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Parallel computingis becomingincreasinglyaccessiblehroughadwancemenin
microprocessorand networking technologies.It is found that the performance®f
the clustersdo not matchwith their promisesalthoughthey arebuilt on the mostad-
vancedcomponentsMuch effort hasbeendevotedto addresshe software overhead
problemin the past,which is known asthe major hindrancein achieszing high per
formance. This thesisshavs that having a low-latengy communicationsystemdoes
notguarantedigh performanceasthereareothercommunicationssueghathave not
beenaddressedby the useof low-lateny communicationsuchas contention,com-
municationpatternsandschedulingof communicatiorevents. The developmentof an
efficient parallelapplicationdependsipona realisticpredictionof applicationbeha-
ior andthe ability to explain the performancecharacteristicef an applicationon a
parallel system;this requiresin-depthunderstandingf both the applicationandthe
architecturecharacteristics.

This dissertatiorproposeshe useof arealisticcommunicatiormodelto guidethe
performanceainderstandingndthe algorithmdesignprocessesyhich arethe keys to
achieve high performance.The modelincludesa collectionof performancearame-
terswhich correspondo essentiafeaturesin the communicatiorarchitectureanda
collectionof benchmarkmethodologieshatquantifytheseperformancdeatures.This
modelcanbe usedasa framework for programmergo conductperformancestudies
onvariouscommunicationssues We usethis framavork to examinethe performance
characteristicof a lightweight messagingystem,and shav that the model can be
effectively usedasanevaluationtool aswell asanemulatingtool.

This thesisexploresthe congestiorproblemwith the supportof the communica-
tion model. Throughmodelingstudiesandexperimentalkevaluationsywe examinehow
differentbuffering mechanismteractwith a Go-Back-Nreliableprotocol,andshov
that the buffering mechanisndominateshe congestiorbehaior of the communica-
tion systems.In the performancestudies,we find that the timeoutand flow control



settingsare the prevailing factorsthat interactwith the buffering mechanisnto de-
terminehow the congestionevolves. As our modelis derived on a resource-centric
view of how datamove acrosgshe communicatiorsystemwe useit to showv thatwith
carefuldesignof communicatiorschedulesye canachieve efficient communication
aswell aspreventcongestionWe have developeda completeexchangealgorithm,the
SynchronousShufle Exchangewhich is an optimal algorithm on the non-blocking
network. To avoid congestiorlosscausedy the non-deterministicelaysin commu-
nicationevents,a global congestiorcontrol schemas introduced. This schemeuses
aglobalwindowing concepto coordinateall participatingnodesto monitorandregu-
late the traffic load, which effectively avoids congestioriossand maintainssufficient
throughputo maximizethe performance.

In summary this thesisshows that the key to effective parallel programmingon
clusterdies with arealisticcommunicatiormodel,which enhancesur understanding
of the performancassuesand supportsthe developmentof efficient parallelapplica-
tions.
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Chapter 1

Intr oduction

Motivatedby the desireto handlelarger and complex problems,aswell asto solve

problemsfaster we make useof multiple processingunits for parallelcomputation.
Developmentsof parallelcomputersgspeciallyfocusingon the architecturalaspect,
have beenanactive researclsubjectsinceearly 1960. During theseforty yearsof de-

velopmentspumerougarallelarchitecturediave beendeveloped,evolved andfaded
out, for examples systolicarchitecturedataflav architectureandtransputeisystem.
Not until recentdecadesjueto theswiftly improvementof theVLSI technologythere
is a clearcorvergenceof parallelmachinedoward a genericparallelmachineorgani-

zation[32]. In this genericarchitecture parallelmachinesare essentiallycomprised
of acollectionof completecomputerseachwith oneor moreprocessorandmemory

andareinterconnectetyy a communicatiometwork.

Advancesin networking technologyhave acceleratedhis corvergence. We are
now capableto transforma pool of off-the-shelfcomputerdo a powerful platformfor
supportinghigh-performanceomputationsThis kind of computingplatformis com-
monly known asClusterof Workstationd COW), Network of WorkstationgNOW), or
simply Clusterg[80]. By the name“commaodity cluster”, we referto the clustersthat
arebuilt on off-the-shelfcomponentssuchashigh-performancenicroprocessorand
high-speecdhetworks. Better price-perperformancas the incentve of building clus-
terswhencomparedo traditionalparallelmachinesincethey arebuilt on commodity
componentsin addition,the performancef the clustersystemss gettingalongwith
theadwancesn commodityhardware.

Thesefeaturesarethe selling pointsfor usingclusterson high-performanceom-
puting; however, just puttingall state-of-the-artomponentsogetherdoesnot guaran-
teeto be cost-efective andhigh-performanceThereal challengeas how well canwe
harnesshesecomputingresources$o meetour performanceneeds As we arebuilding
clustersfor high-performanceomputing,we have to facewith challengegelatedto
the performancessueson the clusterdomain.In particulay

0 Softwaredesignfor performance Developingapplicationprogramgor perfor
manceis known to be difficult on traditionalparallelmachineswe reckon that
it is still abig challengeon the clusterdomain,asclusteris just anothertype of
parallelplatform.



0 Systemdesignfor performance Building clusterswith the mostadvancedpro-
cessorsand networks providesthe most promisingperformancehowever, the
actualperformancealeliveredto the end-usersnostoften could not matchwith
their promises.How to exploit thesetechnologyresourcesn the mostefficient
andcost-efective way imposegreatchallengedo the systemdesigners.

O 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 predictthe performanceof the
scaledclusterwith informationonly availableon a small-scalerototype.

0 Performancevaluationandanalysis- Performancevaluationandanalysisare
thecoreactvitiesin the softwaredevelopmentycle. A majorobjective of prac-
tical performanceevaluationand analysisis to identify potentialbottleneck(s)
on the target application/platfornpair. Basedon theseanalysesinefficient al-
gorithmsareexcluded,goodcandidatesre coded,delugged,andtestedon the
target platform. However, one of the difficultiesis how to supportthe perfor
manceevaluationand analysisprocesse®n the clustersystemsso asto avoid
the high costof iteratve developmentcycle - design,coding, delugging and
testing.

We believe that, to achieve effective parallel programmingon the cluster platform,
this requiresthe ability to measurehe performanceof the parallelapplications the
ability to determinethe performancecapability of the clustersystemsandthe ability
to explain the performancéehaior of a parallelapplicationon a clustersystem.This
demandssystemdesignersand programmergo have in-depthunderstandingf the
interactionsbetweenvarioushardware and software components.In this thesis,we
baseon arealisticcommunicatiormodelto guideour understandingndstructureour
reasoningaswell asto performperformanceauning. This modelis usedasaversatile
tool for performanceavaluationand predication,aswell asfor algorithmdesignand
analysis.

Therestof this chapteris organizedasfollows. We first stateour motivation of
building commoditycluster and describethe limitations and challengesve have to
tacklein orderto achieve our goal. Next, we declarethethesisstatemenandhighlight
the contributionsof thisthesis.Lastly, we presentanoutline of the organizationof this
thesis.

1.1 Commodity Supercomputing

Speeds themainreasorwhy we optfor theuseof computers bothserialandparallel
computers. Building parallel computersto solve large-scaleand complex problems
bearthe sameobjective - we wantto speedup the computations Sinceparallelcom-
putingis becomingmoreandmoreaccessiblehroughthe advancesn processorsaind



network technologiesthe useof parallelismis no longerthe privilege of a few sci-
entistswith accesdo powerful supercomputersNow we have pile of PCssitting in
thesenerroom,andthey areinterconnectetby high-speed AN, thesesetupsecome
our in-houseparallel computer However, is that the answerto our questfor more
processingpower? No, thisis not. Building an efficient andhigh-performanceluster
is not thatsimpleaspluggingin andsettingup all components.To constructa high-
performanceclusteraswell asto orchestratets processingpower, we certainlyneed
to adopta morescientificapproach.

PerformanceUnderstanding Performanceinderstandings aprocessvhichis used
to determineexplanationson the performancebehaior of a parallelapplicationon a
parallelmachine. The developmentof efficient parallelapplicationsdependsipona
realisticpredictionof applicationbehaior, which requiresin-depthunderstandingf
both the applicationand the architecturecharacteristic$3, 29,52]. For example,if
the communicationoverheadof a parallel applicationdominatedts executiontime,
the programmemmay try to improve the communicatiorscheduleby rearranginghe
communicatioreventsto reducethe communicatioroverhead On the otherhand,the
systemdesignemay try to improve the communicatiorsystemto achieze the same
performancegoal. To determinehow to perform performanceuning, both the pro-
grammerandsystemdesignemneedto acquiredetailknowledgeon the operationcosts,
aswell asto identify the potentialbottleneck(s).

Thereforethemorewe understanéparallelsystemandits performanceharacter
istics,the moreinformationwe have to improve the efficiengy of applicationsaswell
asto provide insightson guiding enhancement® the system. This dissertationde-
scribesanattemptto improve or acceleratéhe performanceainderstandingf thecom-
modity clustersby focusingon the communicatiorsystem. The network is the most
critical pathof a parallelsystemasits performancealirectly influenceghe capabilities
of the systemfor high-performanceomputing. On the otherhand,the communica-
tion efficiency of the network relieson the efficiency of the communicatiorsoftware
thatdrivesthe interconnect.Therefore understandin@f the performancecapabilities
of the clustercommunicatiorsystemprovidesthe conceptuaframenork we needto
understandhe performanceof the clustersystem.Herearethe mainissueselatedto
theperformanceinderstanding:

O Performancestudy- What sort of performancecould we geton this platform?
Knowing the baselinecapability of the clustersystemis importantfor perfor
manceunderstandingAlthoughthis agumentseemsntuitive, it is animportant
issueon the commodityclusterswherewe have the desireandflexibility to se-
lectthebestconfiguratiorfor our clustersystemsPerformances only arelative
metric, thus, it hasno meaningon its own. In the questfor performancethe
primal objectie is to have efficient utilization of resources.However, without
understandingnow well canthe systemperforms.

« How canwe determinewvhetherthe performancef the programis accept-
able?



» How to distinguishbetweerefficient, cost-efective algorithmsandineffi-
cientalgorithms?

* How canwe identify the weaknessf the programand perform perfor
mancetuning?

O Performancdédenchmarking How canwe quantify performanceow-level ar-
chitecturalbenchmark$45] arethe mostappropriatdbecauseheir resultsmea-
surethebasiccapabilitieof the hardwareaswell asthe softwarethatassociated
with it; andin principle, the performanceof higherlevel programsshouldbe
predictablein termsof them. However, designingandinterpretingbenchmarks
correctlycanbe difficult. Thisis becauséhe conclusionsdravn from a bench-
markstudydepenchotonly onthebasictiming results but alsoonthewaythese
aremeasure@ndinterpreted.In particular hereareafew challengesn theuse
of benchmarking:

» Couldthe benchmarkoutine simulatethe sameexecutionconditionasit
is whenthe codepathis usedby realprograms#or example the behaior
of cachememorycanaffecttheaccurag of thebenchmarkneasurement.

* |Is the benchmarkoutine measuringsomethinghat hasa measurablém-
pacton overall systemperformance?

* |Is thebenchmarkoutinesensitve to changesn hardwarecharacteristics?
For example,a benchmarkoutinethatis designedn a uniprocessoma-
chine may not work accuratelyon a multi-way SMP machinesthus, we
shouldhave a clearknowledgeon the capabilityof thebenchmarkoutine.

Thereforejt is importantto understandow-level detailsaboutarchitecturaim-
plementatiorwheninterpretingoenchmarkesults.And we believe that,to assist
theunderstandingrocessthedefinitionof theperformancgarameteshouldbe
accompanieavith the benchmarkingnethodologythatmeasures.

0 Performancanodeling- Which performancdeaturesare importantto our un-
derstandingorocess?Low-level benchmarkis designedo measurehe quality
of atamgethardware/softvarecomponent.The measurementsecomehe quan-
titative meansfor us to analyzeor reasonon the performanceof a particular
featureof the clustersystem.Theseperformancdeaturespr in otherwords,the
performanc@arameterdyecomehebuilding blocksof our performancenodel,
suchthatwe try to understandhe performanceébehaior of the applicationasa
functionof theseperformancearametersWe reckon thata usefulperformance
parameteset- theabstracimodel,mustpossessheseproperties:

» Shouldaccuratelyreflectthe performancecapabilityof existing machines.

» Shouldbeableto evaluatethe performanceof a particularapplicationon a
particularplatformandprovide insightsthatcansuggespossibleémprove-
mentsin theapplication.



« Shouldenablethe programmeto predicttheimpacton the programs per
formancewith regardto designchangesn the algorithmor changedo the
systemconfiguration.

Therefore,we seethat the choice of the performancedeaturesmay influence
the understandingrocess.However, choosingthe right featuresto modeland
incorporatingthem simply, elegantly andaccuratelyrequirescreatvity aswell

asscientificmethodology Thisis becauselifferentapplicationsexhibit different
characteristicon differentsystemsettingsor ervironments andthe application
behaiors areoftendynamic.Hence,it is impossibleor irrationalto expectary

setof performancgarameterso coverthewholeapplicationdomain.Thus,the
hypothesidbecomesijf we have a minimal setof performancgparametershat
adequatelynodelor describethe system thenthe smallerthe setis, the better
its usefulnessvill be.

Performancelssueson Communication Traditionalapproachn assessinthe per
formanceof communicatiorsystemds by measuringhe round-triplateny andthe
point-to-pointbandwidth[20,55]. However, thesesimplefigures

O would notgive asenoughinformationto evaluateon therealperformancef the
communicatiorsystems;

0 donotprovideinsight(s)on why theseachiazementsvereobtained;

O couldnotidentify wherearethe potentialbottlenecksof individual subsystems;

sincethesemetricsonly reportof a singlepoint-to-pointmeasuremenindera lightly
loadednetwork. In fact, the network performanceliffers amongapplicationsandis
dependedn

1. Communicatiorpatterns Besideshe one-to-onepattern,examplepatternsare
the one-to-mamg, mary-to-oneand mary-to-mary communicationsyhich are
commonlyknown asthe Collective Opermations Collective operationsplay an
importantrole in the developmentof parallelapplications. Different patterns
have differentperformancecharacteristicand requirementsand demandspe-
cific communicationalgorithmsthat can efficiently utilize the underlying re-
sourcego achieve optimalresults.

2. Messagssizes- Differentfactorsdominatethe communicatiorperformanceor
small, mediumandlarge messagesFor examples,with small messagessoft-
wareoverheadandnetwork lateng dominatethe communicatiorcost,while for
large messages)etwork bandwidthis the moreimportantfactorin determining
communicationperformance. For mediummessagesthey cannotcompletely
amortizethe software overheadas comparedo long messagesherefore they
requirebetterutilization of communicatiorpipelinesto hide away the software
cost.



3. Communicatiorschedules Thecommunicatiorschedulecharacterizebow we
expressthe communicatiorpatternin termsof communicatiorprimitives,such
assendandreceve operations By designingcommunicatiorschedulesye are
ableto structureour communicationso matchwith theresourceconstraintsand
yield highly efficientimplementations.

4. Degreeof contention- Mild contentionmay resultin slight decreasén perfor
mancedueto the higher queueingdelaysin the router However, underpro-
longedcontention,the network becomeshearily congestedand this resultsin
dataloss.

All thesecommunicationssuesontributeto the overallcommunicatiorperformance.

The performanceproblemrelatedto the communicatiorsoftware hasbeenan ac-
tive researchissuefor the pastdecade. Currently lightweight messagingsystems
[21,58,59,82,101,109,114] offer thebestcommunicatiorperformanceasthey create
a fastcommunicatiorpaththat bypasseshe traditionalin-kernelmessagingprotocol
stack(e.g. TCP/IP),which s a seriousobstaclen exploiting the high performancef
modernnetwork [9,54,55]. Althoughmostof thesdightweightmessagingystemsre
successfui deliveringtheraw network performancéo higherlevel applicationstheir
implementationsfunctionalityandinterfacesappeadifferentlyeventhoughsomeare
built onthesamenetwork technologiesThereareissueghatarenotwell addressetly
theselightweight messagingystemssuchassystembehaior underheary load and
generalpurposeflow control. In particular they lack of supportson guiding the de-
velopmenof high-level communicatiorprimitivesatopof theirlightweightmessaging
layer.

To betterunderstandhe network performanceye adoptthe describedsystematic
approachon performanceunderstandingo explore how the underlyingcommunica-
tion systemsupportsthesecommunicationssues. In this dissertationwe make use
of a communicatiormodel,which is derived on a resource-centrigiew of how data
move acrosgheabstracmachineo aid our quantitatve andqualitative studiesof the
communicationperformance. This modelis proposedas a “mid-level” tool, whose
tasksareto mapall high-level communicatiorprimitivesproperlyonto the low-level
architecturalabstractions. Througha set of performancemetrics, the programmers
andsystemdesignersvould understandhe power, the strengthandthe weaknesof
their clustercommunicatiorsystem. In addition, by selectingappropriatemetricsto
analyzeon the targetapplication this could bring out new insightsaswell asefficient
guantitatve predictionof the communicatiorperformance.

Limitations of LANs Having a low-latengy communicatiorsystemthat drivesthe
clusterinterconnectn high speeds the prerequisitdout notthe guarante®f achiesing
high performanceFor example,mostexisting commerciakwitchesadoptpaclketdrop
policy on buffer overrun,which is a known performanceproblemunderheary con-
gestion.Studieson LAN performancg55, 79] have shavn thatthe high overheadsn
traditionalcommunicatiorprotocoldimit theability to generateetwork load, thusthe



obsenedcontentiorproblemwasnotcritical. With low-latengy communicatiormech-
anismsapplicationscannow generatenigherloadto the network, which could result
in congestiordrop problemevenunderawell-balanceccommunicatiorschedule.

Thebehaior of thenetworksin responséo congestiorbecomesnimportantissue
in understandinghecommunicatiorperformanceDependontheswitcharchitectures,
type of network technologiesandthe hostcommunicatiorsoftware,networks reactto
congestionn differentways. For instances,

0 Network routersthatemploy input-portbuffering are known to suffer with the
Head-Of-Line(HOL) [44] blocking problem,which is a seriousconstraintin
achieving high-performance.

0 SomeEthernet-basedetworks adoptthe 802.3xlink-basedflow control stan-
dard[1]. However, it is a non-selectiveschemg72], which hasthe control ac-
tions taken to resole congestionapply to all traffics on that link ratherthan
targetingto the true sourceof the congestiontherefore,congestiorcanspread
to otherpartsof the network. Besidesdifferentvendorshave their own design
stratayies, thus, different switchesmay reactdifferently even underthe same
contentionsituation[79].

0 Mostof thecommerciabwitchesor routersemploy the Drop Tail discipline[36]
astheir buffer managemengtratgy underthe congestiorsituation. This is the
simpleststratgy astherouterjust dropsall excesspaclketswhenthe buffersare
full. However, thisis found unfair to burstytraffics, asmorenumberof paclets
is droppedascomparedo othersources.

With theuseof commoditycomponentsistheclusterinterconnectthe performancef
the network depend®n the type of network technologiege.g. FastEthernetGigabit
Ethernet, ATM, etc.), aswell asdependson the internal architectureof a particular
routeror switch. This posesa challengeo the systemdesignersandprogrammer®n
how to effectively utilize thecommunicatiometwork for high-performanceommuni-
cation.

1.2 ThesisStatementand Contrib utions

In this dissertationywe shav thatthekey to effective utilization of clusterresourcese-
lies on a setof performancgarametersyhich eloquentlydelineateghe performance
capabilitiesof the target communicatiorsystem.Throughthis setof performancepa-
rameters thecommunicatiormodel,we cananalyze predict,evaluateandexplain on
issuegelatedto high-speedcommunicatioron commodityclusters.

This communicatiormodelis a performanceunderstandingool, which captures
theperformanceharacteristicef thetagetmachineandfacilitatesperformancenal-
ysis aswell asalgorithmdesign. The modelis basedon a resource-centriziew of
the dataflow throughthe abstractmachineduring a communicationevent. Most of
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the performanceparametergandirectly mapto eventsor operationdound in tradi-
tional messag@assingorogrammingmodel.In addition,eachperformancearameter
is associateavith a microbenchmarkhat measuregxperimentallyits associate@ost
unit, e.g. time measuremerin us or clock cycle, thatthis parametespendsor takes
to supportthe particularperformancdeature.

This dissertatiorexposegerformancessuegelatedto high-speedcommunication
on commodityclusters.The principal contributionsof this thesisare:

O We introducea realisticcommunicationmodel that supportsperformanceun-
derstandingof the clustercommunicatiorsystem. This communicatiormodel
becomeghe foundationof this thesisresearchwhich is usedasatool for sup-
porting performanceanalysisandalgorithmdesign.

0 We provide a setof benchmarkmethodologieso quantify all performancepa-
rametersof our communicatiormodel. This communicatiormodelandits as-
sociatedmicrobenchmarksnake up as a tool for performanceevaluationand
analysis. As we believe that to assistperformanceunderstandingthe defini-
tion of the performanceparametershouldaccompay with the benchmarking
methodologythatmeasures.

[0 To studythecongestiorproblemin high-speedetworking, we exploit how con-
gestionproblemcould affect the final performancdrom an architecturalview-
point. We shaw thathow the buffering architecture®f the switchinteractwith
thecommunicatiorprotocol,anddominatethe behaior of our lightweightmes-
sagingsystemundercongestie losssituation. Our analyticalandexperimental
resultsshav thatunderasymmetridraffic loads,the output-lufferedmechanism
is moresusceptibleéo thecongestionossproblemthantheinput-tufferedmech-
anism. During the modelingexercise,we identify salientfeatureshatenhance
ourunderstandingn the pacletlossproblem,andtherefore arerelevantfor the
designandanalysisof efficiency communicatiorschedules.

[0 To avoid congestionloss, we have introduceda global congestioncontrol
schemewhich is a proactve approachin handlingcongestion. This scheme
makesuseof resourceinformation provided by our modelto preventoversub-
scribingthe network and avoid congestiorloss. Througha global windowing
conceptthis schemewnorks on by collaboratingall participatingnodesto mon-
itor andregulatethe traffic load, which effectively avoids congestionlossand
maintainssufficientthroughputo maximizethe performance.

[0 Basedon the architecturaimodelof the clustersystemwe have devisedan ef-
ficient communicatiorscheduldor completeexchangeoperation.The spirit of
this algorithmis the nodecontention-freescheduleoperatecat the paclet level
without explicit synchronizationoperation. This algorithm, the Synchronous
Shufle Exchangeeffectively utilizesthecommunicatiorpipelinesandachie/es
high-performanceWe make useof our communicatiormodelto shov thatthis



algorithmis optimal. In theexperimentakvaluation we demonstratéhatthis al-
gorithmis realizableandefficient,asit canreach97%of theavailablebandwidth
onvarioushardwareplatforms.

1.3 Organization of the Thesis

This dissertatiorshavs how arealisticmodelcanhelpsystemdesignerandprogram-
mersto understandhe performancecharacteristic®f the underlyingcommunication
system. The organizationof this thesisis asfollows. Chapter2 introducesour com-
municationmodelin detail. We first describethe architecturaimodelthat our com-
municationmodelis built on, aswell asprovide a breakdevn view on how dataflow
throughthis architecture.Thenwe list out all the parameter®f this communication
modeltogetherwith their associatedostformulae. The last sectionin Chapter2 is
focusingon reviewing otherrelatedmodels,andshav how our work is distinguished
from otherworks.

