. Thus,we usethe
polling actionto bethecomputationsegment.However, if thesoftwareoverheadasso-
ciatedto this receive call is too large,weshoulddeviseotherlightweightcomputation
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Algorithm 6 The üdý microbenchmark

þ ÿ������
message size x (1 ≤ x ≤ PDU)
master node a
slave node b # echo server�	��
��� þ �����
barrier (a, b)
RTT ← pingpong_test (a, b, x) # measure roundtrip time
barrier (a, b)
for i = 0 to 1000 do

send_message (a, b, x)
sleep (2*RTT)
T0  ←  clock ()
msg ← async_receive (b) # computation segment
T1  ←  clock ()
Ur  ←  Ur + (T1 - T0)

endfor
Ur  ←  Ur � 1000 # use average value
i  ←  0
do {

T2 ←  0
send_message (a, b, x)
T0  ←  clock ()
do {

msg ← async_receive (b)
T1  ←  clock ()
T2  ←  max (T2, (T1 - T0))
T0 ←  T1 

} while (msg == NULL) # just check the clock until msg return
if ( (T2 > 2*Ur) && (T2 < ½RTT) ) then

t[i] ←  T2 
inc i

else
noise measurement, discard T2 

fi
} while (i < ITERATION)
Or(x) ←  statistical_analysis (t[])
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segment. First, we have to measurethe expectedexecutiontime of this computation
segment,aswell astheroundtrip time for currentmessagesize. In our pseudocode,
we just take theaverageof thesemeasurements,but we canadoptstringentstatistical
test to get moreaccuratevalue. Thenwe run anotherpingpong-like test to obtaina
setof

���
measurements.After themasternodesendsoutonemessage,it immediately

evaluateshow longhasthehostprocessorbeenengagedin polling for messagearrival.
It recordsthe maximumtime spentin eachrun until it receivesa message.To filter
out noisemeasurements,we useour baselinemeasurementsto selectpossiblecandi-
dates.Thispingpong-likeprocessis runningfor many timesuntil weobtainasufficient
largesamplesize. Thenthecollecteddatasetis processedby somestatisticalroutine
to extracttheinformationweneed.

A.3 Micr obenchmark for the ��� Parameter

This microbenchmarkmeasuresthe averageinter-packet arrival time observed by a
user-spaceprocess.If we cancreateandmaintaina steadystreamof packet inflow
duringthetestingperiod,this measurementbecomesa goodapproximationfor the � �
parameter. For this microbenchmark,we simulatea saturatedinflow pipeby directing
amany-to-onedataflow to thetargetnodeasshown in FigureA.3. After detectingthat
therearepacketfloodingin from thenetwork, thetargetprocessarbitraryselectsatime
pointandrecordsthecurrenttime( ��� ) andarrival count( � �"! . Thenit waitsfor another
arbitrary time period,say # unit, andrecordsthe currenttime ( ��$ ) andarrival count
( � $ ) again. By dividing the the time gap %&��$ '(���)! againstthedifferencebetween� $
and � � , we obtainanapproximationfor the � � parameter. We seethattheaccuracy of
thismethodologyimprovesby (1) runningthis testmultiple timesto obtainthecorrect
statisticaldistribution,and(2) usinga relatively long time duration( # ) to alleviatethe
measuringmistake.

Theremainingissueof thismicrobenchmarkfallsonhow canweobtainthepacket
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arrival countat theuser-level. Herearesometechniquesthatservesfor our need:

1. Directly get the receivedcountfrom thenetwork interfacecard(NIC). Most of
the high-endNICs provide performancecountersfor diagnosticandstatistical
purpose.