Chapter3 providesa brief descriptionon the DirectedPointcommunicatiorpack-
age[59], whichis usedasour tool to validatethe thesisstatementThenwe measure
two of the Ethernet-baseinplementation®f DirectedPointandperformasystematic
analysison their performance . Throughour modelingframeavork, we easily spotout
the strengthandweaknes®f thesesystemsln Chapterd, we extendour performance
studiesfrom a point-to-pointanalysisto a highly congesteccommunicationpattern,
the mary-to-onecollective operation. We focus on the congestiorbehaior of how
thereliabletransmissiomprotocolperformsunderheary congestre losssituation. The
primarynetwork architecturafeaturerelevantto this studyis the switch’s buffering ar-
chitecturewhich is oneof the performancearameteref our communicatiormodel.
We conductboth experimentalandanalyticalstudieson two differentbuffering archi-
tecturesandinvestigateon how thesebuffering mechanismsmpacton the resulting
performance.

Chapters and6 highlight anothercapabilityof our communicatiormodel- algo-
rithm designandanalysis.In thesechapterswe arefocusingon anothercommunica-
tion pattern themary-to-mary completeexchangeoperation.ln Chapteis, we discuss
anefficientalgorithm,the Synchronoushufle Exchangealgorithm,for the complete
exchangeoperationwith our communicationrmodel. We make useof our modelpa-
rameterdo show thatthis algorithmis optimalon atheoreticahon-blockingnetwork.
We alsoshaw that, in reality, the switch’s buffering architecturanay hamperthe per
formanceof our optimalalgorithm,dueto the demandinghatureof this algorithm.

In Chapter6, we extendour studyon the completeexchangeoperationto another
realisticLAN topology the Hierarchicalnetwork [35]. And we shawv thatthereare
architecturallimitations on this topology Again, by usingthe resourceinformation
provided by our communicatiormodel,we have designeda proactive congestiorcon-
trol schemeao augmenthe original synchronoushufle exchangealgorithmto work
efficiently on this network topology Chapter7 givesa summaryof this dissertation
aswell asdiscusse®n directionsfor future work. Lastbut not the least, Appendix
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A containghefull descriptionof all benchmarkmethodologie®f our communication
model.



Chapter 2

Communication Model

2.1 Intr oduction

All parallelarchitectureshave a commonrequirement they all requirea fast, high
quality interconnect thus, the unique property of parallel computerarchitectureis
the communicationsystem. Modern network technologiesare catchingup with the
hostsystemperformancehowever, the overheadof traditionalcommunicatiorproto-
col (TCP/IP)is socostly thatthe performancesf communicatiorsystemdagsbehind
the technologicalopportunities. This is the reasonwhy lightweight messagingys-
temsare designedo extract the bestperformanceout of the boxes. However, they
arerelatively low-level from anend-usewriewpoint. In addition,programsunningdi-
rectly atopof thesecommunicatiorsystemsaregenerallynot portableacrossparallel
platforms. Therefore,in general,theselightweight messagingystemsare not used
directly by the applicationprogrammerbut are betterfor supportingand optimizing
high-level massage-passimpyogrammingnterfacessuchasMPI [38] andPVM [97].

Arguably or not, a scalableparallel machinemustbe in the form of distributed
memoryarchitecture Althoughthis architecturesupportsall known parallelprogram-
ming paradigmsthebest-fitprogrammingparadignonthisarchitecturas themessage
passingparadigm.Fromthe performancendportability pointsof view, designingpar
allel programson top of portablemessag@assingnodelwould be the mosteffective
way to harnesghe computingresources.Programmersimply expresstheir parallel
computationdy usingthe high-level programmingnterface,whoseimplementation
detailsareconcealedrom theend-usersBy assumedhattheimplementationgrein-
deedefficient, muchof theburdenof managingparallelismis lifted, thus,theend-users
canfocuson designingandoptimizing the applicationswith respecto the program-
ming interface. Basedon this layer structure we seethat our communicatiormodel
shouldbe aimedasa “mid-level” model,whosetasksareto mapall high-level primi-
tivesproperlyontothelow-level architecturabbstractions.

A modelis just an abstractmachine andtherefore we canhave modelsat mary
differentlevels of abstraction[90]. For example,eachprogramminglanguageis a
model,sinceit is anabstracinterfacethatprovidesasimplifiedview of theunderlying
hardwareto the programmersHowever, dueto thediversenatureof the parallelappli-

11
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cationsandparallelarchitecturest is absurdo think thatonemodelis goodenoughto

representhewhole supercomputinglomain.Sincetheideaof performancenodeling
is for algorithmdesignerto develop efficient algorithmsfor realizable cost-efective

architectures.Therefore,we believe that a realistic performancanodel (in our case,
the communicatiormodel) must have its associategprogrammingmodel aswell as
the correspondingrchitecturamodel,suchthatalgorithmsaredesignedr analyzed
with the performanceanodel,codedin the programmingmodelandrealizedon the ar-

chitecturalmodel. The above classificatiorof modelswasintroducedby Heywood et
al. [43], wherethey usedit asatool to classifydifferentabstracmodels.

2.2 Commodity Cluster - Another MessagePassing
Machine

We agreeon the visionaryraisedby Culler etal. [32] andMcColl [66] thatthe archi-
tecturaltrendof parallelcomputerss converging towardthe following genericmodel
- Mostmodernlarge-scalemadinesare constructedromgenel-purposecomputes
with a completelocal memoryhierarchy augmentedy a communicatiorunit, inter-
facingto a scalablenetwork. This architecturainsightincludesa broadspectrumof
parallelarchitectureswhichrangedrom Massvely ParallelProcessof(MPP)machine
to thePCandworkstationcluster However, this conceptuabrchitecturas too abstract
for building up our communicatiormodel. As in our modelingframework, the archi-
tecturalmodellies onthelowestlevel, which needgo beaflexible andrich modelthat
clearlydelineateshe performanceapabilityof thetargetarchitectures.

2.2.1 Architectural Model

In ourmodel,aclusteris definedasa collectionof autonomousnachineghatareinter-
connectedy two networks,oneis drivenby standard STD) communicatiorprotocol
suchasTCP/IR andthe otheris for high-performanceommunicatiorthatrunsunder
the lightweightmessagingrotocol (LMP). Both networks canbe comprisedof same
network technologybut normally the first oneis runningon alow-endLAN technol-
ogy while the LMP network is on a high-performancd AN or SAN (SystemArea
Network). Parallel applicationsrunning on the clustermake use of both networks.
The LMP network is usedprimarily asthe communicationmnetwork for the parallel
applicationswhile the STD network is usedasthe control/backumetwork, e.g. job
submissioranddispatchingaswell asclustermanagement-or non-parallelapplica-
tionssuchassequentianddistributedtasks they only make useof the STD network
if communicationdetweermachinesareneeded.Thus,our communicatiormodelis
focusingon the performancecharacteristicef the LMP network underparallelappli-
cations.

All clusternodesareassumedo have the samelocal characteristicssuchascom-
putation power, memory hierarchy operatingsystemsupports,and communication
hardware. In particular we assumethat eachnetwork adapterequipswith one set
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of input and outputchannelssuchthat, it cansimultaneouslysendandreceve one

datapaclet within one communicationstep. In general,parallel programsare pro-

grammedn SPMD (SingleProgram Multiple Data) mode,andfollow the compute-
interactmodeof coarse-grainesynchronizationAs for theLMP network, it involvesa

globalrouter/switchjnterconnectingll nodesandassuminga completelyconnected
topology;hencethenetwork diametebetweerclusternodess notrelevantunderthis

architecturamodel.

For the global router we assumehatit supportsan unreliable,paclet-switched,
pipelined network, and operatesin full-duplex configurationunder a fixed routing
stratgyy. Thelogical unit of communications packet, which is boundedo the range
[1..MTUY]. Totransmilong messageshesystentransfershemassequencesf pack-
ets. Packetsgeneratedrom ary givennodetravel alonga predeterminedixed route
throughthe network in orderto reachtheir destination. To supportcompletelycon-
nectedconfigurationtherouterhasa deterministicdelayin routinga paclket from ary
input portto the destinatioroutputportin theabsencef conflicts,but the overall per
formanceis affectedby the network load. Conflictstake placeif morethanonepaclet
needto accesshe sameoutputline, andareresolhed by always forwardingthe first
arrived paclet; the restare buffered and routedlaterin a FIFO (First In First Out)
manner The amountof buffer memoryinsidethe routeris assumedo be finite, and
therefore,the network cansustaincertainlevel of congestion.Sincewe assumehe
network is unreliable,upon heary congestiorandthe buffer spaceis exhaustedthe
routersimply discardsexcesspaclets.

At firstinstancethis globalrouterconcep{70] seemgo beanunrealisticassump-
tion asthis limits the scalabilityaspecif the clustersystems.However, currentnet-
work technologyallows usto scalethe switchingsystemto supporthundreddo thou-
sandof nodesnterconnectetdy asinglerouterswitchwith moreor lessuniform point-
to-pointlateng. For example,both ExtremeNetworks [71] and Cisco Systemg98]
claim that their high-endchassisswitches,BlackDiamond6816 from ExtremeNet-
works and Catalyst6500 seriesfrom Cisco Systems can supportup to 192 Gigabit
Ethernetports. In particular the BlackDiamondswitch canbe configuredto support
at most1440FastEthernetportswith wire-speed_ayer 2 andLayer 3 switchingfor
consistenperformance.

As we believe that an ideal abstractmodel must correspondo a programming
modelsothatalgorithmsaredesignedr analyzedwith the abstracimodelandcoded
in the programmingmodel. With this architecture the best-fit programmingmodel
would be the Message-Bssingprogrammingmodel, suchthat processesunningin
parallelarecommunicatingvith oneanotherby sendingandreceving messagedn a
broadersenseall processesun in privateaddresspacesandcooperatdy meansof
explicit messagexchange Thereforeto delineateheassociatiometweertheabstract
modelandprogrammingmodel,we drav our attentionon how dataare moving over
thisarchitecture.

IMTU standgfor the Maximum TransferUnit of the communicatiorsystem.
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2.2.2 Data Transfers

The datatransfershave a significantimpacton the communicationperformanceso
optimizingthis critical pathis essentiato obtainhigh-performanceandthis becomes
the main objective of all lightweight messagingystems. Despiteof the vastdiffer-
encein implementatiorchoicesandtargetnetwork technologiesye obsere thatdata
transmissionare commonlygoing throughthree phasesfrom senderaddressspace
to recever addresspace.A typical scenariovould look asfollows: the dataon the
sendersidefirst traversethroughthe sendphase which is usually underthe control
of the hostprocessarThenthe messagearedeliveredby the network hardware (net-
work interfacecards(NICs) and switches)to the otherendduring the transferphase
of the transmission. Eventually at the other end, the receivephaseterminatesthis
transmissiorby deliveringthe datato the correspondingeceve process.

Send Phase This phaseincludesall events happenedeforethe network adapter
takesoverthecontrolin handlingthe datatransfer We considerthis phasestartsfrom
thetime whenthe userprocesss readyto sendits messageto thetime whenthe data
messagés transformedo a hardwaredependentormatthatis readyto be transmitted
by the network adapter With traditional communicatiorprotocol, this includessys-
tem call handling,cross-domairdatacopying, checksuncomputing,protocol stacks
traversing,and other processingoverheads.However, for all lightweight messaging
systemsall thoseunnecessargverhead$iave beenremovedsoasto shortenthe soft-
waregapbetweertheuserprocessandnetwork hardware. Regardlesf the optimiza-
tion techniquesusedin this phaseall LMP systemsnusttake careon how to “move”
the datamessagdrom the senders memoryspaceto the network adapters address
space.

Onemajor differencebetweertheselightweight messagingystemss the obliga-
tion of the hostprocessowwith respecto the multiplexing task. To supportmultipro-
gramming,the LMP systemsare requiredto efficiently multiplex multiple message
streamsanddeliver theseintermixed datapacletsto the correspondinglestinations.
For network adaptersvith a programmableommunicatiorco-processgisomeLMP
systemsoff-load the multiplexing taskto the co-processorThis allows the hostpro-
cessorto do othercomputation,andthus, effectively reduceghe software overhead.
Ontheotherhand,withoutthe helpfrom a communicatiorprocessqrthe multiplexing
taskbecomedhe soleresponsibilityof the kerneldueto the protectionand integrity
reasonsandtherefore the obsered softwareoverheadvould be higher

For example,BIP [83] is a userspacecommunicatioribrary built on top of the
Myrinet network [15]. To deliver nearraw speedperformancei.e. the achiezedone-
way lateng is 4.3 us for anemptymessage)t simply exposeshenetwork interfaceto
asingleuserspaceprocesandreliessolelyonthe Myrinet hardwarefor thereliability.
Ontheotherend,PM [101] is anotheruserspacecommunicatiorlibrary runningon
Myrinet; it supportsmultiprogrammingaswell asadoptingflow-control mechanism
to avoid receve-tuffer overrun. SameasBIP, it relieson the Myrinet hardware to
guaranteehe datadelivery betweenNICs. Its one-way lateng is 7.2 us for an8-byte
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messageTherefore we reckon thatthe overall costof this sendphasecould become
a performanceandex, which reflectsthe functionality of the lightweight messaging
protocolaswell asthe processingapabilityof the network hardware.

Transfer Phase Thetransferphasds wholly a network-dependenpart. This phase
involvesall the eventshappenedn transportingthe datathroughthe network to the
remotepeer In generalthisincludestwo DMA transferspnein thehostnodeandthe
otherin the remotenode,togetherwith the physicaltransmissiorof the datathrough
thewiresandswitches Factorsattributeto the movementcostof this phaseare:

0 Thel/O busbandwidthe.g.PCI,VME, MicroChannel SBus,etc. For example,
Tezukaet al. [101] have reportedof the significantdifferencein the measured
network bandwidthbetweenSBusand PCI bus on the Myrinet networks that
weredrivenby the PM protocol.

0 Thenetwork transmissiorspeedg.g. 100 Mb/s with FastEthernet,1 Gb/swith
GigabitEthernet2 Gb/swith Myrinet-2000,10 Gb/swith 10 GigabitEthernet,
etc. Thehigherthetransmissiorspeedthe shorterthe network delay

0 Thenetwork interfaceprotocolor firmware,e.g. Myrinet-interfacecontrol pro-
gram,QsNetdriver, etc. With theuseof programmabl@&etwork interfacesmore
functionscanbeincluded,e.g. addresdranslationandreliable support,which
significantlyreducegshe software overhead. On the otherhand, this increases
the network delaywhenmore complex network interfaceprotocolis used,e.g.
AM 11 [23].

0 The network topology e.g. multistageinterconnectiometwork, crossbamet-
work, irregular network, etc. This affectsthe distanceor diameterbetweernthe
clusternodeswhichin turn affectsthe transmissiordelayon the network.

0 Underlyingswitchingtechnique e.g. store-and-fonard switching, virtual cut-
throughswitching,wormholeswitching,etc.

It is a non-trivial taskto captureall thesefactorsasonehasto know all the detailsof
theunderlyinghardware,which overwhelmshe performanceinderstandingrocess.
Despiteof having mary factorscontrituteto thetransfercost,the prevailing factor
is the network technologyto which theseLMP systemsaretargeting. This is because
oncewe have decidedon the network technologywe areconfinedto thetechnological
constraintsof the underlyingnetwork. For example,performanceof the network is
moreheavily influencedby theswitchingtechniquehanby thetopologyor therouting
algorithm[35]. However, mostof the FastEthernetor Gigabit Ethernetswitchesare
usingstore-and-fonard paclket switching. Therefore thoseLMP systemrunningon
thesenetworksareknown to have highernetwork delay albeitsupportingalargernon-
blocking network. In contrast,the Myrinet switchesare usingwormholeswitching,
we arethereforeexpectingaverylow hardwarelateng, e.g.~0.1us perswitchlateng
[69], which significantlyimprovesthe point-to-pointcommunicatiorperformance.
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Besidesof the hardware delay the adoptedswitching techniquealso affects the
way in which the switch handlesnetwork conflict. For examples,store-and-fonard
switch usesbuffer queueto storethe whole paclet, while wormhole switch applies
link-by-link flow controlto stall the transmissionnsteadof buffering the paclet. Al-
thoughthesetwo techniquesoth increasethe network delay they give completely
differentimpressiorto the end-userFor the store-and-fonard buffering, theend-user
would experiencean increasen the per paclet network delay while for the worm-
hole switching, the end-usemwould experiencean increasein per messagenjection
rate. Neverthelesstheseminor differencesmnay affect the designchoicein devising
efficient communicatioralgorithms.

Receve Phase This phaseincludesall eventshappenat the destinatiornodewhen
messageas handedover by the network adapter until it is being dispatchedo the
correspondingecever’s processspace. It looks asif the receve phaseis just the
oppositeof thesendphasebut it is not. In thedatatransferevent,messageeceptions
anasynchronousventasreceving processioesnotknow whenwill amessagarrive.
To dispatchthe datato the right place,i.e. the reverseof multiplexing, the system
needdo know wherethedatashouldgo. Thishasto bemanagedy aprivilegeprocess
thatgetshold of thoseprotectednformations,andthis becomegshe major difference
betweendifferentLMP implementations.For thoseLMP systemshat do not make
useof any communicatiorco-processorshis becomedhe soleresponsibilityof the
operatingsystem.To notify the kernelon the messageeceptionthe network adapter
needdo raisea hardwareinterrupt. However, interruptsarehigh priority events,they
have greatperformancémpactonmodernCPUarchitecturesuchasflushingpipelines
andreducingcacheocality.

Eventhoughwith the availability of communicatiorco-processomifferentLMP
systemgake different stratgyies on the messageeception. SomeLMP do not take
adwantageon the co-processgrand usethe in-kernelapproachg.g. AM-II [23] and
FM [75]. Othersprogramthe co-processoto move the incoming messagealirectly
to a pre-pinnedand pre-translatediserspaceaddresse.g. PM [102] andLFC [12],
or using a more aggressie approachthat integratesa translationlook-asidebuffer
into the network interfaceto pin andtranslateuserspaceaddressedynamically e.g.
UNet/MM [115]. Moreover, nomatterwhich protocolsthey areusing,theperformance
of this phasds greatlyaffectedby the processingpeedf the protocolprocessqrthe
lightweightmessagingrotocol,andthel/O busbandwidth.It is foundthatthis phase
is mostlikely to be the bottleneckof the whole transmissiorpath, especiallyif the
processingpeeds notfastenoughto drain-of all incomingmessages.

To summarize we presenta breakdevn analysisof several userlevel or kernel-
level lightweightmessagingystemsn Table 2.2, and catagjorizetheir actiities with
respecto thethree-phaselatatransfer We obsene thatdifferentLMP systemdhave
differentmassing-passingemanticandimplementationsandthis is beingreflected
by the differencesn involvementwithin the threephases.However, their eventsor
actiities aregenerallycapturedoy thisthree-phaséatatransmissiorscenario.
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AM Il [23] FM2.x [58] BIP [83] PM1.2[101] UNet/ATM
[108]
pre- J‘ endpointscreation contxt  cre- contxt cre- | endpointscre-
communicatio ation ation ation
setup
possible per endpointfaults pin send & receve | gang schedul-| copy-to-DMA
communication, buffer ing overhead
overhead
synchronizeon long | pin-dowvn
message cache over
head
sendphase library call library call library call library call library call
Short: Long: acquire device | Short: PIO metadata
PIO copy-to- lock PIO
DMA
receve polling P10 with write
combine
transferphase || endpointmanagement| Myrinet trans- DMA to | DMA toNIC DMA to NIC
overhead fer NIC
DMA to | DMA from Myrinet transfer Myrinet trans- | ATM transfer
NIC NIC fer
Myrinet transfer DMA DMA from | DMA from
from NIC NIC
NIC
endpointmanagement
overhead
DMA
from
NIC
receve phase polling or interrupt polling polling polling polling
PIO copy- copy-from- PIO copy-from- copy-from-
from- DMA DMA DMA
DMA
| [[ GigaE-PM2[95] | GAMMA [22] [ DP [ UNET/FE[114]
pre- J‘ contet creation actie portsetup DP endpointcreation endpointcreation
communicatio
setup
possible per acquiresendbuffer | pinsend& receve buffer copy-to-DMA
communication
overhead
sendphase copy-to-DMA lightweightsystemcall lightweightsystemcall | lightweightsystemcall
systemcall copy-to-DMA
transfemphase DMA toNIC DMA toNIC DMA toNIC DMA toNIC
GE or FE transfer GE or FE transfer GE or FE transfer FE transfer
DMA from NIC DMA from NIC DMA from NIC DMA from NIC
receve 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: Breakdavn analysisof severallightweightmessagingystemswith respect

to thethree-phasedatatransfer During the datatransfer we assumehatthe outgoing
messagés residedon ary virtual addresspaceof the sendemprocessandis goingto
bedeliveredto ary virtual addresspaceof therecever process.




18

2.2.3 The Communication Model

A practicalway to understandheperformanceharacteristicef aparallelprogramon
a parallelarchitecturejs to look from a processos viewpoint at the differentcompo-
nentsof time spentexecutingthe program[32]. With eachcomponenbf time spent
reflectsthe softwareplus-hardware performanceof a specificarchitecturalfeature,a
collectionof thesecomponentdbecomesa setof performanceandicesthatrelateddi-
rectly to the performancaunderstandingssues.In the previous section,we have laid
out the architecturaimodelof the clusterplatform aswell asthe typical scenariosn-
volvedin moving dataover this architecture. Sincedatacommunicatiorlies on the
critical pathof a message-passingachine the straight-forvard way in performance
understandings to identify abstractcomponentghat characterizehis critical path-
the datatransfer

To characterizehe transfer a communicatiormodelis associatedvith our archi-
tecturalmodel, which delineateghe costsinducedby moving the dataaround,both
locally andremotely We considerdatacommunicatiorvia the network asan exten-
sionto thememoryhierarchyconceptsuchthatit is adatamovementrom theremote
memoryregion to the local memoryregion, or vice versa. Theremay have two types
of datamovementsin a communicatiorevent: a) remotedatatransfersandb) local
datatransfers.t is importantto includethelocal datatransferabstraction$o our per
formancemodel. This is becausein the associatednessage-passingodel, we are
notrestrictingon the “whereaboutsfactorof the datamessagesSincedatamessages
canberesidedn anywhereof a processaddresspaceandsomecommunicatiorsys-
temsrequirethe placementf thesedatamessagebe in somepre-definedmemory
region, e.g. UNet and GigaE-PM2 thus,local datamovementsareincludedso asto
accomplishthis programmingabstractions.

Remote Data Transfer We encapsulatall the overheadsof the three-phaselata
transferby a setof model parametersand belown are the detail descriptionof indi-
vidual parameters.The associatednicrobenchmark$or derwving the costfunctions
of this parametesetareprovidedin AppendixA. In addition,Figure2.1 summarizes
this abstractmodel as a schematicdraving that delineateshe relationsof different
performancegarameterso thearchitecturamodel.

Machinesizep Thisrefersto thenumberof processeparticipatingin thiscom-
municationevent.

Send overhead O,(m)  This parametestandsor the software overheadassoci-
atedwith the sendprocessfor sendingan m-byte datapaclet. From the high level
perspectie,we view it asthetime usedby the userprocesgo interactwith thelogical
network interface,preparethe messageforward the messageo the network adapter
andsignalthe network hardware. Therefore,it encapsulateall the eventshappened
in sendphase.This parametecaptureseveral performancdeaturesof the communi-
cationsystem,suchasthe speedof the hostprocessaqrthe efficiency of the memory
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Figure2.1: Model parametersiffiliated with theremotedatatransfer

subsystemandthe lightweight messagingrotocolin use. We modelthis parameter
by asimplelinearfunction,

Os(m) = ks + Tsm (2.1)

wherex;, is the startupcostof this eventwhich depend®n thenodeprocessingower,

mis themessagéengthboundedy therange[1..MTU], andr, is thedatatransferate
thatdepend®ntheefficieng of thememorysubsystemSubjecto theparticularLMP

protocol,for example,underzeromemorycopy, thislinearfunctioncanbereducedo

asimpleconstantj.e. Os;(m) = k,. As thisis a synchronousvent,we quantify this
parameteby directly measuringhe time engagedy the processoin handlingthose
actuities.

Inter-packet transmit gap g;(m) Owing to the differencein datamovement
speeddetweenthe sendand transferphasesthe network hardware is moving data
pacletswith a confinedcapacity which is capturedby this parameter For example,
theperformancef thel/O busandthenetwork technologyarethe majorfactorsof this
parameter This inter-paclet gap hastwo slightly differentmeaningswith respecto
differentperspecties,but in general,it delineategshe maximumnetwork throughput
availableto theuserprocessFromtheuserprocesperspectie, it viewsthegapasthe
minimum servicetime of the network in transmittingconsecutie datapaclets. Thus,
ary attempto senddatafasterthanthis gapyieldsno performanceain,andthediffer-
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encebetweery, andO, indicategheamountof CPUcyclesavailablefor theprocessor
to do otherusefulcomputationor performthe receve operationduring bidirectional
communication.From the network perspecitie, it representshe maximuminjection
rateof the pacletsto thenetwork. This parameters delineatedas

gs(m) = g1 + mm (2.2)

whereg, standdor the startupcostnecessaryo initiate thetransferandr; reflectsthe
availablecommunicatiorbandwidthprovided by the I/O busandthe network.

Network latency L(m,p) This parameterepresentshe time usedby the net-
work to move an m-byte datapaclet from the physicalmemoryof the sourcenode
to the physicalmemoryof the destinatiomode. It is a network-dependenparameter
which encapsulatethe performanceof the host /O bus, the network topology the
network technologyandthe network interfaceprotocol(or firmware)in use.Sincewe
modelthe network asa completegraph,the topologyandthe distancefactorscanbe
eliminated.In generalthevalueof L is subjectedo thetraffic loadingatarny particular
instantin arealnetwork. For example , whenroutingthe pacletsthroughthe network,
conflictstake placeif morethanonepaclet accessethe sameoutputline, andtempo-
rary buffering is neededThis delayaffectsthe overall network performanceerceved
by the users.The amountof buffer memoryinsidethe switchis assumedo be finite,
thus, the network cansustaincertainlevel of congestion.We modelthis phaseby a
bilinearfunctionunderthe congestion-freeondition,

L(m,p) = l(p) + m7(m, p) (2.3)

wherel(p) is afunctionrepresentinghe cumulate startupcostof this network trans-
ferandr; (m, p) is theavailablenetwork throughput.Both| andr;, areafunctionof p.
Routingapacletinvolvesutilization of somecentralresourcege.g. buffer controlunit
and forwarding control unit), therefore,contentionfor resourcesnay occurif more
than one routing requesthappenconcurrently The extent of this contentionis sub-
jectedto the switchinternalarchitectureanddifferentroutersmay behae differently.
Somenetworks may only have limited aggrgatebandwidth,they cannotservicetoo
mary communicatingpairsat a time andcontentionarises.So the allocatednetwork
throughputto the transferphasedepend®on the aggreatebandwidthof the network,
thenumberof communicatingpairsandthe volumeof the communicationthus,r;, is
afunctionof bothp andm.

I nter-packet receivegap g,(m)  This parametestandgor theminimumtimein-
terval betweertwo consecutie receptionsxperiencedy thereceving host,whichis
limited by the performanceof thel/O busandthe network technologyin use.Similar
to the g, parameterit is usedto delineatethe maximumpaclet arrival ratedelivered
by the network or the maximumservicerateof the network hardware. This parameter
hastwo uses. First, the inter-paclet receve gapreflectsthe CPU cyclesavailableto
handlearrived paclets, so this informationshouldbe takeninto consideratiorduring
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LMP design.For example,shouldwe implementanaddresdranslationmechanisno
supporttrue “zero-copy” on the receve path, or simply usinga one-coy semantic?
We canmake useof thereceve gapparameteto justify on variousdesigntrade-ofs.
Secondaswe cannotreceve morethanonepacket within the receve gap,this infor-
mationis particularlyusefulin designingcommunicatiorschedulesFor example,we
canusethis informationto schedulea collective operationwhich involvesboth send
andreceve events.
Sameasthe g, parameterthis receve gapis capturedoy alinearfunction,

gr(m) = go + Tom (2.4)

For simplicity, on a homogeneousluster we cangenerallyassumer; = 7, asboth
arerelatedto thetransfercapabilityof the network andthel/O bus.

Network buffer capacity B;, Resourcecontentionis the major causeof con-
gestion,which in turn, affectsthe delay experiencedby the applications. In reality,
congestions a factthatwe needto facewith. The B;, parametecorrespondso the
availablebuffer capacityin the globalrouter which is a measuref the network toler-
anceof the routerin handlingcontention.For a router/switch,we only have one By,
value, eitherit is associatedo the whole switchif it is a shared-bffered switch, or
is associatedo a switch portif it is aninput-bufferedor output-tufferedswitch. By
capturingthefinite capacityof the network buffers, algorithmdesignersancalculate
the network enduranceand avoid congestionloss with appropriatecommunication
schedules.

Asynchronous receive overhead O,(m)  This parameteicaptureshe software
overheadn handlingincomingmessagesAs thereis no centralcoordinatiorbetween
communicatingarties andthemessagesanbearrivedatarytime on paclet-switched
network; thus,messageeceptionis consideredasan asynchronousventwhich does
notinvolvethereceving processThis parametecaptureghecostsof all kernelevents
includinginterrupt,memorycopy andcontet switch, andits efficiencgy is affectedby
the processingpeedof the processoandthe lightweight messagingrotocolin use.
In our model,we expresst asalinearequation,

O,(m) = kK, + ,m (2.5)

In which k,. representshe minimal costof this asynchronousvent, suchasinterrupt
cost,buffer managemengndprotocoloverheadwhile 7,. mainly reflectsthe speedf
memorymovementbetweerdifferentmemoryregionsif needed.

User receive overhead U,(m) Dueto theasynchronousatureof thecommuni-
cation,the receving procesmeedso find somemeansto checkfor dataarrival, e.g.
polling, block & wake-upby signal,or hybrid approachesandconsumeshedata,e.g.
copy to othermemorysegment. This parametereflectsthe software overheadspent
by thereceving processfterarrival of paclets.In mostof the performancevaluation
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reports,dueto theartificial natureof the benchmarkprogramsthis parameters of in-
significantlylow cost. However, in reality, this overheadeflectsthe performancdoss
dueto impropercoordinationof communicatiorevents. For example,in a multi-user
environment,polling is a userlevel eventthatis affectedby theregular CPU schedul-
ing policy. If thereceving processannotbe scheduledrequentlyto poll for its data,
the overall performancenay degradesignificantly

Local Data Transfer

Memory copy overheads M., M, & M., Memory copy issuehasbeen
extensiely studiedin the past,andis beingclassifiedasa high overheadevent. To
avoid this overheadmostof the low-latengy communicationsystemshave removed
it from their protocolstacks.However, in reality, memorycopy operationsannotbe
avoided completely For example,somehigh-level communicationrschemesuchas
GatherandAll-to-all, requireto have theresultingmessagebereturnedn contiguous
memorybuffer. Thus,extra memorycopy operationsare needed.To quantify these
costswe provide threememorycopy parameters M ;., M.y, andM,,;,, t0 represent
the costsinducedby datamovementbetweendifferentmemoryhierarchiessuchas
the cache-to-cache&ache-to-memoryandmemory-to-memorylatamovement.

2.2.4 Simple Examples

Point-to-point communication For a homogeneousluster we generallyassume
thatg, ~ ¢, andsimplify the expressiorby ¢ = max(gs, g.). To take advantageof the
full-duplex communicationye assumehattheclustercommunicatiorsystensatisfies
this condition, (O, + O, + U,) < g < L. Thisassumptions generallytrue underthe
currentmicroprocessotechnologieandthe adoptionof low-latengy communication.
As aresult,underno conflict, the one-way point-to-pointcommunicatiorcost(7},2,)
in transferringan M-byte “long” messagéetweertwo remoteuserprocessess:

Tpop(M) =05+ (k—1)g+ L+ O, + U, (2.6)
wherek = % which correspond$o thefragmentatiorof anM-byte messagéo k data
pacletsof sizeb bytes. For optimal performanceb usuallystandsfor the maximum
transferunit (MTU) of theunderlyingnetwork technology Similarly, thebi-directional
exchangecommunicatiorcost(75.,,) betweertwo nodescanbe expressed@s:

Twchg(M) :Os+(/€—1)g+L+OT+Ur (27)

It is interestedio seethat both one-way and two-way exchangeshave the same
cost.Figure2.2 presentshe graphicalbreakdevn of thesepoint-to-pointcommunica-
tions andshows thatwhenfull-duplex conditionis met, both sendandreceve phases
canbe happeneaoncurrentlywithout interferingeachother Although O, is a high-
priority eventwhich alwayspreemptotheractvities,aswe have (O, + O, + U,.) < g,
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Figure2.2: Point-to-pointcommunicationsvith (O, + O, + U,) < g

the processois capableto performboth sendandreceve actities within one g in-
tenal. Thus,we seethat the bottleneckof the communicationfalls on the network
componentln theory their costswould remainthe sameaslong asthe bi-directional
network throughputis within the I/O bus throughputconstraint. The next example
will focuson how the assumptiorof the full-duplex conditionaffectsotherhigh-level
communicationissue.

Broadcastoperation This one-to-mag communicationpatternappearsin mary
parallel and distributed applications,thus, it is includedin most of the high-level
massage-passifdraries, e.g. MPI. Most of theselibraries implementthe broad-
castoperationon top of the point-to-pointprimitive with the tree-base@lgorithm. To
broadcastalong messagef sizeM bytes(largerthantheMTU), we simply repeathe
broadcastlgorithm % = k times. Basedon our communicatiormodel, we have
graphicallyconstructedhis broadcastcommunicatiorireeandpresenit in Figure2.3.

Thecorrespondingostformulaexpressedn our modelterminologyis:

Br(p) = ctm(M)+ Os+ g(k — 1)logap + (L + O, + U, + Oy)logap — Oy
= ctm(M) +logep (k—1)g+ L+ O, + U, + Oy) (2.8)
Theabove formulamodelsthecommunicatiorcostof sendinganM-byte message

thatresidesn anarbitraryvirtual addres®n nodel to p-1 nodes.Although, with this
parameteset,the full-duplex conditionis not reached, we find thatthereis no inter-

2U, includesanmtm copy soasto reconstructan M-byte messagédeforeforwardingto the user
process
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Figure2.3: Tree-basedbroadcasbperationexpressedn our modelterminologywith
p=16,L =4,9 = 2,0, = 1, O, = 1.5, U, = 0.5; however, the full-duplex
constrainttannotbe satisfied.

ferencebetweerthe sendandreceve events.In addition,we noticethatthe broadcast
root is the bottleneckof this communicatiorschedule.Neverthelesssinceno inter-
ferenceexists, this derived costformulashouldcover otherclusterconfigurationghat
satisfythefull-duplex condition.

Figure 2.4 delineateshe samebroadcastree that works on a different cluster
which exhibits differentcharacteristicsFromthis broadcastree,we identify thatthe
bottleneckregion of this broadcaspatternis atthe g”‘ processarbut not atthe broad-
castroot. Of the previous broadcastommunicationscheduleg(Figure 2.3), we find
no interferenceexistsin successie broadcastsuchthatthereceptionof the;** paclet
doesnotoverlapwith thetransmissiorof the (i — 1) pacletto its subtree But under
the new clustersetting,asshown in Figure 2.4, at processo® - the gth processoof
this broadcasevent, the transmissiorof the i** pacletis alwaysoverlappedwith the
receptionof the j** paclet for ary j > 4. With this obsenation,the new costformula
of this broadcaspatternunderthis new clustersettingbecomes:

Bi(p) = cm(M)+Os+ L+ (k—=1)- (0, + U, + (logap — 1) Oy)

+O0; + U, + Os + (logap — 1)(L + O, + U, + Oy) — O

= ctm(M)+ (k—1)- (O, + U, + Os + (logep — 2)Oy)
+logep (L + O, + U, + Oy)

= ctm(M) + (k — 1) (To + (logap — 2)O;) + logap (L + Tp)

= ctm(M) + (logep + k — 1)Ty + Llogep + (k — 1)(logap — 2) O,

(2.9)
whereTy, = O, + U, + O,
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Figure2.4: The samebroadcasscheduleon anotherclusterconfigurationwith g re-
ducedfrom2to 1

Whencomparingoothcostformulae we find thattheextraoverheadnducedby the
interferencebetweensuccessie broadcasts proportionalto the size of the broadcast
messagd€k). Hence,whenk becomedarge, the obsered delay on this broadcast
operationbecomedonger Interestingly one can determinewhich cost formula is
moreappropriateo their clusterconfigurationsy simply checkon the parameteset.
Obsenedthatno interferenceoccurswheneerthearrival interval betweersuccessie
broadcasts longerthanthe softwarehandlingcost,thus

O, +U, +0,+ (loggg — 1) x max (g, O;) < logap x maz(g, Oy)
= O, + U, + O < 2max(g, Oy)

Fromthis derivation, we concludethatif (O, + U, + Os) < 2g whenO; < g, or
(O, + U,) < O; wheng < Oy, costformula(2.8)is moreappropriateo estimatethe
costof this broadcasbperation.Otherwise usecostformula(2.9).

2.3 RelatedModels

The lack of the centralunifying modelin parallel computationas comparedto the
uniquevon Neumannmodelin the field of sequentiakomputationhasresultedin a
long debateof selectingthe representatie model(s)for parallelcomputation. Con-
sequentlythereexist enormousiumberof modelsfor parallelcomputation.Someof
themlook different,but wereshown to bequantitatvely equivalent[14]. Someof them
look similar, but they could be completelydifferent. In general,modelshave tended
towardsundesirablextremes.Ontheonehand,they areof highly theoreticalualities
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but be unrealisticor difficult to maponto real machines.At the otherextreme,mod-
els may be too machine-orientea@r complex which limit their long-termusageand
portability.

Bearin mindthatthedefinitionof themodelis "simplyan abstractview of a system
or a part of a systempbtainedby remaing detailsin order to allow oneto discover
andwork with thebasicprinciples' [43]. Ontheotherhand,thecompleity of design-
ing and analyzingparallel systemsrequiresthat modelsbe usedat variouslevels of
abstractiorthatarehighly relatedto the applicationcharacteristicsStrictly speaking,
it is hardto make a head-to-headomparisoron modelsasthey mayinvolve different
levels of abstraction.As our questfor a performancemodelis to have effective ex-
ploitation of commodityclustersfor high-performanceomputationso we focusour
expositionof modelsthatarebasedon the samearchitecturafoundationascompared
to ourcommunicatiormodel,aswell astargetingto a similar programmingabstraction
asweare.

The BSP Model It is thefirst to be calledasbridging model[105]. Essentiallyit
agreeswith the genericarchitecturaimodeldescribedabove, but requiresan extension
that providesefficient global synchronizatioron all processors.The performanceof
the BSP-styleprogramcanbe characterizedhy threeparametersp, L andg, wherep
standdor the numberof processorst. is the costof global synchronizationn unit of
time step;andg corresponds$o network throughputin termsof the ratio betweerthe
numberof local computationabperationgerformedper secondoy all processorsto
thetotal numberof datawordsdeliveredpersecondy therouter A parallelalgorithm
isexpressedn BSPmodelasasequencef parallelsupersteps=achsuperstegonsists
of a sequencef local computationstepsplus any messagexchangesfollowed by a
global synchronization. The cost of a single superstephaseis representedby the
formulaw + gh + L, wherew is the maximumcostof the local computatiornon each
processqgrand h is the maximumnumberof paclets both sentand receved by ary
processarThecostof theparallelalgorithmis justthesumof eachindividual superstep
costthatcomprisingthe algorithm.

Although BSP model doesnot explicitly stresson datalocality, the gh parame-
ter shawvs us how the importanceof datadistribution (locality) in influencingperfor
mance. Furthermore the gh parameteimplicitly capturesthe contentionissuebut
inadequatelyasin reality, g may be affectedundercongestiorcondition. Oneimpor-
tant performancefeatureit hasmissedout is the communicationcostrelatedto the
messagesize,asit doesnot distinguishbetweena messagef lengthkb andk mes-
sagesf lengthb, but in reality, this could be a significantfactorto the performance
predictionandanalysis. Anotherlimitation of this modelis the restrictedframevork
- superstepsassomeparallelapplicationscannotfit into this programmingstructure,
e.g. task-parallelmodel. The global synchronizatioroperationbetweensupersteps
would imposea stringentrequiremenbn the clustercommunicatiorsystem. This is
becausalmostall commodityclustersarenot coupledwith hardwaresynchronization
primitive, ary realizationof the global synchronizatiorhasto be doneby softwareap-
proach,which meanst would contendwith normaldatacommunicationsThus,this
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becomes costlyoverheadgespeciallythis operationappear®ncein eachsuperstep.

The LogP Model The LogP model[30] tendsto be more empiricaland network-
oriented.lts includesfour parameterso characterizéhe system:L, o, g andP, where
P standdor thenumberof processorgvolved;o representthe softwareoverheadas-
sociatedvith thetransmission/receptioof message!; is theupperboundonthe hard-
waredelayin transmittinga fixed but small sizemessagéetweerntwo endpointsand
g is the minimal time interval betweenconsecuiie messagingventsat a processaqr
which correspondso the network throughputavailableto the processar By simply
exposesthesearchitecturalparametersye candirectly derive the performance/cost
whenusingit to analyzeparallelalgorithms.
An interestingconcepif LogP modelis theideaof finite capacityof the network,

suchthat no morethan certainamountof messageé[ﬂ) canbein transitfrom ary

processopr to ary processoat ary time. And ary attemptsto exceedthe limit will

stall the processar However, the model doesnot provide ary clearideaon how to
quantify, avoid andtake advantageof this informationin algorithmdesign.Similarly,
LogP modeldoesnot addresson the issueof messagesize,even the worstis the as-
sumptionof all messageareof “small” size;however, this hasbeenaddressedntheir
follow-up study[31].

Despiteof the shortcomingthis modelis the pioneermodelthat breaksthe syn-
chrory of parallelexecutionasopposeo the PRAM model[37], eventhoughit is not
the first to do so. Consequentlyother studiestried to extendits capabilitiesto sup-
port moreconstructve features.For examples LogGP model[4] augmentghe LogP
modelwith alinearmodelfor long messaged;0GPCmodel[67] further extendsthe
LogGPmodelto includecontentioranalysisusingqueuingmodelonthek-ary n-cubes
network; LogPQ model[103] augmentghe LogP modelon the stalling issueof the
network constrainty addingbuffer queuesn thecommunicatiorines.

The Postal Model The Postalmodel[8] is similar to LogP modelwith the excep-
tion of more abstractlyexpressingthe network. The systemis characterizedy two
parametersn and\, wheren standgor thenumberof processorand\ representthe
communicatiorlatengy. Thecommunicationateny X is expressed@saratio between
totaltime spentin transmittingthe messagéom sendeto receverwith thetime spent
by the sendeiin initiating the transfer This ratio capturesoththe softwareandhard-
ware costs,and effectively reduceghe dimensionof analysis. Similarly, to simplify
the analysisthis modelsacrificeghe performanceaccurag by neglectingthe impor-
tanceof messagesize over communicatiorlateng. Therefore their costmodelsare
betterfor asymptoticanalysighanfor prediction,whenportingtheresultingalgorithm
to a particularplatform,significantefforts have to be madefor tuningthe algorithmfor
performance.

The C3 Model The C? model[41] comeswith the BSP superstepotion andalso
requirego have synchronizatioreventsbetweersuperstepsdowever, ontheselection
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of the performancgarameteset,this modeladoptsa tacticthatlies midway between
the Postaland LogP models,which explicitly expressingthe costsspentin sending
andreceving messagesThe uniquefeatureof this modelis the introductionof the
congestiommeasureso the performanceset,which measurghe congestiorover com-
municationlinks (C;) and congestionat the processor§C,). The authorsadmitted
that congestions difficult to evaluate,andthey approachedhis problemby a rather
phenomenalvay.

Obsened that congestiondependson the total amountof datasentbetweenall
processopairs(cong. Thismodelrelateshelink congestiorby simply estimatedhe
costasthe perprocessodelayin routing L, pacletsacrossthe bisectionwidth (b),
whichis sharedoy all processopairs(cong, i.e. C; = L, * (wf-"]. And theprocessor

congestions estimatedsC, = L, [CO% xh, wherehis theaveragalistancebetween

processors.Their rationaleis thata messagef size L, traversinga distanceh links
would competdor theresourcesvith othermessageat eachof theh — 1 intermediate

processorgherefords sloweddown by afactorof [C"’#W ateachprocessarHowever,

it is easyto find outthatthesecongestiormeasuresrequite unrealistic.For example,
themary-to-oneandone-to-mag communicationsuffer with the samedegreeof link
andprocessocongestionyhichis obviously nottruein real networks.

The CCM model Motivatedby the inadequag of BSP model and the restrictve
framavork, the Collectve Computing Model (CCM) [86] transformsthe BSP-
superstedramevork to supportmore high-level programmingmodel, suchas MPI
and PVM. Although CCM follows the superstegerminology of the BSP model, it
waivesthe requiremenbf global synchronizatiorbetweensuperstepshut combines
the messagexchangesand synchronizatiorpropertiesinto the executionof a col-
lective communicatiorfunction. As a result, this model providesa finite set (ﬁ) of
collective communicatiorfunctions,which sincerelymapsto the collective operations
foundin MPI. Besidesit aIsoprovidesaset(TF) of costfunctionsfor eachcollective
functionin F, suchthatperformancenalysiscanbe madeon thesecostfunctions.