2. Monitor andreportby the interrupthandlerasit is responsiblefor handlingin-
comingpackets.

3. Theabove two methodsneedto have supporteitherfrom thehardwareor from
thekernel.Otherwise,we canindirectly probeandcountthenumberof arrivals
by theuserprocessitself. Thefollowing pseudocodeprovidesa sketchon how
to achieve this.

barrier ()

wait *,+�-�./. timeunits

repeat{

msg 021 async_receive(*)

} until (msg!= NULL)354 021 clock ()

i 021 1376 021 clock ()

while (
35498;:=<;3>6

) {

msg 021 async_receive(*)
if (msg!= NULL)

inc i

fi3>6 021 clock ()

}

A.4 Micr obenchmark for the ?A@ and BC@ Parameters

Modernnetwork interfacesareoperatedin theform of queuestructures,e.g.thetrans-
missionqueue,receivequeue,free-buffer queue,etc.Thesequeuesaresimplecircular
FIFO queues,andoperateundertheconsumer-producerrelationship.Considerif the
producergeneratesrequestsfasterthanthe servicerateof the consumer, outstanding
requestswill be queuingup in thequeue;dueto the limitation of thequeuingspace,
eventuallythesystemwill becomefull. Uponthefull condition,thesystemwill only
acceptnew requestif andonly if theconsumerhasservicedthe"head"requestto make
way for thenewcomer. Therefore,if therewereunlimitedsupplyof requests,thesys-
temgraduallyreachesanequilibriumstate,in which theproduceris forcedto work at
thesamerateat thatof theservicingrate.Thealgorithmusedby thismicrobenchmark
is shown in Algorithm 7.
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Algorithm 7 Thepseudocodefor benchmarkingthe DFE & GHE parameters

IKJML�N�O
message size x (1 ≤ x ≤ PDU)
bandwidth BW
Transmit ring size TxP�QSRMTVU I O�WYX
msg_no ← 8
repeat {

t0 ← clock ()
for i = 0 to msg_no do

do {
          req ← send_message (x)
} while (req != success)

endfor
t1 ← clock ()
sleep (msg_no * x ÷ BW) # wait until all packets are served
S ← (t1 - t0) ÷ msg_no
msg_no ←  (msg_no < Tx) ? (msg_no +  8) : (msg_no * 2)
println (x, msg_no, S)

} until  (equil ibrium rate is reached)

For theabove microbenchmarkto be effective, theprerequisiteconditionis GZE2[DFE , without thatwe couldonly reportof the DFE value.Whenthenumberof messages
sent(msg_no) is lessthanqueuesize(Tx) of thetransmitring, theobservedpermes-
sagehandlingtime becomesour DFE valuefor this messagesize. On the otherhand,
whenthenumberof messagessentis greaterthanTx, theobservedequilibrium han-
dling timebecomesour GHE valuefor thismessagesize.

A.5 Micr obenchmark for the \ parameter

This parameterencapsulatesall thecostsinvolved in moving thedataacrossthenet-
work, thus,it becomesan impracticabletaskto measurethis parameterdirectly. For
example,thephysicalnetwork maystretchover thebuilding, andtherefore,directsig-
nal analysison two remoteendsbecomesimpossible.A feasibleapproachto measure
thismovementcostis by indirectestimation.In thissubsection,wefirst describethein-
directcalculationthatyieldstheapproximationfor theL valuesbetweentwo arbitrary
clusternodes,thenwewill describethemicrobenchmarkthatportraystheL parameter
for thewholeclusternetwork.

Recallthatwecandepictthetotal timefor am-bytepacketto travel from thesource
nodeto its destinationas

]�^`_K^�acbedVf DFE agbedih(jkacbedlh D�m acbedihon m acbed (A.3)

If we carry out a simple pingpong test, the measuredroundtrip time becomesp�]q]racbedsf tvur]�^`_K^�acbed
. Sinceall other parameterscan be measureddirectly or
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indirectly, wecanthereforededucetherequiredL valueby

jkacbed/f p�]q]racbed
t wxDFE acbed wxD�m acbed w n m agbed (A.4)

Thus,equation(A.4) becomesan indirect measurementfor the L parameterbetween
two machinesovera rangeof packet sizes.