As this modelis aimingfor a higherlevel programmingmodel,its abstractions
more closely resembledo thosecommonhigh-level message-passingogramming
interfaces;therefore,it consistsof a larger setof performanceparameters As these
performancearametersiredirectly relatedto someconcreteoperationsgquantitatve
analysisis thereforepossible andthe predictionquality is usuallyhigh, albeitthe in-
tricagy of the analysis.Besidesthe parametesetcanbe a usefultool for evaluating
message-passirgpftware. However, this approachonly contributesminimally in de-
signingefficient message-passidprary asthey cannotprovide informationto guide
on the designprocessasthey assumehatthe abstractmachinesupportshesehigh-
level primitives. Sincethis modelis orientedto a high-level model,it canactuallybe
built atopof existing abstractmodels.For example,to derive theTr set,onecanmea-
surethe performancef thosecollective operationglirectly out of theboxes,or we can
determinéfF from LogP modelor from C? model.



29

PhaseParallel Model This model[118] is similar to the BSPmodel,but function-
ally closedto the CCM model. Under this model, a parallel executionis divided
into sequencef phases.The next phasebegins only after all operationsn the cur

rent phasehave finished, however, thereare no synchronizatiorprimitive to enforce
this synchrory. Therearethreetypesof phase:(1) Parallelismphase- performspro-

cesgnanagement2) Computatiorphase executedocal computation|3) Interaction
phase- executesnteractionoperation. Thereis no stringentframework in confining
the sequence®f phasessuchthatan interactionphaseor anothercomputationphase
canfollow a computatiorphase However, differentinteractionoperationse.g. point-

to-pointcommunicatioror collective communicationmaytake differenttimes. There
is agenerakostformulafor aninteractionoperation:

m
Too(N)
which reflectsthatthe costof interactiondependon the messagdength(m), startup
overheadt,(n)) for anoperationinvolvesn processorsandtheasymptoticbandwidth
(re(n)) underthis communicationprofile. Likewise, to derive theseformulae for

differentinteractions,the authorsperformeddirect measurementen the target ma-
chines[117].

7ﬁinteract =1y (77,) +

Table 2.3 highlights theseabstractmodelsaccordingto the modelingframework
outlinedin the Section2.1. Althoughall thesemodelsarebasedn the samearchitec-
tural foundation,differentmodelshave differentlevels of abstractiorthat make them
look differently. In generalthey have thefollowing similarities:

0 Emphasizéheimportanceof communicatiorcostson this architecture.

O Assumefully connectedetwork andthe exactstructureof the underlyingcom-
municationnetwork is ignored.

0 Communicatioris basedon point-to-pointsemanticsyith the lateng between
ary pair of processorsoughlythe sametime for all cases.

O Performanceharacteristic®f the communicatiorsystemsare abstractedy a
setof parameters.

[0 Most of the describedcommunicatiormodelsare message-orienteguchthat
thelogical unit of transferis message.

Whencomparingour modelwith thesemodelswe noticethatour performancenodel
liesmidway betweertheBSPandPhasdParallelmodels andits functionalityis closed
to the LogGP model. However, our modelhassomeremarkablalifferencesascom-
paredto thesemodels. First, our modelis a paclket-orientedmodel. Therefore,t fa-
cilitatescommunicatiorpipelining andoverlappingof communicationsandprovides
more freedomin designingefficient communicationschedules.Second,our model
supportsimultaneouslgendandreceve operationdut doesnotassumehatthey are
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Related Programming Abstract Architectural Characteristics
Models Model Model Model
Bulk- PRAM or (p, 9, L, h-| generic architec-| Tightly-synchronized
Synchronoug Message-Bssing relationg ture + synchroniza-| computatiormode
Parallel Model or BSP tion primitive
programming65]
Postal Message-Bssing (n, A) generic architec-| Full connectvity;
Model Model ture simultaneou$/O
LogP Message-&ssing | (L,0,g,P) generic architec-| Implicit network con-
Model ture straint; overlappingof
computationand com-
munication
C3 Model Message-&ssing (p, s h, I, | generic architec-| Introduces congestion
Model Ci0, C()) ture + synchroniza-| overheads
tion primitive
LogGP Message-Bssing (L,0,0,G, P) | generic architec-| Supporiong messages
Model ture transfer
PhaseParal- | High-level (to, te, ty, p, | generic architec-| Includescostsfor col-
lel Model Message-Bssing | w, o, a) ture lective operationsand
Model processnanagement
LoGPC Message-Bssing LogGPModel | generic architec-| Contentiorfactoronk-
Model +Cr() ture ary n-cubesnetwork
Collective | High-level (P, F, Ty, P, | generic  archi- | Includescostsfor col-
Computing | Message-Bssing | Tp) tecture or BSP | lective operationsand
Model Programming machine or LogP | processnanagement
Model - MPI machine
Our Cluster | Message-Bssing (p, 050, gs0, | generic architec-| Packet-oriented;
Model Model 0.0, g0, | ture + paclet- | explicitly exposesnet-
U,(), L(), By, | switchednetwork | work constraint;
memcy() ) facilitatescommunica-

tion overlapping

Table2.3: Summaryof relatedabstractmodelswhich built on the samearchitectural
foundation.With simplemessage-passingodel,the programmingnterfaceis based
on the sendandreceve operationsor their variants. While for high-level message-
passingnodel,the programmingnterfaceincludessimplepoint-to-pointcommunica-
tion aswell ascomple collective communications.
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achievedin unit time step,e.g. Postalmodel. It dependon how well the full-duplex
rule canbeachieved,i.e. (O; + O, + U,) < g < L. Thisassumptiorhassignificant
impacton the performanceof somecommunicatioroperationsasin reality, interfer
enceexistsbetweersendandreceve events.Third, our parametesetincludescrucial
communicationissuessuchas messagesize, and network constraints g,, g, & By,
which capturethe communicatiorperformanceaswell ascongestiorperformanceof
thecommodityinterconnects.

2.4 Summary

In this chaptey we introducea simple communicatiormodelfor parallelcomputing
on the clusterplatform. The aim of our modelis for performanceanalysistogether
with the ability to be an algorithmdesigntool, i.e. feasiblefor compleity analysis.
In particular the mainobjective of this modelis for the developmeniof efficient high-
level communicatiomprimitiveson top of thoselightweight messagingystems With
this objective, we areableto developportableparallelprogramghatrun efficiently on
arangeof commodityclusters.

In the selectionof the modelparametersye have two slightly conflicting consid-
erations. First, the information reflectedby our model shouldbe easily assessable.
This is becausaet is uselesgo includefeatureshatappearto be simple but are diffi-
cult to quantifyin practice.For example,if onewantsto reflectthe costspenton the
DMA transfer one needsto rely on the hardware supportssinceno simple software
solutionis available. Second,we mustconsideron the weighting factor of a target
architecturaffeatureon the performancedssue. This is becausefor the performance
tuning aspectwe aretemptedto provide moredetails;however, anoverwhelmingset
will betoo tediousfor practicalanalyticaluse. We believe that the useof the model
in algorithmanalysisshouldbe donestraightforvardly andeasily wheneer the users
areprovided with somesystematianeansof analysis. Therefore emphasithasbeen
madeon the derivation of our model parameterdy software approachwhich is the
key to the whole analyticalprocess. Basedon thesemeasurablgarametershigher
level primitivescanbebuilt or analyzedandtheseprimitivescanalsobe usedassome
high-level performancgarameters analyzingcomplicatedapplications.

In our model, communicationeventsare abstractecas somemeansof local and
remotedatamovementsandeachmovementshouldhave anassociated@ostandmay
berelatedto the lengthof the dataitems. To berealistic,we have includedarich pa-
rametersetto the model; however, the usedof thoseparametersre subjectedo the
tamget level of abstractiorthat we are going to work on. Therefore,undersomecir-
cumstancesa few performancearameterareprovedto beadequatdéor modelingthe
parallelsystem.And on otheroccasionsthereareotherissueshatneedto be studied
or includedfor makingthe correctjudgment.For instanceusinga simplelateng pa-
rametemay be goodenoughto capturethe costof the point-to-pointcommunication,
but is too simplefor explainingthe mary-to-oneor mary-to-mary issues.

Whencomparedo othermodels,we opt to exposethe contentionissueexplicitly
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andcapturethemin our parameterse.g. the network lateng andbuffer capacitypa-
rametersthusenhanceheprogrammersawarenes®nthecontentionssuesBesides,
our modelfacilitatescommunicatiorpipelining and overlappingof communications,
whichis usefulfor accuratgperformancenalysisaswell asfor designingof efficient
communicatiorschedules.



Chapter 3

Performance Signhatures

Thedesigngoal of our communicatiormodelis for performancainderstandingf the
clustercommunicatiorsystem,which is driven by a lightweight messagingprotocol
on a commodityinterconnect.As advancesn networking technologydemanddgor a
low-overheaccommunicatiorsystem thatdeliversthe bestperformanceo high-level
applications. When designinglightweight messagingystems systemdesignersare
facingwith designoptionsthataffecttheoverall performancesuchasbalanceof work-
load betweendifferenthardwareresourcesor supportmultiprogrammingversededi-
cateduse,etc. However, somedesignissuesmay turn out to have seriousimpedance
on the performancehan otherswhen porting acrossdifferentnetwork technologies.
In this chapter we shov how our communicatiormodelis usedto delineatethe per
formancecharacteristicef alightweightmessagingystemaswell asto calibratethe
performanceesultsandassessariousdesigntradeofs.

We first give a generalintroduction on the samplelightweight communication
packagethe DirectedPoint. Next, we characterizeéhe performancef DirectedPoint
protocolwith respecto our parameteset. During the analysiswe arecomparingtwo
differentimplementation®f DirectedPointthatbasedon differentnetwork technolo-
gies,andwe commenton their relatve strengthandweaknessWe thenmalke useof
the availableinformationto evaluateandanalyzeon the obseredthroughputof these
communicatiorsystemsFinally, we summarizeheresultsof this chapter

3.1 DirectedPoint

Directed Point (DP) is a kernel-level lightweight communicationsystemthat aims
at supportinghigh-performance&ommunicationn a multiprogrammingernvironment
over a broadspectrunof commodityinterconnectsThe adoptedorogrammingnodel
of DP is the messaggassingmodel,in which dataare exchangedetweencommu-
nicating pairs by explicit sendandreceve operations. Although the DP abstraction
modelsupportgroupcommunicationshey arebeingrealizedwith matchingsendand
receve calls,e.g.dp_write()anddp_read() This send-receie paradigmsupportsun-
reliable,asynchronousommunicatiorbetweencommunicatingprocessesThe users
needto implementareliablelayeratopof DP if they wantto work directly onthe DP

33
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messagindayer. Besidesiit is the usersresponsibilityto handlethe fragmentation,
re-assemblymultiplexing anddemultiplexing of messagesDP providesa simplebut
flexible interfacesfor systemdevelopersto build efficient high-level communication
interfaces.

The systemarchitectureof DP consistsof threelayers- the DP Application Pro-
gramminglInterface (DP API) Layer in the userspace,the DP ServicesLayer and
the DP Network InterfacelLayer in the kernelspace.The DP API Layer consistsof
lightweight systemcalls and userlevel function calls, which are operationgprovided
to the usersto programtheir communicatiorcodes.The DP Network InterfacelLayer
consistsf network driver modules.This layeris responsibldor all hardware-specific
messagingetup,and signalingthe hardware to receve/inject message$rom/to the
network. Currently supportednetwork driver modulesinclude Intel EEPro, Digital
21140A,3Com905CFastEthernetHamachiGigabitEthernetandFOREPCA-200E
ATM.

The DP ServicesLayer implementsservicesfor passingthe paclets from user
spaceto the network hardware,aswell asdeliveringthe incomingpacletsto the user
spacebuffersof thereceving processesThislayerrealizeghe DP messagingrotocol
andis hardwareindependent.To supportasynchronousommunicationa dedicated
buffer is pre-allocatedo eachDP endpoint,which storesincomingmessagethatare
directedto this endpoint.In DP abstractiormodel,anendpointis the network abstrac-
tion for addressing@ communicatiorpartner Although DP supportsdynamicbinding
of the sameendpointto differentpartnersat a particularinstant,eachendpointcorre-
spondgo onecommunicatingoartneronly.

Thededicatedufferis namedasTokenBuffer Pool (TBP) andis afixedsizemem-
ory area. EachTBP is sharedby the kernelandthe associategrocesghroughpage
remappingwhich eliminatesthe delay causedy datacopying from the kernelspace
to userspaceduring the receptionevent. However, on the transmissiorevent, DP
writes the messagedirectly to the NIC addresspacewithout usingthe TBP. Oneof
the designstratgiesof DP is the efficient utilization of memoryresourcesincoming
message® the sameendpointarequeuedat the TBP in the form of FIFO linkedlist,
with eachsegmentcorrespondso a variable-lengthmessage.

With the DP messagingprotocol, to adhereto the message-passirgemanticof
sendingmessagefrom ary arbitraryaddressanddeliveringthemto ary arbitraryad-
dresswe needto have onememorycopy operationto move the datato a DMA-able
memoryregion onthe sendesside,andtwo memorycopiesfrom the DMA-able mem-
ory regionto the destinatioraddres®n therecever side. And thewhole datatransfer
scenaricof DP is summarizedn Table2.2 of Section2.2.

3.2 The Performanceof DP

We make useof two implementation®f DirectedPointto demonstratéow our com-
municationmodel could be usedfor performanceevaluationand analysis. As the
model parametersepresensomeforms of softwareoverheadsandhardwarelateng,
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changesn communicatiorhardware and software are beingrevealedby the changes
in thesemodelparametersThis givesusbetterinsightson the performancempactsof
variousdesignchoices.

We have two clustersthataredriven by two differentEthernetmplementation®f
DirectedPoint,oneis a FastEthernetcluster(FEDP)andthe otheris a GigabitEther
netcluster(GEDP).The FEDPclusterconsistsof 16 PCsrunningLinux 2.0.36.Each
nodeis equippedvith a450MHzPentiumlll processowith 512KB L2 cacheantel
440BX PIIX4e chipsetthat supportsa 66/100MHz systembus, 128 MB of PC100
SDRAM, andusesaDigital 21140AFastEthernetadapteffor high-speedommunica-
tion. Thewhole clusteris connectedo a 24-portIBM 8275-326FastEthernetswitch
which has5 Gbpsbackplanecapacity For the GEDP cluster it consistsof four Dell
PoverEdge6300SMP senerswith four Pentiumlll Xeonprocessorsharingl GB of
EDO memory The Xeon processoconsistsof 512KB L2 cacheandoperatesat 500
MHz. This Dell systemis usingthe Intel 450NX controllerchipsetwith a 100 MHz
front-sidebus andhas64-bit 33 MHz PCI slotsfor the interconnectsAll senersare
runningon Linux 2.2.12kernel. In addition,eachsener is equippedwith onePacket
EngineG-NIC Il GigabitEthernetadapterandis connectedo the Packet EnginePow-
erRail2200GigabitEthernetswitch,which hasa backplanecapacityof 22 Gbps.

To review the performancassuesrelatedto high-speeccommunicationwe have
performeda seriesof microbenchmarkestson theseclusters. To achieve beyond-
microsecongrecision,all timing measurementarecalculatedoy usingthe hardware
time-stampcounterdn the Intel Pentiumprocessorslf applicable all datapresented
in this sectionarederived from a statisticalcalculationwith multiple iterationsof the
samebenchmarkoutine. Eachtestis conductedwith at least200 iterationswith the
first and last 10% of the measurediming excluded. Only the middle 80% of the
timingsis usedto calculatetheaverage.

3.2.1 Latency with PerformanceBreakdownns

By executingthe associatedhenchmarkoutines(AppendixA), we constructa setof
model parametergor the two clusters,asshown in Figure 3.1. In the figure, there
aretwo setsof parametergor the Gigabit Ethernetimplementation(GEDP), oneis
obtainedwhenusingan SMP kernel,i.e. with the SMP supporton the Linux 2.2.12
kernel (GEDP-SMP),and the otheris without SMP support(GEDP-UP),i.e. uni-
processomodeon an SMP sener. The purposeof this comparisonis to reveal the
differencesn performancavith respecto differentOSmodesandhardwareplatforms.

The O, parameter With DP messaginglibrary, the O, parameterreflects the
time usedby the host CPU to initiate the transmissionwhile performingthe send
(dp_write() operation. Figure 3.1(a) shavs the costassociatedvith the dp_write()
operation. It involvesa lightweight systemcall anda cross-domairdatamovement.
We seethat the processorspeeddoesaffect the software costwith 500MHz Xeon
processoperformsmarginally betterthanthe 450MHz Pentiumlll processqrasboth
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Figure 3.1: Performancebreakdevn of two DP implementations- Fast Ethernet
(FEDP)andGigabitEtherne{ GEDP)expressedn theform of our modelparameters.

(f) Inter-pacletreceve gap: g,
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Figure3.2: Single-triplateny performancevith back-to-backBTB) connection

hardwareplatformsareoperatedvith a100MHz systenmbus. However, the prevailing
softwarecostof the O, parameters comingfrom the datamovementoverheadn the
sendoperation.We believe that with the DP protocol,any improvementin processor
speedwvould be offsetby the datamovementcost; hence usinga systemwith a faster
systembusandmemorysubsystenwould benefitmost.

Neverthelesswe seethat DP still managedo minimize the sendoverheadand
achieve goodperformancen driving both networks, especiallyit looks promisingon
the Gigabitcommunication.For example,the costto senda full-size Ethernetpaclet
is about7 us underthe SMP OS, while the theoreticalspeedn transmittingsuchan
Ethernetpaclet underGigabit performanceas around12.3 us. Therefore,an actve
sendingprocesscould saturatethe network by continuoustransmission.Lastly, ob-
sened from the GEDP measurementsyith the SMP mode,thereis an extra 0.5 us
overheadassociatedo it dueto thelocking mechanisnior integrity control.

The O, parameter Whenexaminingthe O, parametem Figure3.1(b),we find that
the costassociatedb this parameters proportionalto the messagsize,andthemem-
ory copy overheads higherthanthatin the caseof the O, parameter This reflects
the differentnatureof the memorycopy operation.For example,in the microbench-
mark testof the O, parameterthe involved memorycopy operationis a M, op-
eration,while for the O, parameterit involvesa M,,;,, operation. Besideswe find
thatthe SMP kernelhasan extra 20 u.s overheadaddedon to the GEDP-SMPwhile
both GEDP-UPandFEDP-UPhave similar performanceThis is alsoobseredin the
single-triplateny of the GEDP asshawvn in Figure 3.2, which is measuredvith the
traditionalpingpongtestwith back-to-backconnection.Thereis a large performance
gap appearingoetweenthe two OS modes. We concludethat this extra overheadis
inducedby the supportof symmetricl/O andlocking mechanisnin the SMPkernel.
Besidesthe SMP overheadwe also obsere that the currentarchitectureof this
Gigabit Ethernetadapterhasa limitation on the achievable performance.Due to the
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lack of intelligencenetwork processqrincoming messagesre not deliveredto the
userprocesdlirectly. Insteadthey aremovedby the DMA engineto a pre-allocated
network buffersarea.Thisrequiresanextramemorycopy donein theinterrupthandler
to deliverthe messageto the destineduserprocess.The one-cojy costtogethemwith
the interruptoverhead(~ 8 us) would becomea threatto the overall performance,
e.g. thetotal interruptcostfor afull sizepacletis 19.7 us underGEDP-UP This O,
overheads larger thanthe theoreticaltransmissiordelay of Gigabitnetwork. Thus,
would hinderon theachievableperformance.

Thereare several methodsto work out this problem. First, introducesa network
processoto the network adaptesuchthatit canbeprogrammedo movetheincoming
messagedirectly to their destinedouffers. Thisapproachs takenby otherlightweight
messagingystemgshatbuilt on top of Myrinet or Giganet[39], e.g. BIP andFM 2.x.
Thus,theinterruptanddatamovementoverheadsanbe eliminatedcompletely How-
ever, almostall commodity Gigabit/FastEthernetcardsdo not provide the luxury to
solve this problem. This is becausdaving a network processotogetherwith the as-
sociatedSRAM is so expensve that the costof the memoryis roughly half of the
productioncost. Fromthecommercialpointof view, thisis notjustifiablefor improve-
mentof justafew microseconds.

Anothermethodis by the mitigationof interruptoverheadhroughmultiple paclet
receptions interruptcoalescingMost GigabitEthernetadaptergrovide amechanism
to performtuningontheinter-interruptgap. For exampleswait until therearex incom-
ing pacletsbeforeraisethe interruptsignal,or hold off any pendinginterruptsuntil y
us haselapsedsincehandlinglast paclet. The GAMMA messagingystemtakesa
slightly differentapproach Wheneer the network adapterraisesthe interruptsignal,
the GAMMA protocolblocksoff furtherinterruptsby clearthe processos interrupt
flag. By thisway, theinterrupthandlemanuallycheckson furtherarrival of incoming
messageandhandlesthemin oneshot. But this methodonly works underUP ker-
nel. Neverthelessinterruptcoalescings usefulin casesvherepacletsarearriving in
back-to-backbut comesat the expenseof increasegerpaclet lateng.

The U, parameter Sincethetokenbuffer poolis accessibldy bothkernelanduser
processedhereceving processansimply checkonthe TBP for picking up andcon-
sumingthe messages.As theseare donein the userspace,no kernel eventssuch
as block and wake-up signalsare needed. Figure 3.1(c) shows the U,. costof pick-
ing up a DP messagalirectly from the TBP without ary datamovementor system
call overheadsConstanbverheads(.34 us, 0.06 s and0.07 us weremeasuredor
GEDP-SMPGEDP-URandFEDR respectiely.

Moreover, U, is not necessarilya constantalue. With realcommunicatiorevents,
we needto emplgy anothermemorycopy operationto move the datafrom the TBP
to the destinationbuffers. This is becauseéhe TBP is a pre-allocatednemoryregion
dedicatedfor incoming messageshence,it doesnot directly conformto the desire
message-passirgemantic. Besides consecutre messageare storedin TBP, which
arenotalignedin contiguousnemoryregion. To re-assembléong messagepneneeds
to re-constructhe messagesegmentsbackto onelarge trunk. Therefore,anadd-on
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M, softwarecostis expectedor eacharrivedseggment.On the GEDPplatform,this
costsanextraoverheadf ~ 10 us for a 1500-bytepaclet.

The g, and g, parameters Figure3.1(e)and(f) showv two othernetwork-dependent
parametersthey arethe inter-paclet transmitgap g, andinter-packet receve gapg,..
Tojustify theirrelatve performanceall parameterarecomparedvith theirtheoretical
limits. Looking atthe FEDPdata,we find thatwith modernPCor sener hardwareand
lightweightcommunicatiorsystemwe areableto drive the FastEthernemnetwork to
its full capacity For example themeasured, andg, for m= 1500bytesis 122.75us
and122.84us, while thetheoreticatransmissiorspeeds 123.04us. This meanghat
thecritical pathof the communicatiorsystentalls on the FastEtherneinetwork.

For the GigabitEthernetdueto the 10-fold increasan network speed)imitations
within the hostmachinestartto pop up. The graphwith ¢g,-GEDP data(Figure3.1e)
shaws thatthe network adaptercannottransmitdatain full gigabitperformance.The
measured, valuefor m = 1500 bytesis 18.76 us but the theoreticalspeedis 12.3
us. Sincethe valueof g, reflectshow fastcanthe network adapterinject a paclet
into the network, we clearly seethatthereexists somebottleneckproblem.To explore
the problemfurther, we have performedsomeinvestigationson this area,and find
thatthe problemseemgrelatedto the PCI performancegven thoughour Dell sener
is equippedwith a 64bit 33MHz PCI bus. It is known that inefficient useof the PCI
bus would resultin poor system/netwrk performancg48]. Factorssuchasthe PCI
burst size and the PCI lateng time are of the mostimportance,sincethey canbe
directly manipulatedby the systemprogrammer In our experiments,we variedthe
burstsizeandlateng time, andconductedur standardnicrobenchmark$o measure
theresultingg, andg, values.Figure3.3(a)shavs the differencesn g, valuesunder
differentPClI settings. It is clearthatthe PCI settinghassignificantinfluenceon the
resultingg, values.Fromthe experimentakesultswe find thatthesettingof PCl burst
sizehasa paramouneffectonthe g, value,while thelateng time looksquiteinerton
our tests.For example,the bestnetwork performances obsenedwith PCI burstsize
using64 d-words(256 bytes)with differentlatengy settings.

A similar patternalsoappearsn the g.-GEDPdata,but the problemis notasclear
asthatof the g, parameterWe find thatthe measuredj, valuefor m = 1024 bytesis
10.6 s but thetheoreticalgapis 8.5 us; onthe otherhand,the measured;, valuefor
m = 1500is 12.6 s while the theoreticalgapis 12.3 us. Althoughwe still obsene
thevariationof g, valuesunderdifferentPCl settings(in Figure3.3(b)),it appeargo
belessdrasticthanits g, counterpartandthe measuredesultslook quiteindependent
of the burst size and lateng time. Part of the reasonmay be dueto the difference
in readandwrite performanceof the PCl bus, in particular underthe Intel 82450NX
chipset[49]. For example,the obsened throughputfor PCI read (from memory)is
approximatelyd7% lessthanthe PCI write (to memory)throughputon a 64-bit PCI
bus.

The L parameter Whenlook attheL paramete(Figure3.1(d)),thederivednetwork
lateny of the GEDP with back-to-backconnectionis 6.9 s for a 1-byte message,
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while the network lateny of the FEDP with back-to-backconnectionis 9.9 us for
the samesize message.We obsere that the add-onlateny by the GE hardwareis
much higherthanthat of the FE, whencompareto the theoreticalwire delayfor the
smallestpaclet sizeof the GE andFE, which are0.67 ;1s and6.7 us respectiely. In
addition,the time gapsbetweenhe network latengy measurementwaith FEDP back-
to-backand FEDP throughswitch, and betweenFEDP back-to-backandtheoretical
FE speedarealmostconstantwhile the correspondinggapson the GE platformseem
to beincreasingvith themessagsize. Thisindicateshatthereexistssomestore-and-
forwardstage(splongthe GE network path.

Lastly, Figure 3.2 compareshe single-trip latengy of the two DP implementa-
tions. To avoid add-onatenciesrom theswitcheswe connectwo nodeshack-to-back
andmeasurdheir single-triplatencies.The GEDP-UPachievessingle-triplateng of
16.3 us for sendingl-byte messagewhile GEDP-SMPachieves33.4 s and FEDP
achieves20.8 s respectiely.

Fromtheabove analysiswe obtaintwo setsof performancenetrics,which clearly
delineatehe performanceharacteristicef thetwo DP implementationsln summary
the host/netvark combinationof the FEDPimplementatiorhasthe performancdim-
itation on its network component.This is beingobsered by comparingthe Oy, O,.,
and U, parametersith the g,, g, andL parameters.And sincetheir performance
characteristicsatisfy the full-duplex condition,i.e. (Os + O, + U,) < g < L, we
candirectly adoptthe previous definedpoint-to-pointcommunicatiorcosts(Eq. 2.6
& 2.7)whene&erwe wantto evaluateon its long messag@erformanceMoreover, the
host/netvark combinationof the GEDP implementatiorhasthe performancdimita-
tion not falling on the network component.For instancethe O, parameters higher
thanthe g, and g, parametersor both GEDP-SMPand GEDP-UR which meansthe
performancéottieneckmayfall on this region. Therefore whenpredictingtheir long
messageerformancealternatepoint-to-pointcommunicationcost formulae are re-
quired.For example,sincethebottleneckstagefalls onthereceve phasethenew cost
formulafor predictingthe one-way point-to-pointcommunicatiorcostof the GEDP-
UP implementatiorbecomes:

Tpr—GEDP—UP (M) ~ OS + L+ k(OT + UT) (31)

3.2.2 Uni-dir ectional Bandwidth

In this sectionwe aregoingto explorethe one-way bandwidthperformancef thetwo
DP implementationsvith respecto differenthardwareandOS mode.In theanalysis,
wetry to applytheacquiredknowledgefrom the above sectionto explain andevaluate
themeasuregberformance.

Two setsof uni-directionabandwidthmeasurement®r eachDP platform- FEDR
GEDP-UPand GEDP-SMP are presentedn Figure 3.4. To calculatethe raw DP
bandwidth,we measurehe time spentin transmittingl0 MB datafrom oneprocess
to anotheremoteprocessplusthetime for thereceve procesdo sendbacka 4-byte
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acknavledgment By subtractinghemeasuredime with thesingle-triplateng of a4-

byte messageye calculatethe achiezedbandwidthasthe numberof bytestransferred
in the testdivided by the resulttiming. As DP supportsunreliablecommunication
only, we have implementeda simple Go-Back-N protocol on top of DP to provide

flow controlandsupportlimited reliablecommunication Sinceall the protocolworks

aredonein the userspacejt hasadd-onoverheadso the O, andU, parametersFor

example,the O,-GEDP-SMPvaluefor sendinga full load pacletis increasedrom 7

us to 12 us. To calculatethe flow-controlledbandwidthof DP, we performeda setof

testssimilar to whatwe have doneto obtaintheraw DP bandwidth.

Fromthefigure, we seethatthe maximumachiezed bandwidthfor GEDPis 79.5
MB/s, which is the raw DP performancenmeasuredinderthe SMP kernel. Underthe
UP kernel,theraw GEDPachiazesatmost75.2MB/s. Despitethe factthatthe SMP
kernelhasa higherO, overheadjt hasa betterthroughputthanthe UP kernel. This
shawvs the advantageof sharingthe token buffersbetweerthe kernelprocessaanduser
process.Underthe UP mode,the userprocesscanonly pick up its arrived messages
after the interrupt threadreturns,so the whole interrupt overheadis includedin the
delay calculation. However, with the SMP mode,we have more CPU resourcesand
the userprocesscan checkout its messagesven beforethe interruptthreadreturns.
This is becausavhenthe receve procesggetsthe CPU cyclesanddetectsthat there
arearrived messagesi canimmediatelyconsumethe shareddata. Besides,dueto
the largeinterruptoverheadon SMP kernel,it is likely thataninterruptthreadwould
pick up morethanonearrivedpaclket. Hence,n longrunwherepacletsarearriving in
back-to-backthis effectively amortizegheinterruptoverheacacrossmultiple arrivals.

For the FEDR the achiaved maximumraw DP bandwidthis 12.2 MB/s, which
is 97% of the FastEthernettheoreticalperformancewhile the raw GEDP-SMPper
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formanceonly achiares63.6%o0f the theoreticalgigabitthroughput. This shavs that
therearelimiting factorsin the hostmachinesvhich hinderthe GE performanceWe
have seenin Figure3.1(e)thatthe network adapteicannottransmitdatain full gigabit
performanceby dividing the payloadsizewith the corresponding, value,we have a
usefulmeterto estimatemaximumperformanceve canget. Take thevalueof g, =18.7
s atm = 1500bytesasanexample,we find thatthe maximumtransmissiorthrough-
putis around80MB/s, which is closely matchedwith the GEDP-SMPmeasurement.
Similarly, if we assumehatthe bottleneckis onthe O, part,let’stake thevalueof O,
= 19.7 us for m = 1500 bytes,we shouldhave the transmissiorthroughputbounded
by 76 MB/s. Again, this is closedto the measuregerformanceon GEDP-UP From
theseanalysiswe canconcludethatthe performancef the GEDPis limited by the g,
parametewhenoperatesinderthe SMP kernel,but the bottlenecks shiftedto the O,
parametewhenoperatesinderthe UP kernel.

To reveal how muchimprovementwe could achieve if we adopta zero-coy se-
manticin the sendpath, we have done someteststhat simulateda zero-coy send
operation (simply by remaving the memcpy(pperationandsendingout garbagecon-
tent). Theresultingsendgap(yg;) is approximatelyl6.4 us for m = 1500bytes,which
would correspondo a bandwidthof 91.5 MB/s. By eliminating the memorycopy
operation,it shouldonly affect the O, parameter However, we find that the g, pa-
rameterhaschangedoo. This simple experimentsuggestedhatthe g, parameteis
sensitve to otherbusactuities, sincememorycopy operationnvolvesbustransaction
on the systembus, which in theory interfereswith the otherdatamovementson the
busnetwork.

With the add-onreliablelayer, the FEDP performsalmostasgoodasthe raw per
formancefor mediumto large-sizedmessageswhich achiezesa throughputof 12.1
MB/s. But for the GEDR the higherprotocoloverheaddoesaffect the overall perfor
mance,especiallyunderthe UP kernelmode. Our resultshows that underthe SMP
mode,the maximumachiezed GEDP bandwidthwith flow controlis 77.8 MB/s, with
anaveragedropof 3.4%performancédor the pacletsizerangedetweernlK and1.5K
whencomparedwith the raw speed.While for the performancaunderUP mode,the
maximumachiezed bandwidthwith flow controlis 65.2MB/s andthe averageperfor
mancedropis 13%of theraw speedor thesamedatarange.This furthersupportsour
argumenthattheperformancef GEDP-UPis moresusceptibléo softwareoverheads.

3.2.3 Bi-dir ectional Bandwidth

Most networks supportbi-directionalcommunicatiorandlots of communicatiorpat-
ternsrequireconcurrentsendand receve operationso achieve optimal results,e.g.
completeexchangeoperationshift operationfree-basetroadcastetc. We extendthe
testsusedfor uni-directionalbandwidthto evaluatethe communicatiorperformance
of the bi-directionalcommunication.During the experiment,two nodesareinvolved
in eachtest,but they areboth senderandrecever. To measurehe raw bi-directional
bandwidthof DP, both processearesynchronizedy a barrieroperationbeforestart-
ing the exchange.We measurdahe time spentby eachprocessn exchangingl0 MB
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of data,and calculatethe bandwidthby dividing the exchangemessageize with the
measuredime. Similarly, we performthe samesetof testswith the add-onreliable
layer Whentestingthe bi-directionalbandwidthon the SMP kernel,we alsotry to

exploretheeffect of usingmultiple CPUsin driving the communicationWe have per

formeda setof testswith two threadperprocessyhich sharethe sameDP endpoint,
onethreadtakesup the job asthe sendemwhile the otheractsastherecever. All the
experimentakesultsaresummarizedn Figure3.5.

For the GEDR thebestbi-directionalperformances obsenedto beabout58 MB/s
per processwhich is measuredvith raw DP using multi-threadmode on SMP ker-
nel. Comparingwith the uni-directionalbandwidth we have a performancdossof 22
MB/s, whichis a27.5%dropof the peakpoint-to-pointperformanceWe attributethis
performancdossto thecontentiononthePClandsystenmbusesasthereareconcurrent
DMA transfersto andfrom the hostmemoryaswell asmemorycopy operationson
bothsendandreceve phases.

Whencomparedvith thesinglethreadnodeon GEDP-SMPandGEDP-URwhich
only achiere 47 MB/s per processwe believe that the software overheadnducedin
the concurrensendandreceve operationss the main causeof this performanceoss.
Thereforewith theadd-onreliablelayerthataddsmoresoftwareoverheadijt is sensi-
bleto seethatall GEDP-FCperformancesuffersmore.However, it is surprisingto find
thatthe bi-directionalperformanceof GEDP-SMP-FGwith multiple threadsupportis
worsethanthesinglethreadmode.This performancelifferencas comingfrom theex-
tramemorycontentionandsynchronizatiomeededn accessinghareddatastructures
on the reliablelayer asboth threadsare concurrentlyupdatingthesesharednforma-
tion. Finally, similar to the conclusionasappearedn the uni-directionalbenchmark,
the performanceof the FEDP on bi-directionalcommunicatiorhasachiezed a near
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optimal result,which attains12.1 MB/s per processon the raw bandwidth,and11.7
MB/s perprocesswith theadd-onflow controlsupport.

3.3 Summary

Focusingonissuegelatedio performanceinderstandingye shawv thatby benchmark-
ing thecommunicatiorsystemn a structuralway, we cansmoothlyconstructalogical
breakdaovn of the communicationsystem. As individual componentgorrespondo
certainarchitecturafeaturesit is easierto exploretheir strengthandweaknessassess
designtradeofs, andsuggestemedyactionsif appropriate.

The FEDPimplementatiorshavs thatadditionalmemorycopy performedn arel-
atively high-speedostcauseso performancelegradationwhile driving a slow net-
work. On the contrary evenwith a high-endsener, whenapplyingthe samemecha-
nismon a high-speecetwork, the DP protocolfails to drive the Gigabit Ethernetin
full speed.Thereforewe believe thatwhendesigningightweightmessagingystems,
oneshouldconsiderthe performancegapsbetweenprocessqgrmemory andthe net-
work, especiallyshouldhave somevisionson the future development. Although the
above analysisshows that part of the GEDP deficieny is coming from the PCI per
formance the evaluationresultalsodemonstratethattherestill have roomsfor usto
furtherimprove its performancegspeciallyon the bi-directionalbandwidthwhich is
involvedin mary collective operations.

Basedon our modelparameteset,it shavsthatthedatamovementontheO, and
O, parametersaffect the overall performancen the Gigabit communication. Thus,
further reductionof the protocol handlingoverheadqO;, O, & U,) areneeded.In
particular asdatamovementsareinevitable, one shouldfocuson coordinatingthese
datamovementto minimize the memorycopy costs. Besidesof the datamovement
overheadtheinterruptoverheadsireshovn asanothemweakpointin currentsituation.
Although interruptcoalescingnay improve the overheaddor long messagest also
increaseshe perpaclet lateng; thus,is not goodfor small sizemessageaswell as
infrequentcommunicationsOneshouldadoptsomeheuristicmethodto dynamically
handletheinterruptissuein amoreefficientway.

The above analysishasfocusedon the point-to-pointissueover a lightly loaded
network, therefore the network congestionssueis not addresseget. Networks re-
actto congestionn differentways,dependingon the switch hardwareaswell asthe
adoptedcommunicatiomprotocol. In next chapter we aregoingto extendour perfor
mancestudiesfrom the point-to-pointanalysisto a highly congesteccommunication
patternthe mary-to-onecollective operation.
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Chapter 4

Congestve Losson High-Speed
Communication

Understandinghe contentionphenomenoris crucialto high performanceomputing,
ascontentioncanhappenin the hosts,network links andwithin the routers. Further
more,thedegreeof contentiorhasadirectimplicationon the sustainablg@erformance
for a particulararchitecture-applicatiopair. Differentcombinationof hardwareand
software, togetherwith differentcommunicationpatternsand schedulesnay stimu-
late differentcongestiorbehaior. Thesemake modelingof congestiorbehaior ona
globalcommunicatioreventa challengingask. Althoughdirectquantifyingthetarget
architecture-applicatiopair could tell usthe degreeof performancdossinducedby
the contentionjt doesnot provide informationon the actualphenomenothatinduces
theloss.

In this chapterwe arefocusingonthe congestiorbehaior of thoseEthernet-based
lightweight communicatiorsystemsunderheavy congestie lossproblem. In partic-
ular, we try to modelthe error pathof a userspaceGo-Back-Nreliabletransmission
protocol,whichis built ontop of the DirectedPoint(DP) low-latengy communication
system.During the modelingexerciseswe identify salientfeatureshat enhanceour
understandingn the paclet loss problem,andtherefore,are relevant for the design
andanalysisof “contention-friendly’communicatiorschemes.

We start this chapterby discussingthe importanceof the reliability issueon
lightweight communicationsystems. A brief surwy is givenin Section4.2 on how
other Ethernet-basedow-lateny communicationschemessupport the reliability
issue,aswell asthe descriptionof our Go-Back-Nprotocol. Then,in Section4.3,
we examine and model the congestiondynamicof different buffering architectures
underthe mary-to-onecongestionoss problem. Theseanalysesare augmentedy
experimentalevaluationson real platforms. In Section4.3.4,we further corroborate
our analysisby extendingthe model to cover different network configurationand
communicatiorpatterns Finally, we concludethis chaptemwith adiscussiorof related
studiesin Sectiond.4,andprovide asummaryon our contributionsin Sectior4.5.

a7
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4.1 Reliability

The developmentof lightweight messagingystemsis to supportlow-lateng com-
municationon high-performanceomputer Thesesystemsim at deliveringthe best
communicatiorperformanceo theapplicationayers.However, subtleissuesn design
andimplementatiorof thesecommunicatioribrariescould impacton their usability
andthe ultimateperformancevailableto the applicationlevel. Oneimportantaspect
thatmostof thesdightweightmessagingystemdave trade-of for performances the
reliability issue whichis a critical issuethataffectsthefinal performanceleliveredto
therealapplications.

Most clustersusestandardsystemsoftwareto managemnessaggassing.Particu-
larly, TCP/IPprotocolsuiteis themostcommonlyusedcommunicatiorprotocolfound
in systemsoftware that deliversreliability to the applicationlayer However, TCP
wasinitially designedo run on unreliable wide-areanetwork, andtherefore,t is not
optimizedfor the high-performancelomain. Many performancestudieson TCP/IP
implementation$24,54,55] have reportedon the high softwareoverheadsssociated
to thosesupportingfunctionsof this protocol stack,e.g. datamovementand buffer
managemeraverheadsThey shovedthatthesesoftwareoverheadsrethe majorhin-
dranceto the achievable performance gspeciallywhen most of the datatraffics are
small sizemessagesAs aresult,all low-lateny communicatioribrarieshave opted
to bypasghis layerandprovide their own lightweightcommunicatiorschemesHow-
ever, this brings up anotherquestionon how thesenen communicationsystemsare
goingto handlethereliability issue.

Whentalking abouthigh-performancelustercomputing,peoplecommonlyhave
the following assumption®n the clusterinterconnect.First, the interconnectiomet-
worksarecomposewf commoditylocal areanetwork (LAN) or systemareanetwork
(SAN), which arecharacterizedslow propagatiordelay high bandwidthnetworks.
Secondthey assumehatthe underlyingnetwork is almostreliable,suchthatthe un-
derlying hardwarehasextremelylow transmissiorerrorrate. Basedon theseassump-
tions,differentcommunicatiorpackagegrovidedifficult levelsof reliability. For some
low-lateny communicatiornpackagesthey just offer an unreliableprogrammingn-
terface,andrequirehigherlevel softwareto think over on thereliability issue.Onthe
otherhand,somepackagesassumehatthe hardwareis reliable, all datalossissues
aretheresultof recever buffer overruns. Therefore,an effective measurdo prevent
buffer overrunis by usingof flow control mechanismse.g. sliding window and/or
credit-basedlow control.

While choosingto provide anunreliableor a lightweightreliable communication
interfaceto the higherlevel applicationsis a decisionissuethat strivesfor the best
practicalcompromisehowever, oneof the majorachiezementf the TCP protocolis
its congestiorcontrolmechanismPrevious studieson high-speed . ANs [55,79] have
shown thatthe high overheadsn traditionalcommunicatiorsoftwarelimit the ability
to generatdoad;therefore the obsenedcontentionproblemwasnotcritical. With the
availability of low-latengy communicatiormechanismsapplicationcannow generate
higherloadto the network, thatcouldresultin congestiorbuild upin somepartof the
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network, and of the worst scenario this would inducecongestionoss problem. As
the TCP/IP protocolsuitis not includedin theselightweight messagingystemsthe
systemdesignerdiave to consideraboutsupportingthe congestiorcontrolmechanism
onthesecommunicatiorsystems.

Someauthorsof theselow-latengy communicatiorpackagesrguedthattheir un-
derlying networks supportlink-level flow control, transientouildup of congestiorcan
be spottedand back-pressureould be appliedlink-by-link all the way backto the
sendertherefore avoid datalossproblemin the network. This maybe true on some
type of interconnectse.g. Myrinet, but is a dangerousssumptiorfor Ethernettype
network. Sincetherecould have datalossproblemin the network, having end-to-end
flow controlalonecouldnotresole the problem,anerrorrecorery mechanisnshould
be incorporatedn theselow-latenyy communicatiorschemeso asto provide areli-
ablecommunicatiorinterfaceto higherlevel applications.

4.2 Reliable Transmission Protocol for Low-Latency
Communication System

Before discussingon our reliable transmissiorprotocol, we have a brief surwey on
several low-lateny communicatiorpackagesvith regardto how they handlethe re-
liability issue.Existinglow-latengy communicatiorsystemdor clustersfall into two
mainfamilies. Oneis basedon programmablaetwork devices,suchasMyrinet and
GigaNet[39], which make useof theembeddeao-processor® offloadthe hostpro-
cessordgn runningtheir customizedmessagingprotocols. Anothertype is basedon
non-programmabl@etwork devices, suchas FastEthernetand ATM, which rely on
thehostprocessorso carryouttheir customizednessagingrotocols.In thefollowing
discussionwe usethe Myrinet-basedsystemsasthe representatiesof the first type,
andthe Ethernet-basesgystemsastherepresentatiesof the secondype of messaging
systems.

Myrinet-based systems

O AM-II [23] - it implementsthe reliable protocolin the NIC firmware, which
supportsaNIC to NIC flow control, retransmissioranddetectingandrecovering
from errors.The AM-Il systemaddressefiow controlatthreelevels:

1. usesof creditsatthe userlevel for eachendpoint;this allows multiple out-
standingrequestgo fill thecommunicatiorpipeline.

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

3. relieson the Myrinet link-level back-pressuréo ensurethe network does
notdrop paclets.



50

A timer eventis associateavith eachpaclet transmissionwhich is usedto en-
surereliabledelivery by a simpletimeoutandretransmissiomechanismUpon
successfullydelivery of anin-orderpaclet, the recever positve acknavledges
the senderhencethe senderclearsthe timer eventandfreesthe corresponding
logical channel. Whenerror conditionsoccut, e.g. buffer overflow or nonres-
ident endpoint,the protocoldropspacletsandsendsbhacka negative acknavl-
edgemento the sender However, the senderdoesnot have immediatereaction
to the negative acknavledge,the protocolrelieson the timeoutandretransmis-
sionmechanisno resendhe paclet.

FM [75] - Myrinet FM’s designsupportgeliable,in-orderdelivery with end-to-
endcredit-basedlow controlandFIFO queuingatall (hostandNIC) levels. By

assuminghe network is reliable, no timeoutandretransmissiormechanisms

implemented Eachsendeiis allocatedportion of a receving nodes hostmem-
ory queuesize(credits),andthis guaranteethatthe pre-pinnednessaggueue
will notbeoverrun,andno messagelatawill belost.