However, showing theL valuebetweentwo machinesof theclusteronly delineates
part of the cost,sincethe dataaremeasuredundera competition-freecondition. To
capturethenetwork performance,our microbenchmarkworksup by generatingmul-
tiple distinct pairsof pingpongnodes,with nodesof eachdistinct pair lie acrossthe
bisectionalplaneof thenetwork. Whenall nodesstartthepingpongtestsat thesame
time,thisemulatesmultipleconcurrentpacketsflowing back-and-forthover thebisec-
tional plane.Underthis benchmarksetting,by varyingthenumberof pingpongpairs,
we obtain different setsof L values. Then, the requiredbilinear function could be
obtainedby applyingmultiple regressiontechniqueon thesedatasets.To summarize,
Algorithm 8 presentsthepseudocodefor this microbenchmark.

Algorithm 8 Theconcurrentpingpongmicrobenchmarkfor theL parameter

yKzM{�|�}
message size x (1 ≤ x ≤ PDU)
number of nodes P~��S�M�V� y }��Y�
myid ← get_node_identity ()
partner ← pairing () # identify the partner
barrier () # for all nodes
for iter = 0 to ITERATION do

if (left_side (myid)) then # on the left side of the bisectional plane
t0 ← clock ()
send_message (myid, partner, x)
do {
          msg ← async_receive (partner)
} while (msg == NULL)
t1 ← clock ()
T[iter] ← t1 - t0 

else
do {
          msg ← async_receive (partner)
} while (msg == NULL)
send_message (myid, partner, x)

fi
endfor
TIME[] ← gather all timing vectors T[] (total P/2)
L(x, P/2) ← statistical_analysis (TIME[] )

Oneof themeritsof this microbenchmarkis that it clearlydifferentiatesbetween
differentnetwork configurations.For examples,FigureA.4 shows theresultingpara-
metricfunctionsfor threedifferentnetwork configurationsthatsupporta32-nodeclus-



144

0

50

100

150

200

250

300

1 2 4 8 16 32 64 12
8

25
6

51
2

76
8

10
24

12
80

14
94

message size (bytes)

L
 (

u
s)

Computed (P=1) Measured (P=1)

Computed (P=16) Measured (P=16)

L(m,P) = 0.002*P + 13.647 + 0.1776*m

(a) (Cisco 2980G) - Comparisonof calcu-
lated and measuredL valueson 2P=2 and
2P=32

0

50

100

150

200

250

300

350

400

1 2 4 8 16 32 64 12
8

25
6

51
2

76
8

10
24

12
80

14
94

message size (bytes)

L
 (

u
s)

Computed (P=1) Measured (P=1)

Computed (P=16) Measured (P=16)

L(m,P) = 30.5 + MIN(0.2062, P*6E-4+0.2062)*m

(b) (HN 8x4)- Comparisonof calculatedand
measuredL valueson 2P=2and2P=32

0

50

100

150

200

250

300

350

400

1 2 4 8 16 32 64 12
8

25
6

51
2

76
8

10
24

12
80

14
94

message size (bytes)

L
 (

u
s)

Computed (P=1) Measured (P=1)

Computed (P=16) Measured (P=16)

L(m,P) = 0.006*P + 30.465 + MIN(0.2096, 0.0009*P+0.1999)*m

(c) (HN 16x2) - Comparisonof calculated
andmeasuredL valueson 2P=2and2P=32

0

50

100

150

200

250

300

350

400

1 2 4 8 16 32 64 12
8

25
6

51
2

76
8

10
24

12
80

14
94

message size (bytes)

L
 (

u
s)

Cisco HN8x4 HN16x2

(d) Comparisonof threedifferentconfigura-
tionson a 32-nodecluster

FigureA.4: TheL parametricfunctionsof threedifferentnetwork configurationsfor a
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ter. By exploring thoseequations,we observe thatwith currentclustersize,theCisco
2980Gswitch providesthe bestperformancein termsof latency andscalability. In
particular, wefind thatthebisectionalbandwidthof theCiscoswitchscalesuplinearly
with the numberof nodes,while the hierarchicalnetworks have reachedthe upper
boundwhenwescaleup theclustersize.
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