BIP [82] - to deliver morethan96% of the raw Myrinet bandwidthwith a very
low one-way lateng timing, BIP doesnot supportary forms of error recovery
andflow control mechanismslt reliescompletelyon the Myrinet hardwareto
ensureeliable,in-orderdelivery.

LFC [13] - it assumeghat the network doesnot drop or corrupt paclets, the
only causeof paclet lossis the lack of buffer spaceon receving nodes’NICs.
It adoptsa credit-basedlow control betweereachpair of NICs, andsendcred-
its arereturnedby meansof explicit acknavledgement®r by piggybackingon
application-leel returnedtraffic. However, credits(NIC buffer space)restati-
cally partitionedamongall nodes,soit needsmoreNIC memoryasthe cluster
sizegrows.

Ethernet-basedsystems

00 U-Net/FE[114] - it providesanunreliability interfaceandleavesbehindthere-

liability issueto the higherlevel applications.To prove that U-Net abstraction
is able to supportlegag/ systems.a proof-of-concepimplementationof TCP

over U-Net/ATM [108] hadbeenimplemented.lt wasshown to achieve better
performancen bothbandwidthandround-triplateny ascomparedo thetradi-

tional in-kernelprotocolunderlightly loadedcondition. However, nothinghad

beendoneon investigationwhetherthe TCP congestioncontrol mechanisms

still suitablefor supportinghigh-performancéow-lateney communication.

GAMMA [21] - theinitial versionthat basedon sharedFast Ethernetnetwork
reliedonthe CSMA/CD propertyof the Ethernenetwork to supportimited reli-
ableservicewith errordetection.TheredesignGAMMA prototype[22] hasin-
cludeda credit-basedlow-control protocolto preventrecever overrunproblem
aftermigrationfrom the shared-basetb the switched-basedetwork. However,
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no error recovery mechanisms provided asthe designersassumedhat trans-
missionerror, the sourceof datalossotherthanrecever overrun,is extremely
rarewith currentEthernetechnology

0 GigaE-PM[96] - asit assumethattheEthernenetwork doesnotguaranteenes-
sagearrival, it adoptsa Go-Back-Nprotocolwith STOP andGO flow controlto
guaranteen-order messagelelivery on high-speecdhetwork without usingthe
TCP/IP protocol. Besidesusingtimeoutretransmissionmechanisnto recover
from dataloss, upondetectionof out-of-ordermessageshe recever immedi-
ately sendsback a LOSE messagéo the senderfor quick recovery from the
loss.

0 Pupa[l06] - it providesreliability guaranteeoy using optimistic credit-based
flow control, positive andnegative acknavledgementsandtimeoutretransmis-
sion. Initially the flow control restrictionis not enforcedby giving unlimited
creditto eachsenderUpondetectiorof buffer overflovsontherecever, acredit
updatewith zerocreditis sentto thesenderwhich causeshesendeto stopsend-
ing until it recevesa subsequenpositive credit update. Besides,Pupaadopts
a piggybacled acknavledgemenschemewith sendeicontrolledacknavledge-
ment,which is a mechanisnto reducethe amountof acknavledgementraffics
but still asserteffective response.

O PARMAZ? [62] - is designedasa socket compatibility layer with no mechanism
associatedo flow control and datarecovery. This is becauseahe authorsbe-
lievedthatthepercentagef pacletsincorrectlydeliveredby ahomogeneout®-
calareanetwork is nggligible. Thereforetypical flow controlandacknavliedge-
retransmissioischeme$ecomeobsolete andthey believedthatlost paclet de-
tectionis sufficient for all commonuserlevel applicationsge.g. MPI-basedap-
plications.

In summary most of theselow-lateney communicationlibraries have adoptedflow

control stratgy to avoid recever buffer overflov problem,which is commonlyhap-
penedin an asynchronousdistributed network environment. However, thereis no

prevalentapproactio handlethe errorrecovery asmostof thesesystemsonly focused
on the fast/normabath of the communicatiorandneglectthe error path,sincethose
authorsbelievedthatthe underlyingnetworksarereasonablyeliable.In the next sub-
section,we will have detaildiscussioron our reliabletransmissiorprotocol,whichis

avariantof the Go-Back-NAutomaticRepealReques{GBN ARQ) [11,91]. We are
adoptingapproachesimilarto otherpackagesaswell aswe lay moreemphasi®nthe
errorrecovery aspect.

4.2.1 Our Go-Back-NARQ Protocol Definitions

To supportreliable communicationwe have implementeda userlevel reliabletrans-
missionlayeratopof DP. Fromour experienceswe obsenedthatmodernnetworking
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technologiesare quite reliable,asalmostall dataloss problemshappenedn the net-

work aredueto the congestiorproblem.As we believe thatby usingour communica-
tion model,we candevise efficient scheduleso avoid congestiorproblemfor mostof

the collective communications.To keepthereliable layer asleanaspossible we try

to avoid unnecessargnemorycopy. Thus,we adoptthein-order acceptpolicy [92] on

therecever sidesoasto reducethe U, overheadanda variantof Go-Back-NARQ as
theerrorrecovery schemeonthesendesside.

Another commonly used ARQ is the Selectve-RepeatARQ [92]. With this
scheme,the only framesretransmittedare thosethat receve a negative acknawl-
edgement.Although Selectve RepeatARQ provides betterretransmissiorstrateyy,
it requirescomplex buffer managemenand/oran extra memory copy for handling
out-of-orderdataarrival. Therefore this becomegostlyif theunderlyingarchitecture
doesnot supportit. For example,to implementselectve repeatARQ on top of DR,
we needto have an extra memorycopy (M,.:») and an extra buffer pool which is
large enoughto temporarily buffer all out-of-orderarrivals. Sincewe believe that
with well-coordinatedand well-scheduledcommunicationschemesgcongestionoss
would berare. This could not justify for consumingextra resourcesandaddingextra
overheadgo the lightweightmessagingystem.

Go-Back-NARQ s afairly straight-forvardprotocolandhasbeenadoptedn other
lightweightmessagingystemse.g.[96,113]. However, simplevariationsof the pro-
tocol could have significantimpact on the final performanceunder congestre loss
situation. For example, TCP is basicallyone type of ARQ protocol, however, its
compleity andimportanceon the Internethasattractedots of researcheandinves-
tigationswithin the pastdecade$63,74,84]. Beforewe layout our analyseson how
differentbuffering architecturesffect onthe congestiorbehaior, we needto provide
aclearpictureonthe GBN protocolthatwe areusing.

We areusingafixedsizecredit-basedliding window flow controlandlet Wr¢ be
the sizeof the window, this boundson the maximumnumberof (outstandingpaclets
thata source/sinkprocessair is allowedto transmitwithout waiting for anacknawl-
edgment.To detectfor losspacletsor lossacknavledgementsour reliabletransmis-
sionprotocolsetup atimeoutvaluefor ead outstandingaclet. Sincewe assumehat
thenetwork is relatively errorfree,a statictimeoutvalueis used.

Figure4.1 shaws the statetransitiondiagramof the senderandthelogic flow dia-
gramof therecever accordingto this GBN protocol. Whenthe sink procesgeceves
a paclet, anacknaviedgmenimay or may not be sentout thatdepend®n (1) the cur-
rent stateof the sourcewith respecto this sink, (2) the validity of this paclet, and
(3) instructionfrom upperlevel application. One of the designgoalsof this reliable
layeris for efficientimplementatiorof structuralcommunicatiorschemesg.g.collec-
tive communication.Therefore we provide a mechanisnfor higherlevel application
to decideon the mosteffective acknavledgmentmethods suchashaving immediate

1The TCP protocol(specifiedn RFC793[85]) doesnot definetheaccepipolicy ontheout-of-order
dataarrival andthe retransmissiompolicy onthe errorrecovery, therefore we could have a Go-Back-N
like TCPif aparticularimplementatiorusesin-order acceptpolicy andBatch retransmitpolicy (page
663in [92]). However, mostof theimplementationgdoptthe Selectve RepeatARQ approach.
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acknavledgment,piggybackacknavledgment,or delay acknavledgmentwheneer
possible.

Therearetwo typesof acknavledgmentsAn in-orderpaclet will resultin aposi-
tive acknavledgment(Pack), otherwise a negative acknavledgment(Nack) is gener
ated. This Nack paclet becomes losssignalto the sourcewhenan out-of-sequence
paclet is detectedthenthis paclet is simply dropped. Now the recever labelsthis
senderashastransitedto the Stall state,andall subsequendut-of-sequenceaclets
from this sendemwill bediscardedinconditionallywithoutgeneratingany morenega-
tiveacknavledgementsThisrecever only resumesheacknavledgingprocessuntil it
recevesthefirst in-orderpaclet from the correspondingender Therationalebehind
thisapproachs to minimizethenumberof controlpaclets. Eventhoughcontrolpack-
etsare small-sizepaclets, they still consumenetwork resourcese.g. network buffer
andhostreceve buffer, which arecritical resourcesinderthe congestiorsituation.

Ontheotherside,whene&erthe sourceprocessecevesa Pack paclet, it advances
its sliding window, andthus,allows injection of onemore paclet to the network. Er-
ror situationsare detectedat the senderside by eitherreceving a Nack paclet or a
timeoutsituationis raised.Onreceving atimeoutincident,the senderetransmitghe
correspondingpaclet andresetits timer. On receving a negative acknavledgement,
the sendetbacksup to thefirst error paclet (indicatedon the Nackreply) andresends
all outstandingpaclets. Thenit transitsinto the Stall state. Underthe Stall state,the
senderstopssendingout new pacletsuntil the first Pack reply is returnedfrom the
recever, thenit transitsbackto the normaltransmissiorstate.Otherwise |t waits for
thetimeoutsituationandretransmitghosetimeoutpaclet(s).

Theuniquefeaturef thisreliabletransmissiomprotocolaretheuseof fastretrans-
missionmechanisnandthe presenof the Stall state. Although standardsBN proto-
col is known to beinefficientif errorrateis high, we believe thatunderwell-organized
communicatiorschedulesthe probability of having error situationsis extremelylow.
Moreover, we still attemptto improve the error recovery pathin a way thatthe extra
work-donewould not hurt the performanceof the common/astpath, but would im-
prove the performanceof the GBN protocolunderheavry congestion.First, we make
useof thenggative acknavledgemento sene asa quick recovery signalwhichis sim-
ilar to theuseof triple-duplicateacknavledgementn the FastRetransmif93] scheme
of TCP protocol. By this method the protocoloptimistically retransmitsall outstand-
ing pacletswithoutwaitingfor theretransmissiotimerto expire. Therationalebehind
thisschemas, sincethereceverrecevessomeout-of-sequencpaclet(s),thenetwork
congestiorproblemmaynotbetoo severe thusthesendetriesto recoverfrom theloss
immediately

If the network congestionproblemis really harsh,the influx of retransmission
pacletswill make it evenworstaswe areusingthe GBN stratgy. In orderto avoid
wastingof bandwidth,whena communicatingpair fails to resynchronizéhemseles
by usingthe fastretransmissionthe protocolrefrainsthe senderby keepingit in the
Stall state.Now the sendeicannotsendout any paclet until theretransmissiotimers
expire, thus, reducesthe traffic load. With the decreasen network load, we hope
thatthe congestiorproblemwould be resoled soon,andthe sendercouldresumethe
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transmissiorafteridling for atimeoutinterval.

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

In this section,we are exploring the contentionbehaior of our lightweight reliable
transmissiorprotocol on different buffering architecturesinderthe sametraffic pat-
tern- the mary-to-oneflow. Thefunctionof areliableprotocolin the communication
systemis for preventionof and/orrecoveryfrom any dataloss. Mostof thedatalosssit-
uationsin modernnetworks arecausedy droppingof pacletsin the switcheswhich
in turn areinducedby the contentionproblem. We believe that with a betterunder
standingon how buffering within switchesaffect the performanceof the communi-
cationsystem especiallyunderheary contentionsituation,moreeffective congestion
avoidancescheduleganbedesignedor the clusterdomain.

4.3.1 Many-To-OneData Flow

Althoughthis communicatiorpatterninducesthe heaviest congestioron the network
link(s), thecongestiorbehaior of thistraffic patternis easierto comprehendhanthat
of the mary-to-mary communicatiorpattern. The obviousresultof this mary-to-one
traffic is the congestiorbuild-up atthe outgoingport(s),to which directly or indirectly
connectedo the gatherroot (commonsink) of this traffic pattern. As the outgoing
link is over-subscribedexcessve paclketsmustbe buffered. If the congestiompersists
for a “long” duration,congestionlosswill be the result. However, if the volume of
the databurstswerewithin the storagecapacityassociatedvith this congestegort,
no paclet would be loss. Therefore the circumstancehatinducespaclet lossunder
sucha traffic patternis the arrival of a large burst of data pacletstargeting to the
sameoutgoingport within a closeinterval, andthe volume of this burst overshoots
the storagecapacityaswell asthe drainagespeedof the congestegort. Moreover,
on steady-stateondition, the incoming and outgoingflows shouldbecomebalance
sincedatatraffics areregulatedby theflow-controlprotocol. Thisis commonlyknown
asthe "self-clocking" [51] effect of the flow-control protocol. Therefore we deduce
that burstsof datapacletsareonly generatedy the sourcesitherat the startof the
mary-to-onetraffic or afterary paclketlossincident.

In the beginning, all sourceshave a full window, so packetsareinjectinginto the
network at full speed. Therefore,we obsere that the volume of the first burst of
datapacletsis proportionalto theflow controlwindow size(Wr¢) andthe numberof
concurrenssenderg P). If the buffering capacity(B;,) of the bottleneckregion along
the route of this flow is not large enoughto accommodatehis burst, a "cluster of
paclets"is dropped. In this study we assumehatall switchesemploy the drop-tail
FIFO disciplin€ [36] asthe buffer managemerstratey; thus,whenthe buffer is full,

°Thisis the mostcommonlyuseddroppingdisciplinein commerciaproducts.
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newvcomersarediscardedDueto this droppingdiscipline,pacletlossesareexhibiting
someform of temporalcorrelation. This is inferredfrom the following obsenations.
First, if a paclet arrivesat a congestedort is droppedby the switch, paclets from
differentsourcesarriving to this bottleneckregion in closeapartarelikely to be lost
too. Secondif aparticulardatastreamosesa paclet, mostof thesubsequengaaclets
originatedfrom the samesendemwithin the samewindow sessiorarelikely to belost
too. Theimplication of this pacletlossbehaior is thatthesesourceswill receve the
paclet loss signals(negative acknavledgmentsor timeouts)after sometimelater but
againin closeapart. This triggersthe error recovery layer to recover from the loss
andinducesanotherburst of datapaclets. Dependn the protocolusedby the error
recovery layer, this phenomenomay continueto evolve andresultsin poor network
performancesthe efficiency of the communicatiorsystemdeterioratesignificantly

When analyzingthe contentionbehaior of the mary-to-onetraffic in a cluster
interconnecttwo featuresshouldbe considered.First, congestionoss only occurs
whenthefirst burst of datapaclketsoverrunsthe switch buffer. If the buffer capacity
cantoleratethe flooding, we would not seeary congestionloss problem. Second,
the reliable transmissiomrotocol hassignificantimpacton the available throughput
especiallywhen congestionoss occurs. Therefore,the overall congestionbehaior
with respectto the mary-to-oneflow would be a combinedeffect of the buffering
mechanisnmandthereliabletransmissiorprotocolin use.

For aswitchednetwork, the buffering’s ability to toleratecongestions determined
by threefactors:

1. Thetotalamountof buffer memoryin eachswitch.
2. Theway how buffer memoryis associatedo individual ports.

3. Theway buffer memoryis organizedo storepacletsof differentsizes.

With an enclosednetwork, if we assumethat all traffics are coming from the same
applicationrunningonthecluster we cansafelynarrav ourinvestigatiorby assuming
thatthe datapaclet sizeis fixecf. Thereforewe caneliminatethethird factorandfo-
cusprimarily ontheeffectsof having differentbuffer architecturegasonthecongestion
behaior. Therefore our investigationsarefocusingon understandinghe relationship
betweenhe buffering architectureof the switchednetwork andthe reliabletransmis-
sion protocolon the congestiorbehaior. In particular we would lik e to make useof
thisinformationto predicthow muchperformancdosscausedy the congestion.

4.3.2 CongestionBehavior on Input-Buffer ed Ar chitecture

In this section,we are going to devise a simple empirical formula, which predicts
the performanceobsered by the end-userwhensufferedfrom contentionlosson an
input-tufferedswitchusingthe GBN schemedescribedn previoussection.Assumed

3Normally, the traffic shouldhave a bimodaldistribution, oneis peaked at the control paclet size,
whichis of smallsizepaclet,andtheotheris atthe maximumpaclet size.
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thatthereare P datasourcesandthe mary-to-oneflow startingattime ¢ = 0, where
all sourcesstartsendingtheir datapaclets more or lessat the sametime. Initially,
all sourceshave anopenwindow of sizeWr¢ (in unit of fixed-sizepaclet), andthey
continuallysendout their pacletsto the gatherroot. Congestiorstartsto build-up as
we have morethanoneactive sendersopacletsarebufferedat the dedicatednemory
associatedo eachingressport - the input-tufferedarchitecture.As the buffer sizeis
finite whichis of By, unit, thus,atary giventimet > 0, we obsenethatthequeuesize
(@:) mustsatisfythis constraint) < @; < By,. Furthermoreaftertheinitial burst,all
dataflows shouldbe regulatedby the gathemroot undernormalcircumstancesT here-
fore, we could seethatthe congestioriosssituationon theinput-bufferedarchitecture
would happeronly if theinitial burstwerelargerthanthe buffering capacityi.e. when
Wre > By,. In otherwords,to avoid congestionosson the mary-to-onedataflow un-
deraninput-tufferedswitch, oneshouldhave awindow size (Wr¢) which is smaller
thanor equalto theinput port buffering size(Bp).

goooooodn

T

Packet losscycle

Figure4.2: Evolution of the queuesize (R;) over time on aninput FIFO queuewith
congestioriossproblem

As we areinterestedn studyinghow the congestioriossevolved underour GBN
schemeon this architecture,so in orderto study the congestionloss situation, we
assumehatWr- > B; andeachsourcehasa steadystreamof fixed-sizedatapaclets
waiting to be transmittedto the gatherroot, i.e. all have unlimited amountof data
to send. We alsoassumeéhat the return pathsfor the acknavledgemenpacletsare
noiselessand congestion-freeso the dataloss problemis mainly coming from the
contentionloss on the forward flows. To model the effective throughputdelivered
to the end-userby this mary-to-oneflow, we focus primarily on the evolution of a
particularinput queue,and generalizethe resultto all input queuesnvolved in this
flow. Figure4.2 shaws the queuesize evolution of the input port buffer undersuch
a congestiorosssituation. Anotherassumptiorwe have to make is on the departure
rate of this buffering system. As thereare P sendersn this flow, and assumefair
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schedulingon the switchingengine thenthe expected(average)departureate E[ D]
for eachinput queuewould be of onepaclet per P time slots with eachtime slot is
measureds the time usedby the egressport to transferthe fixed-sizedatapaclet,
which canbe approximatedy the g, parameter

After theinitial burst,asthe departureaateof this buffering systemis slower than
theinputrateandthevolumeof theburstis largerthanthebuffering capacity pacletsat
theendof theburstaredroppedlabel A in Figure4.2). However, the sendemwouldn’t
detectthe lossuntil the first out-of-sequenceaclet reacheghe gatherroot (start of
periodt,), andstimulatesa paclet losssignal(Nack). As presentedn Figure4.1,the
immediateresponsef thesendeto thereceptiorof theNackis to transitto theReSend
state,andretransmitsall outstandingpaclets (anotherburstof full window paclets).
Thenit waitsatthe Stall stateuntil it recevesthefirst positive acknaviedgement.

Underself-clockingprinciple,removal of onepaclet at the headof the queuewill
inducethearrival of anothempacletto fill thespace However, with anout-of-sequence
paclet, morethanonedatapacletsareinjectedto the network which causesanother
periodof congestionoss(label B in Figure4.2). For this burst, asthereis only one
buffer spacdeft in thequeuethus,only thefirst packet cangetabuffer slot. Sincethis
is the expectedpaclet that the gatherroot is waiting for, this resultsin changingthe
sendeifrom the Stall statebackto the normalstate.In Figure4.2,we have labeledthe
periodstartingfrom the detectionof the first out-of-sequenceaclet to the time slot
just beforethe receptionof the correctretransmittegpaclet be periodt,. Within this
period,all pacletsrecevedby thegatherootarediscardedsthey areout-of-sequence
paclets(theconsequencef pacletlossatlabelA). Moreover, sincetheretransmission
burst (label B) only appearst the startof this period,andthereis only limited space
left behindin the queue mostof thosepacletsaredropped. The queuesize @; will
graduallydropoff aspacletsarecontinuallydrainedaway without replacement.

Although the sendertransitsfrom the Stall statebackto the normal stateat the
startof periodt,, it inmediatelychange$ackto the ReSendstateafterthe gathemroot
recevesthe next paclet, which is an out-of-sequenc@aclket. Thenanotherburst of
pacletsis generatedy the senderwhich startsto fill all buffer memoryagain,and
eventuallyinducesanotheroverflow situation(label C). We depictthe periodt, to bea
periodbetweerthetwo transitionsof thesendeifrom the Stall statebackto thenormal
state. Like periodt,, all paclets exceptthe first paclet receved by the gatherroot
in periodt, are out-of-sequenceaclets (the consequencef paclet lossat label B).
Switchingbackto the normal statemarksthe startof period¢.. Within this period,
the gatherroot recevesa sequencef in-order paclets, which is the outcomeof the
retransmissiorburst happenediuring periodt,. And periodt. endswith the gather
root switchesback to the ReSendstatewhenit detectsan out-of-sequenc@aclet,
which is the consequencef the overflow situationat the end of the retransmission
burstatlabelC.

Whenwe carefully look at the evolution of the queuesizeaswell asthe changes
of paclet statuseswe could find thatthe paclet sequences periodst, to t. form a
patternthatis recurredovertime. Thus,we couldsimplify our analysisby focusingon
thederiationof thethroughputefficiency obseredin thisrecurrentcycle - the padet
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losscycle We definethethroughputefficiency (7 ¢f) to be

I
LA ! (4.1)

wherel denoteghe averagenumberof in-orderpacletsdeliveredto thegathemrootby
this senderuring a paclet losscycle, andO be the averagenumberof error paclets
receivedbut originatedfrom this sendein the sameperiod. To deriveT andd, we need
to consideithethreesubintenalsin the pacletlosscycle andcounttheir corresponding
numberof good and error paclets in eachperiod. We have seenthat period ¢, is
consistedof solely out-of-sequenc@aclets. The startof this period marksthe first
errorpaclet causedy thecongestioriossatlabel A. Intuitively, this errorpaclet must
moveforward By, — 1 unit beforeit getsto theheadof thequeue Whenthegathemroot
recevesthiserrorpaclet, thiscauseshe gatheroot to sendbacka Nackto thesender
which resultsin filling up the lastbuffer spaceby a goodpacket, andthis goodpaclet
denoteghe endof the periodt,. Therefore we deducethatwithin thet, period,the
gatherrootreceves By, unitsof errorpaclets.

Similarly, the error pacletsfound in periodt, areinducedby the retransmission
burstat label B. As the expectedarrival rate of this burstis one paclet pertime slot,
while the averagedeparturerate of this buffering systemis one paclet per P time
slots, we deductthat only WFC L paclets could be bufferedwhenthey arrive to the
input FIFO queue However, aII of thesebufferedpacletsareout-of-sequencpaclets.
After thisretransmissiotburst(label B), the sendetransitsto the Stall state.No more
pacletsare sentto the queueuntil it changedackto the normalstateat the start of
periodt,, thenthe sendeiinjectsanothermpaclet to the queuewhich againis anout-of-
sequenc@aclet. Therefore we could seethatthe expectednumberof good paclets
receved by the gatherroot during periodt, is one paclket, andthe expectednumber
of error pacletsreceved in this periodis % + 1 paclets. Basedon the same
principle, we estimatethe amountof good paclets bufferedwithin periodt.. Before
the retransmissiorburst arrived to the FIFO queueat the startof periodt,, thereare

W 1 Wro-1
—EC— errorpacletsin thequeue.Sowe would expectto have 7buffer space

to accommodatehoseln order paclets beforethe buffer overflaN situation happens
again,andthis becomeghe amountof good pacletsrecevedin periodt.. Thus,the
throughputefficiency obsenedin a pacletlosscycle becomes
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AlthoughTyg  is dervedby observinghe dynamicbehaior within a singleinput
FIFO queue,if we assumdhatthe samesituationhappendgo all input FIFO queues
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andeachsendemgetsafair share(i.e. %) of theavailablebandwidth thenthe expected
throughputefficiency obseredon this mary-to-oneflow shouldbe

Tg;p;“zp*(TEff*%) = Tgys (4.3)
In conclusion from formula(4.2), we obsenre thatwith the congestiodossprob-
lem, the sustainedhroughputof this mary-to-oneflow would be lessthan50% of the
availablebandwidth,sincethe denominatois at leasttwice aslarge asthe numerator
As congestiolossproblemonly happensvhenWgc > By, thuswe just needto con-
siderthe effect of W only. Fromtheformula,we obsene thatthe Wy factorhasa
negative linear relationwith the throughputefficiency, suchthatif we increaséV ¢,
we would expectto have adecreasén thesustainedhroughputAs for thefactor P, it
seemdo have insignificanteffect on thefinal throughput.

4.3.2.1 Experimental Evaluations

We vaIidateTg}pft by usingmeasuremerdataobtainedfrom our experimentakluster
platform. We usea clusterwith 24 high-endPCs(Plll 733) connecteduy the IBM
8275-326Fast Ethernetswitch, which is revealedas an input-kuffered architecture
with By, = 43 unitsperinput port (AppendixA). To drive the FastEthernetmetwork,
we usetheDirectedPoint(DP) low-lateney communicatiorsystemandimplementthe
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 simulatethe mary-to-onedataflow understeadystatestreamingwe gathered
all performancealataby runningthe Gathercollective operationwith P + 1 processes
and eachprocesssendsout 30000full size datapacletsto the gatherroot, e.g. for
P = 15, thetotalmessagéengthrecevedby thegathemrootis approximately40MB*.
To inducethe congestiorloss problem,we startedthe experimentswith Wre > By,
for variousWr¢, P andtimeout(TO) combinationsandobsenre their effectson the
final performanceTo simplify our analysiswe assuméhatthetimeoutvalueis setto
a sufficient large valueto avoid falseretransmission Eachtestis conductedwith P
sendersendout their message&continuously”to the solerecever andwe measured
how long would it take for all processe$o completethis collective operation. By
dividing the theoreticalperformanceof the gatheroperationwith the measuredesult,
we calculatethe throughputefficiency of this gatheroperationundercongestiorioss
problem.

4The size of the receved messagés beyond the memorycapacityof a single clusternode,which
only has128 MB of primary memory To avoid pagingoverheadgshat affect the final throughput,
all incoming datato the gatherroot are discardedmmediatelyafter protocol checking,thus without
copying from the stagingbuffer to the userspacebuffer. This avoidsthe needto createsucha large
receve buffer, andhence avoidsthe pagingoverhead.

SThe settingof timeoutvalueis dependean the availablenetwork information. As this protocolis
designedor communication®n anenclosechetwork with negligible transmissiorerror, we canmake
useof the g,, g, and By parameterdo estimatethe timeout setting, insteadof using the round-trip
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Figure4.3: Themeasuredhroughputefficiengy of our GBN reliabletransmissiorpro-
tocol ascomparedo the measuredhroughputefficiengy of the simpleGBN scheme
onthelBM 8275-326switch.
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The first setof experimentalresultsis presentedn Figure4.3. In this figure, we
are comparingthe throughputefficiengy (Tg;?;t) of our GBN schemeand a simple
GBN schemeunderthe above experimentakettingson aninput-bufferedswitch. The
simple GBN schemeas the classicalversionof the GBN schemewhich doesnot have
thefastretransmissiomechanismTherefore wheneer therecever recevesan out-
of-sequencepaclet, it simply dropsit and waits for the timeoutretransmission.In
general,we seethat the performanceof our GBN schemeis betterthanthe simple
GBN schemegxcepton a few datapoints. Particularly, our GBN schemeis quite
insensitve to the numberof sendersandthe timeoutparametefFigure 4.3(a)(c)(g)),
while the simple GBN schemevariessubstantiallywith differentP, W andtimeout
parametergFigure 4.3(b)(d)(f)(h)). With the simple GBN schemewe obsene that
thetimeoutvalueis closelyrelatedto the numberof sendergFigure4.3(b)(d)). Such
thatwith eachP value,thereis a specifictimeoutsettingthatfits it most,otherwisethe
performanceleterioratesonsiderablyFigure4.3(h)). Anotherinterestingobsenation
onFigure4.3is thattheachiesedmaximumthroughpuefficiencgy is no betterthan50%
of theavailablebandwidthon bothGBN measurements.

Figure4.4 presentanothercomparisoraboutthe measuredhroughputefficiency
of our GBN schemewith the predictedperformanceusing Eq. 4.2. Although our
predictionsdo not accuratelymatchthe measurgyerformance(the 95% confidence
level of thepredictionerroris 13% + 0.8%), our empiricalformuladoescapturethose
salientfeaturesthat we have describedn previous subsection.First, whenthereis
congestiorossproblem,the measuregerformancas lessthan45% of the available
bandwidth andthebehaior is independentn thetimeoutsettingif it is beingsetto a
sufficientlargevalueto avoid falsealarm(shavn in Figure4.4(e)).Thisfinding shavs
the importanceof adoptingcongestionavoidancecontrol in the first placeas more
than 50% of the performances wasted. Second,both the measuredand predicted
resultsshaw thatthe throughputefficiency is only slightly affectedby the numberof
sendersthoughwe find that the throughputefficiency improveswith increasen P
(Figure4.4(a)(c)). The measuredesultson differentWg (Figures4.4(c))show that
an inverserelation exists betweenthe throughputefficiency and Wr¢, however, the
degradationin performancegslope)is greatetthanwhatwe have estimated.

4.3.3 CongestionBehavior on Output-Buffer ed Ar chitecture

We have shavn thatwith aninput-hufferedarchitectureywe losemorethan50%of the
theoreticaperformanceaindercongestioriossproblem.In this section,we switchour
analysigo thecongestiordynamichappenedntheoutput-lufferedarchitectureinder
thesameGBN ARQ scheme.Thenbasedon theseanalyticalstudieswe compareon
the performancaifferencedetweerdifferentbuffering architectures.

With the output-luffered architecture paclets startto accumulatan the buffers
associatedo the egressport that leadsto the gatherroot. As we assumethat the
buffer sizeis finite, atany giventime ¢ > 0, we obsenre thatthe queuesize(Q;) must

estimation.
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Figure4.4: Comparisonsf themeasure@ndpredictedperformancenthecongestion
loss problem underinput-tuffered architecturewith our GBN reliable transmission
protocol.
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satisfy this constraint,0 < @; < Bj. Fromthis obsenation, we concludethatthe
congestionosssituationwould happenon this architecturaf andonly if we have an
initial burstof datapacletswhichislargerthanB;, suchthat,whenWgcxP > By. As
compareto input-bufferedarchitecturewith the sameper port buffering capacityand
underthe samenumberof sourcesthe output-lufferedarchitectures moresensitve
to the congestioriossproblemunderthe mary-to-oneflow.

To studythe steadystatecontentionbehaior, we assumehatthe communication
eventstartswith Wrcx P > B, andall sourcedave unlimitedamountof datato send.
We alsoassumehatour switchednetwork adoptsthedroptail discipline,andpaclets
thatarrive at a full buffer aredroppedunconditionally This droppingpolicy induces
someform of temporally correlationamongstthe senderswhich resultsin creating
wave of retransmissiomursts.Undersuchscenariosomesendergall throughto Stall
stateastheir first paclets cannotfind an empty slot in the output queue,and thus,
getinto hibernation(i.e. remaininactive until retransmissioriimer expire). Some
sendersnay alternatebetweencyclesof Pack —Nackeventsandeventuallygetinto
hibernationtoo. Only limited numberof senderscould get throughthis contention
periodandremainactive until thoseslumberingsendergeceve their timeoutsignals
andstartanothercycle of congestion.Therefore,if we collectthe actvity profile of
a particularsenderwe would seethat its actwvities are cycling betweenPack, Nack
and Timeoutevents. Figure4.5 shovs a sampletraceof the senders actwities which
corresponds$o suchanarbitrarysequencef statetransitionsovertime .

PS N TO2 P2 N TO P32 N P N P16 N TQ P13 N PS

Figure4.5: Thesampleraceof asenders actvities
(Legend:P'- i consecutie Packs; N - Nadk; T0O7 - j Timeoutevents)

Basedon the above obsenations,we modelthe congestiorbehaior of our reli-
ableprotocolin termsof activity cyclesof the senderwith eachcycle is characterized
by somerecurrentpatternsmvhich we believe, arestatisticalindependenbut areprob-
abilistic replicasof one another A samplecycle is givenin Figure 4.6 which is an
abstractrepresentationf thesampletraceshowvn in Figure4.5. Thecycle beginswith
the transitionof the senderfrom the Stall statebackto the normalstateby receving
a Pack responsefter a seriesof the timeoutretransmissiors After gettingbackto
the normalstate the sendercontinueswith a sequencef recurrentpattern,with each
patterncomposesf aserieof PackeventsandendsonaNackevent. EachP N P tran-
sition correspondso the detectionof paclet loss situation,but successfullyrecovers
by fastretransmissionHowever, undersevere congestionfastretransmissionvould

5Although our reliable protocolimplementsa timeouttimer for eachoutstandingpaclet, in this
model,atimeoutretransmissiomventcorrespond$o a batchretransmissionf all outstandingpaclets,
insteadof the individual retransmission.This is becausepur reliable protocolis implementedn the
userspace and thereforethe inter-messagesubmissiongapis governedby the O; parameter Since
undernormalcircumstanceQ; < g5, we cansafelyassumehatthe individual retransmissioimers
arecoalescedo form onesinglebatchretransmissiotimer.
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PN PN P® N TO To P/
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S, S, S TO TO
L TS ] TTO »
< C, >

Figure4.6: A typical actvity cycle of a sendemvhich is composedf a sequencef
recurrentpatterns

not help, thenthe senderfalls throughto the Stall stateandwaits until next timeout
signal. This is reflectedin the actiity cycle asa seriesof TO eventsthat follow the
Nackevent. Finally, the cycle is terminatedby the lasttimeoutretransmissionwhich
marksthe onsetof the next actwity cycle.

Now we are going to derive an analyticalmodelthat captureshe throughputef-
ficiengy obsered by a particularsenderunderthis buffering architecture. Let 7.7
denoteghe durationof a sequencef timeouteventsand7)® be the time interval be-
tweentwo consecutie timeoutsequencesWhenaddingup thesetwo intervals, we
have C; = T + T}'°, which becomeghe elapsedime of a particularactiity cycle.
We alsodefineU; bethe numberof in-orderpacletsreceved by the gatherroot with
respecto this senderduring this C; interval. By viewing {(U;, C;)}, asa stochastic
sequencef randomvariableswe definethe throughputefficiengy be

E[U] E[U]x*g,
Tpyy = E[C] E[C]g

gr

whereE[U] denotesheexpectednumberof pacletsacceptedy thegatherrootin one
actvity cycle andE[C] bethe expecteddurationof oneactwity cycle. Without having
paclet loss, we expectthat the gatherroot can handleone paclet per g, time units,
thus, the maximumnumberof pacletsthat a the gatherroot canhandleduring E[C]
time unitsis %paclets.

To derive E[U], we have to estimatethe total numberof Pack responseseceved
within thoseP*» N sequenced.et y; bethenumberof Pi» N sequencem theinterval
TS. Forthek-th P'» N sequencewe definez;, to bethe numberof Pack responses
recevedin thatperiod, S;, to be the durationof thatperiod. Assumeif the number
of Pack responseseceiedin one P» N sequences statisticallyindependento the
numberof Pack responsesn anotherP» N sequencethenwe canview {z; } asa
sequencef independenandidenticallydistributed(i.i.d) randomvariables.Thesame
assumptiorcanbeappliedto y; andS;, . Now we have
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Uizixik = E[U]=E Zm] = E[U] = Ely] + E[z]

k=1

TfZiSik = E[T°]=E yZSzk] = E[T°] = E[y] + E[S]

As for deriving E[C], let m; be the numberof timeoutperiodsin theinterval 71°
andsincethe durationof eachtimeoutperiodis fixed,we have

C;=T°+TI° = E[C]= E[T*]+ E[T™°] = E|C]= EJy]* E[S] + E[TT°]

Assumethatthenumberof timeoutperiodsin eachactwvity cycleis alsoani.i.d random
variable thenwe have

E[C] = Ely] * E[S] + E[m]«TO
andthus,

_ Ely] * E[z] * g
Tesr = E[y] * E[S] + E[m| «* TO (4.4)

1-f

Figure4.7: 3-stateMarkov chainmodel

ToderveE[y], E[x] andE[m], we make useof conceptdrom discrete-timevarkov
chainmodel[50] to modelthe actvity profile of a sender A 3-stateMarkov chain
model(seeFigure4.7) is constructedvhich representshe threedifferenteventshap-
penedin a sendemprofile, they areP - Pack,N - NackandTO - timeoutevents. With
referenceo thestatetransitiondiagram(Figure4.1) of our GBN protocol,a Packevent
meanswvorkingin normalstateor transitto normalstate a Nackeventmeangransitto
theReSendstate(fastretransmissionandthe TO eventmeansslumberingn the Stall
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statebut beingwaked up by the timeoutsignal. However, transitionfrom one event
statusto anothermeansthe detectionof or recovery from somelossevents. There-
fore, the transitionprobabilitiesbetweencertaineventsaredirectly relatedto the loss
probabilitieson the congestegbath.

Hence,we definethe stochastiqprocessn which this 3-statelossmodelis based
onas, X;(w) = thetype of eventsdeliveredto the senderat the time of receving the
i eventwith afinite statespace,S = {P, N, TO}, andthe correspondingransition
probability matrix is

l1—c¢c ¢ 0
a 0 1—-a |,
f 01—y

with individual row represents

Firstrow  Transition probabilitiesfrom stateP to statew for w € S, suchthat
PT[XZ':P|Xi_lzp]zl—C,PT[Xi:N‘Xi_lzp]zc,
andPr[X,=TO|XZ_1=P]=0

Secondow Transition probabilitiesfrom stateN to statew for w € S, suchthat
PT[X,L':P|XZ',1:N]:CL,PT[Xi:N|Xi,1:N]:0,and
PT[X,L:TO|X,L,1:N]:1—CL

Thirdrow Transitionprobabilitiesfrom stateTO to statew for w € S, suchthat
PT[Xl =P | X1 :TO] = f,PT‘[XZ =N | X1 :TO] = 0, and

And thetransitionprobabilities(1-a), c and(1-f) reflectthe differentlossprobabilities
experienceby a particularsenderduring differentcongestiorstages.The probability
¢ measureshe likelihoodof a senderto encounteia lost paclet event, so thata high
valuefor it would indicatethatthe congestioriossproblemoccursfrequently Onthe
otherhand,the probability (1-a) measureshe severity of the congestiorproblem,so
a high valuemeanghe competitionis indeedfierce. In addition,a high value of (1-f)
would indicatea high degreeof clusteringof retransmissiorbursts, which meansa
high degreeof temporalcorrelationbetweerlosses.

Now we first derive E[x]. Given our loss modelandthe assumptiorof beinga
stationary discrete-timeMarkov chain, the probability thatz;, = n is equalto the
probabilitythatthereappeardo have n P eventsbeforea PN transitionoccurs.Thus,

Priz;, =n]=(1-¢)"'c forn=1,2,...

andtheexpectedvalueof z is

"The probability of goingfrom onestateto anotheris independenbf the time at which the stepis
beingmade[50].
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o0

Elz] = Z(l —c)" len =

n=1

! s
C

Likewise, the probabilitythaty; = h is equalto the probability thatthereappeardo
have h — 1 consecutie P~ N sequencebeforea Timeouteventoccurs thatis

Prly; = h) = a"*(1 — a) forh=1,2,...
andthe expectedvalueof y becomes

Ely| = f: (1= a)h = — (4.6)
h=1

1—a

And theprobabilitymasdunctionandtheexpectedvalueof therandomvariablem are

Prim; =ql=(1—-f)"'f

Efm] =3 (1— f)7 fq = % @.7)
qg=1
\ AN SRR A
D T b &,
Sik-1 N S’k : >

Figure4.8: Eventshappenedh atypical P*» N sequence

Finally, to derive anexpressiorfor E[S], we look into thetime scaleof a particular
Pi» N sequencéseeFigure4.8). Let b{k be the time gap betweenthe appearances
of j-1%" andthe j** Pack events;e;, bethetime gapbetweenthe last Pack eventand
the Nackevent;andr;, bethe elapsedime betweerthe Nack eventof thelast P N
sequencandthefirst Packeventof currentsequenceThenwe canexpressS;, be

.’Eikfl

j=1

For simplicity, we alsoassumehate;, , 7;, andbfk arerandomvariablesandareinde-
pendenbn eachother aswell asassumehatthe sequencef Pack eventsis modeled
asa Poissonprocessthus b{k canbe modeledas exponentiallydistribution with pa-
rameter). It followsthatthe expectedvalueof S become
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Zj, -1

E[S|=E[f]+E | > b, | +Ele]

=1

E[S] = E[r] + (E[z] — 1)E[b] + Ele]

From Figure 4.8, we seethatr;, is the time lapsedbetweena Nack eventanda
Pack event. When a senderreceves an Nack event, it response®y re-sendingall
outstandingpaclets, and we would expectthat the next Pack eventis triggeredby
the receptionof the first paclet from this ReSendourst. Thereforethe elapsedime
betweerthis Nack/Rack pair depend®n the currentqueuesize(Q;) asthefirst paclet
of the ReSendburst needsto move forward to the headof the queuebeforea Pack
eventis generatedSince(); is boundedy B;,, andundersteadystateconditiononthe
mary-to-oneflow, the buffer queueshouldoperateunderalmostfull condition. Thus,
we have

E[r] =~ Bg, * g,.

To derive E[b], whichis equalto A\, we have to determinehe averagenter-arrival time
) of the Packeventsin a P~ N sequenceConsiderthatif thereis no congestioross
problem,all (P) sendergyeta fair shareof the bandwidth,we would expectthat the
averageinter-arrival time obsered by a particularsendeibe P * g.. However, under
congestionosssituationwith ourreliableprotocol,notall sendersrein active sending
modeassomeareforcedto stayin hibernationcondition. Hencewe postulatehatthe
expectednumberof sendergE[A]) be Vifc , which is derived on the groundthatwith
a buffering capacityof B, units, after vigorouscompetition,on averageonly E[A]
senderganwin aplacefor their full window load of paclets. Thereforewe have

By * gy
EM:EM*%:IEj.

We follow the samdogic to deduceE[e]. Remembethata Packis sentto a sender
only whenthe gatherroot recevesan in-orderpaclet from that sender Sothe inter-
arrival time (E[b]) betweerPack eventshasa directrelationshipwith the elapsedime
betweenconsecutre paclets from the samesender To determineE|e], we have to
estimatehow mary pacletsfrom this sendeiarelost beforethe gatherroot detectghis
lossproblem.If we considerthelossis uniformly distributedbetweerl andWpge — 1,
thenon average ,we would expectto have %Iost paclets beforethe gatherroot
detectsthe loss situation. Since eachconsecutie paclet is separatedy E[b] time
units, E[e] becomes

Wpc—l (Wpc—l)*BL*gr

Ele] = 5 * E[b] = Wre

Now we have
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1 —
<§ + C) x B, * g, (4.8)

By substitutg4.5),(4.6),(4.7)and(4.8)to (4.4),we have

Gr

3 1— (1—a)*cxTO
1
_ (4.9)

3 1— (1—a)*cxTO
(% + w5 ) » By + et

Ty =

whereTO = 7;—?. As Ty representthethroughpuefficiency obseredby onepartic-
ular senderthentheaggreyateperformancef this mary-to-oneflow undercongestion
lossproblembecomes

TRt = P x Tgyy. (4.10)

The above empiricalequation(4.9) for predictingthe throughputefficiency on the
output-tufferedarchitecturds formulatedin termsof 3 transitionprobabilities- a, ¢
andf. Fromthe formula,we obsene thattransitionprobability c hasa significantrole
onthefinal performancesuchthatif we canfind someway to minimize c, the higher
throughputwe get. To utilize this equation we needto provide somemethodso de-
terminetheseprobabilities. However, we cannotidentify a cleanassociatiorbetween
ourtargetperformancearameter§WWr , P, By, & TO) andthosetransitionprobabil-
ities. Consequentlywe have to rely on someinferentialapproach50] to statistically
estimatethesetransitionprobabilities,which is commonlyusedin otherperformance
studies[63,74,112,119]. In particular we look at the informationgatheredrom a
sampletraceandusethis informationto estimateon the transitionprobabilities. For
examplesjn our casewe have

_ totalnumberof PN transitions (4.11)
C = .
total numberof P

—— total numberof transitionsfrom N to TO
total numberof P N sequences

. total numberof transitionsfrom 70 to P
- total numberof 70O

Sk

(4.13)
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4.3.3.1 Experimental Evaluations

A seriesof experimentsare conductedo validatethe above empirical formula. For
all of thesetests,the sameclusterthat we have usedin Subsectiord.3.2.1is used,
however, the numberof clusternodesinvolved dependson the configurationof the
switchor atmost32 nodes FurthermorethesameGBN reliabletransmissiorprotocol
andtheDP packageareused.Thefirst setof experimentss conductedvith this cluster
interconnectedy the 16-portIBM 8275-416Ethernetswitch. Underour benchmark
tests,this switch is revealedto have an output-tuffered architecturewith B;, = 95
units peroutputport. As this switch canonly supportl6 full 100 Mb/s connections,
we usea clustersizeof 16 nodesto conductall tests. The secondsetof experiments
areconductedy interconnectinghis clusterwith the CiscoCatalyst2980GEthernet
switch, which has80 Fast Ethernetportsand 2 Gigabit Ethernetports. By applying
our benchmarkestson this switch,we uncover thatthe switchinternalis adoptingan
output-lufferedallocationschemeon a sharedmemoryarchitecturd (with B, = 128
units per outputport). We only connect32 clusternodesto this switch asthis is the
maximumsizewe have for this homogeneousluster

We employ a similar testingmethodologyas appearedn Subsectiord.3.2.10n
eachplatform, however, to inducethe congestionoss problem,we have a different
window sizing constraintthatis Wrc x P > By. Sincethetwo switchingplatforms
have differentbuffering capacityandsupportegortnumberthusthe extentof varying
the Wrc and P parametersredifferenttoo. In orderto apply our empiricalformula
(Eqg. 4.9),wecollectactvity tracedrom thoseprocesseduringthetests.We obtainthe
measuregerformancendifferentparametesettinggdifferentcombination®f Wg¢,
P andT'O) by runningthe sametestsfor 30 iterationsandtake the averagetiming as
theresultmeasuremenilo minimizetherequiredruntimememoryto storetheactiity
traces,only the actiity tracesof all senderson the lastiterationarereturned. Then
the correspondingransitionprobabilitiesare calculatedfor eachsenderandfinally,
the meanvaluesfrom all the sendersaretaken asthe transitionprobabilitiesfor this
particularparametesset. Table4.1 displaysa samplesetof datacollectedfrom the
IBM 8275-416platform by this method.

We startthe analysisof our GBN schemeby comparingits performancewith the
simpleGBN schemdasdescribedn Subsectior.3.2.1)onthelBM 8275-416switch,
andtheresultsareshonvnin Figure4.9. In contraswvith theinput-bufferedarchitecture,
we find that our GBN schemeworks effectively on the output-luffered architecture,
while thesimpleGBN schemegoerformsextremelyinefficientonthis architectureThe
measuredesultsonthesimpleGBN schemeshow thatits performances insensitveto
theP andW g parameterdyut is slightly dependean thetimeoutsetting. The major
differencebetweerour GBN schemeandthe simple GBN schemads on the existence
of fastretransmissiomechanismHowever, fastretransmissiois simply a stochastic
approaclonimproving theefficiencgy, aseachsendemttemptgo recover from theloss
beforefalling throughto the Stall state. Throughthis kind of randomselection some

80n the supportingdocumentof this switch [99], Cisco claimsthat this switch hasa low-latengy,
centralizedsharednemoryswitchingfabricarchitecture.
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—_—~—

P | Wge | TO ¢ 1-a f Measueo[Tg%?“t 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: Sampledatacollectedonthe 416 platform
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Figure 4.9: Comparingthe performanceof our GBN schemewith the simple GBN
schemeonthelBM 8275-416switch
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sendergyettheir chancesn continuingtheir transmissiongnd effectively utilize the
bandwidth while theresthave to wait for their chancesfteratimeoutinterval.

In Figures4.10and4.11,we have the comparison®f the measure@ndpredicted
performancef our GBN schementhelBM 8275-416platformfor variousparameter
sets.In generaltheempiricalformula(Eq. 4.10)correctlyreflectsthemacroscopide-
havior of our GBN reliabletransmissiorprotocolon the output-tufferedarchitecture.
Specifically boththe measuredndpredictedresults(Figure4.10)shav thathaving a
larger TO settingimprovesthe throughputefficiengy. This behaior is a resultof the
additionof the fastretransmissiomechanismyhich randomlyselectsa few senders
to continueanddeniesthe rest. Besideshe TO parameterwe alsoobsenre thatboth
theWrc and P parameterareinverselyrelatedto thethroughputefficiency.

Ontheotherhand,observingfrom theresultsshovn in Table4.1andFigure4.11,
we find thatthe accurag of our predictionss deterioratingalongwith theincreasen
P, Wrc andTO, albeitthelow errorrate (the 95% confidencdevel of the prediction
errorfallson7% +0.9%). Whenthetimeoutsettingis small(subgraphga),(b),(c)&(d)
of Figure4.11),we clearly seethat our empiricalformula correctlyreflectsthe rela-
tionshipsbetweenP, Wrc & Tgﬁt}’“t, but whenthe timeoutsettingis large, the rela-
tionshipsbecomaunclear Thisis becausewhenlook into thedatashavn in Table4.1,
ourempiricalformulatendsto over-estimate¢heimprovementmadeby theincreasan
timeoutparameter

Figure4.12shavstheresultsof the secondsetof experimentausingthe CiscoCat-
alyst 2980G switch with the 32-nodecluster The samefindings could be obsenred
from this setof dataascomparedo the IBM 8275-416case but the accurag of our
predictionson this platformis betterthanthat of the IBM 8275-416case(the 95%
confidenceevel of the predictionerroris 6% 4 0.7%). To uncover the performance
differencebetweenthe two switches,we extract performanceaesultsfrom thesetwo
setswhich arecollectedwith the sameparametesettings,and presenthemin Table
4.2.In generalwe find thatincreasen buffering capacitywould improve the conges-
tion performance However, it is interestingto seethatthe Ciscoswitch, which hasa
larger buffering capacity could resultin having poorercongestiorperformancehan
the416 switchon somescenarios.

Our assumptioron the timeout(7°0) settingis thatit shouldbe sufficiently large
to avoid falseretransmission.Therefore for the timeoutsettingon all tests,it satis-
fiesthis constraint 7O > 2B;. This ensureghatthe timeouttimer is setto a value
largerthanthe round-tripdelayon a saturatechetwork; andif the timer expires,this
highly indicatesthatthe network is underheary congestion.To quantify the effect of
the timeoutparameteon the throughputefficiengy, we intentionally include timeout
settingsthatareout of our assumedange,andtheresultis shovn in Figure4.13. We
obsenrethatthethroughpuefficiency is in alogarithmicscalewith thetimeoutparam-
eter This finding supportsour initial assumptiorandindicatesthat the performance
is severely degradedby the falseretransmissiophenomenaOn the otherhand,the
obsenedperformancaloesnotimprove a lot evenif we usea very large timeoutset-
ting. Thisjustifiesthatpicking areasonabléargetimeoutsettingis sufficientto guard
againsthe congestiorfossproblem.
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Figure4.10: Comparisorof themeasure@ndpredictedperformancef thelBM 8275-
416 switchunderheary congestioriossproblemwith our GBN reliabletransmission
protocolsubjectedo differenttimeoutsettings
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Table4.2: Comparison®f the congestiorbehaior obsened on the IBM416 andthe

Switch | B, | P | Wee | TO | 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

Cisc0298Gswitchesunderthe sameparametesets

Figure4.13: Effect of thetimeout(7°0O) parameteon the throughputefficiency when
the network is underheavry congestionoss problem. The dataare collectedon the
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4.3.4 Discussionof the Modelsand Their Implications

In previoussubsectionsye have examinedonthe performancéehaior of two buffer-
ing architecturesinderheavy congestionoss. Regardsto the buffering architectures,
anothercommonly usedbuffering schemeshould also be considered the shared-
buffered[110] or commonoutput-tufferedarchitecturg42]. This schemanakesuse
of dynamicbuffer allocationfrom a commonpool of buffers,andthereforeeachout-
put port virtually hasa larger buffer storage. The main advantagesof this scheme
ascomparedo output-hufferedarchitectureare(1) the higherbuffer utilization canbe
achievedand(2) asmallertotal buffering capacityis required.However, to avoid unfair
utilization, mostimplementationsetup anupperlimit oneachoutputport. Dueto the
architecturakimilarity betweerthe shared-hbfferedandthe output-tufferedschemes,
we considerthatthe above analyticalstudyon the output-tufferedschemas directly
applicableto the shared-bfferedarchitecture.

We have two modelsthat describethe congestiorbehaior of our communication
systemunderdifferentbuffering architectureshowever, onecanshow thatthe 3-state
Markov chain model can be usedto derive the input-tuffered case,if we view the
input-tuffered caseas a specialcaseof this Markov chainmodel, wherea = 1 &
c= #}f%c. Although usingstochastiqprocesg2o modelsystemdynamicis a
powerful technique it hassomeknown limitations. For somecasesto capturereal
world phenomendut still keepingthe model equationtractable,one hasto rely on
someknown andwell-behaed statisticalor probabilisticmodels. Then,the question
becomedow closearetheseassumptionsnatchedwith thereality? Besideswe may
find that on somecasesthereexists no generalprobability model that suits for our
needs. Thenonehasto collectinformationfrom the running system,or if a system
doesnotexist, collectfrom the simulator Thereforejn all casesanalystsarerequired
to have statisticalexpertise. Dependingon the techniquesised,theseskills are usu-
ally not commonto the parallel programmerg116]. Furthermoreof our study on
the output-tufferedarchitecturewe areusingthe secondmnethodto derive thosetran-
sition probabilities. Although the predictionresultsare within acceptableaccuragy,
we believe thatthe informationrevealedby the empiricalequation(4.10) for output-
bufferedis not asexpressve asthatby the empiricalequation(4.3) for input-buffered.
For example,onecandirectly estimatethe effect of varyingthe Wr¢ parametefrom
equation(4.3), while equation(4.10) only shaws partof the pictureaswe cannottake
hold of therelationshipbetweenV - andthosetransitionprobabilities.

Theprimaryobjectie of this studyis to exploretherelationshipgbetweerbuffering
architectureandcongestiorbehaior, andthroughthe analysiswe coulddevise better
stratgiesin handlingthe contentionproblem. Although our studiesare basedon the
mary-to-onepatternwith a singleswitchednetwork, we believe thatour findingscan
beextendedo capturehecongestiorbehaior of differentnetwork configurationsand
communicatiorscenariosln shortsummaryherearewhatwe have obseredfrom our
analyticalstudiesandprevious experiments:

1. The numberof attributedsourceg P) on the contentionproblemhasa negative
impacton the throughputefficiency with our GBN reliable protocol,excepton
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the input-tuffered case. However, it hasthe leastweight on the performance
aspectwwhencompareto otherperformancearameters.

2. Thelargerflow controlwindow size(Wr¢) we set,themoresusceptiblywe are
whenfacingwith the congestiodossproblemfor all cases.Therefore the best
tacticis to avoid thelosscompletely Sincedifferentbuffering architecturesave
differentoverflow conditions,.e. Wrc > By, for theinputbufferingandWg¢
P > By, for the outputbuffering, we shouldobsenre theserulesin selectingthe
optimalwindow size.However, if we aretoo conserative in settingthe window
size,welosethebenefitof having pipelining. Besidesgvenwith asmallwindow
setting,we still experienceperformanceroblemonalargeclusterif thenetwork
traffic becomessymmetric.

3. Under bulk datatransfer the throughputefficiengy improves logarithmically
with theincreasean timeoutvaluewith our GBN reliableprotocol,exceptonthe
input-tufferedcase.Thereforewe find thatthe settingof the timeoutvaluehas
a significantweighton the resultingthroughput.Fromour experimentakesults,
we obsene thatit is goodenoughto setthetimeoutvaluesto the rangebetween
By, x exp < TO < By, x exp? ontheoutput-tufferedcase sincethe throughput
efficiency only scalesuplogarithmically While with theinput-bufferedcasethe
rangebetweer? « By, + P < TO < 3 x By, x P shouldwork pettygoodon our
GBN scheme.

To further our understandingyn the congestiorbehaior, we extendthis studyto
anothertype of network configuration- Hierarchicalnetwork® [35]. The hierarchi-
cal network makesuseof fastertechnologyasthe backbonenetwork to supportfull-
connecwity betweermary smallersubnetvarks,while thesesubnetverkscanbecom-
posedof a singleswitchednetwork or anotherierarchicahetwork. Figure4.14gives
an exampleof a two-level hierarchicalnetwork that compose®of FastEthernet(FE)
andGigabitEthernet{ GE) switches.

For the first setof testson the hierarchicalnetwork, we shav thatthe congestion
behaior of the output-tufferedcasecanbe usedto explain on the congestiorbeha-
ior of aninput-tufferedport, which happengo be the bridging port betweerthe two
EthernetechnologiesUsingthe sameclusterasin previous experimentswe connect
10 clusternodesto one IBM 8275-326switch andtherearetotal threesuchsubnets
in this setup.EachIlBM 8275-326switchis connectedo a Gigabit Ethernetswitch -
the Alcatel PaverRail 2200 (PR2200) througha Gigabit uplink port. With this con-
figuration,in theory we have full-connectvity for all 30 machines After runningour
benchmarkests,we find thatthis Gigabit uplink port hasan input-tufferedarchitec-
turewith By, = 45 units(which matcheswith buffer sizeof otherFE ports). However,
we alsouncover aseriougproblemof this uplink port. Althoughit is capableo sustain
ten full FE streamson the upstreanflow!?, it could only manageto sustainat most

A formal definitionof the Hierarchicalnetwork will appeaion Chapter6
0ypstream movementof datafrom thelow-level to upperlevel of thehierarchywhile downstream
is justthereverse.
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Gigabit

Gigabit
Ethernet

Figure4.14: A hierarchicalnetwork compose®f Gigabit Ethernetand FastEthernet
switches

sevenfull FE streamson the downstreamflow without paclet loss. More discussion
will begivenlaterin this subsection.As for the PR2200GE switch, our benchmark
testsshaw thatit hasa shared-hfferedarchitecturenith B;, = 820 units.

No. of senders? | SubnetA(10 nodes)| SubnetB(10nodes)| SubnetC(10nodes)
7 4 senders 3 senders targetrecever
11 6 senders 5senders targetrecever
15 8 senders 7 senders talgetrecever
19 10senders 9 senders talgetrecever

Table4.3: Thesettingusedin emulatingthe mary-to-oneflow overacongestediplink
port

To emulatethe mary-to-onecongestionoss problemon the uplink port, we use
the following experimentalsettings,which are summarizedn Table4.3. With such
settingswe remove the upstreanperformancdimitation, andby directingall traffics
to the sameuplink port, we createa scenariosimilar to the output-huffered conges-
tion problemon aninput-tuffereduplink port. Therefore we canapply our previous
techniqueto analyzethe congestiorbehaior inducesoy this traffic condition,andthe
resultsarepresentedn Figure4.15. Again, we obsene a similar congestiordynamic
whencomparewith the previous experiments.The only exceptionwe have obsered
is the extraordinaryperformancamprovementwith the timeoutparametemwhenwe
have Wrc = 24 for differentT’O settings.We could notidentify any clue exceptthat
from the actwity traceson the transitionprobabilities(a, ¢c andf), with Wres = 24
andincreasean timeoutvalue,a sendeiis lesslik ely to encountethe Nack event, but
onceit transitsto the ReSendstate, it is moreproneto be keptin the Stall state,i.e. c
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Figure4.15: The measuredndpredictedresultsof the mary-to-onecongestiorioss
problemonthe uplink portunderour GBN reliabletransmissiorprotocol
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anda becomesmallerwhenincreasen timeoutsetting. Besideswe obsenre thatthe
performancdehaior becomegovernedoy window flow control(Wr¢) settingrather
thanon the numberof attributedsourcegP).

In thepreviousexperimentsye couldnotshaw thathaving alarge B;, valuewould
be benefitunderthe congestiomproblem.To look for supportingevident,we compare
themeasuregherformancef thethreesetupsunderthe sameparametesettings|BM
8275-416,Cisco 2980 andthe IBM 8275-326uplink. The results(as presentedn
Table4.4) showv thathaving a larger buffer capacitydoesprovide betterperformance
whensubjectgo the sametraffic loading.

Switch | B, | P | Wee | TO | 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: Comparison®f the measuregherformanceon IBM416, Cisco2980andthe
IBM uplink portunderthe sameparametesettings.

Although the above experimentalsetuplooks rather artificial, it shows that the
input-tuffered uplink port behaeslike an output-huffered port whenit is subjected
to heary congestie flow acrossthe hierarchy To further examineon the congestion
behaior of theuplink portunderrealistictraffics, we re-configureahe network setupof
theclusterto emulatemultiple concurrentataflows acrosghe hierarchicahetwork.

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

P<8 P senders notused P recevers

12> P > 8 8 senders P — 8 senders P recevers

Table 4.5: The network configurationusedto emulatingthe multiple one-way data
transferover a congestediplink port

Two setsof testsare carriedout. With network configurationshovn in Table
4.5, we createmultiple one-to-oneone-way dataflows acrossthe target uplink port;
while with network configurationshovn in Table 4.6, we createmultiple one-to-one
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No. of Senders SubnetA(12 nodes) SubnetB(12 nodes)

§<P<24 g asbothsendersandrecevers gasbothsendersandrecei/ers

Table4.6: Thenetwork configuratiorusedtio emulatingthemultiple bi-directionaldata
flow overacongestediplink port

bi-directionaldataflows acrosshe uplink ports. The mainreasorwhy we usediffer-

entnetwork settingsis to keepour focuson the congestiodoss problemat the target
uplink port(s)only, andtry to avoid othersourcef loss. To mimic the bulk transfer
dataflow, all testsareconductedvith eachsendersendsout 30000full sizepacletto
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Figure4.16: The congestiordynamicof the uplink port undermultiple one-way bulk
transfers

Figures4.16and4.17shaov the perrecever bandwidthameasurean the one-way
and bi-directionaltestswith differentwindow flow control and timeout settings. In
generalthe performancebehaiors undersuchdataflows agreewith our conclusion
madeon the studiesof the mary-to-one congestionloss problem. Particularly, the
testresultsmatchwith our analyseghattheflow controlwindow sizehasthe heaviest
weightonthefinal performanceandthetimeoutsettingcomesext, while thenumber
of attributedsourceshasthe leastweight. FurthermoreFigure4.16 uncoversthein-
trinsic limitation of the uplink port, asthe measurementshav thatit canonly sustain
at most7 full FE messagestreamsegardlessof the window size setting. Oncewe
move beyond its throughputlimitation, the flow control settingbecomessignificant,
andthisindicateghattheuplink portis now working underoverloadcondition. Of the
worst, Figure 4.17 further demonstratethat underheavy loadingwith bi-directional
dataflows, the circuitry of the uplink port cannotsupportmorethan8 streams,.e.
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Figure4.17: The congestiordynamicof the uplink port undermultiple bi-directional
datatransfers

only supportsup to 4 concurrenduplex streams.Undersuchcondition,boththe data
andcontrolpacletsaresubjectedo loseastraffics on bothdirectionsareheavily con-

gestedhowever, we still obseneasimilarcongestiordynamicasidentifiedin previous

experiments.This fortifies our belief that the studieson the mary-to-onecongestion
lossproblemdo capturethosesalientfeaturesof our GBN reliabletransmissiorproto-

col.

4.4 RelatedWork

As TCPis the mostwidely usedreliable protocolin today’s network, thereexist nu-
merousstudieson performancenodelingandanalysisof this protocol,especiallyon
thecongestiorbehaior overwide-areanetworks, e.g.thelnternet[56,63,74,84,122].
Althoughwe arenot adoptingTCP asour lightweightreliablelayer, their works pro-
vide valuableinsighton building up our work. In particular thework in [74] analyzes
andmodelsthe FastRetransmitandthe Timeoutfeaturesof the TCP protocol,which
happenghat our reliable protocol also supportssimilar features. However, they as-
sumethat paclet lossesare correlated andif a pacletis lost, all subsequenpaclets
from the samecongestiorwindow arelost too. This lossassumptiorsimplifiesthe
modelingtask,but cannotreflecttherealsituationunderthe drop-taildiscipline.
Dueto theuniquenessf our GBN reliabletransmissiorprotocol,a 3-stateMarkov
chainmodelis usedfor thelossbehaior analysis.This 3-statemodelcanbe viewed
asanextensionof the Gilbert’s 2-stateerrormodel,whichis commonlyusedfor mod-
eling of channelerror [60,61] or paclet loss[2, 74] on the communicatiometwork.
By delineatinghelossprocessasthelik elihoodin stayingor transitingbetweerstates,
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this providesa methodto reflectthe temporalcorrelationbetweerpaclet lossevents.
The differencebetweenthe 2-statemodeland our modelis that the Gilbert's model
characterizehe error statedirectly, while our model characterizehe error statein-
directly, i.e. eachstatein our modelonly representshe occurrenceof an eventand
it is the transitionbetweenstatesthat delineatedhe loss process.Besides,our error
structures built ontheinteractiondetweertheunderlyingbuffer architectureandthe
reliabletransmissiorprotocol,this givesusa solid groundto reasoron our results.

Moreover, there are other approacheso characterizethe error or loss dynamic
[112,119]. Of particularinterestthework in [119] examinesthe temporalcorrelation
betweenpaclet losson the Internetconnectiondy collectingreal measurementsit
foundthatwithin 1000mstime-scalethe lossesarehighly correlatedptherwise they
areindependenbf eachother By usingthe samedatasetjt alsoevaluateghreeloss
modelsof increasingcompleity: the Bernoulli (random)model, the 2-stateMarkov
chainmodelandthe k-th orderMarkov chainmodel. The resultsshow thatthe finer
the correlationtime-scalethe betteraccurag we have with morecomple< model.

4.5 Summary

In this chapter we analyzeand model the congestionoss problemexperiencedon
today’s high-speedcommodity network. Two differentanalyticalmodelsfor input-
bufferedandoutput-hufferedarchitecturesre constructedandanalyzed.Throughthe
modelingprocesswe studyhow differentbuffering architecturesaswell asdifferent
settingsof our Go-Back-Nreliable protocol, affect on the congestiondynamic. To
show our contributions,we organizeour resultsaroundareason:

1. Of themodelingaspectwe shawv thatthe deterministiomodelprovide moreac-
cessibleénformationthanthe stochastianodel,but requiresexplicit delineation
of relationships.However, stochastianodelis more powerful andflexible, de-
spitethe needof statisticalexpertise. Throughthe comparisoron our two per
formancemodels,we point out that the behaioral differentbetweenthe two
buffering architecture®n the congestiorossproblemlies on how they interact
with thereliableprotocol.

2. In theanalysisarenawe show thatour studyon the congestionossbehaior of
theoutput-hufferedcasecanexplain otherarchitecturakituationsandcommuni-
cationscenariosIn addition,we find thatunderthe mary-to-onetraffic, input-
bufferedarchitecturenasa higherthresholdon the overflow problem;however,
oncethe overflow situationoccurs,the performancesufers significantly (both
measure@ndpredictedesultsshovedthatwe couldonly achieve lessthan50%
of thebandwidthundercongestiorioss).

3. Of the contentionstudies,we find that buffering architecturehasa significant
impacton the congestionbehaior, asa result, somemeasure®n congestion
control may find to be effective underone architecturebut futile in others. In
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particular the addition of the Stall stateover classicGBN schemehasa posi-
tive impacton the congestiorperformanceunderthe output-tuffered case but
shavsnoeffectontheinput-bufferedcase Besideswefind thatthelargerbuffer
capacityassociatedo a switch port, the bettercongestie loss performanceve
have onthe output-lufferedcase.

4. Of the protocol designissuefor clustercomputing,we shown that with mary-
to-onebulk datatransferssettinga longertimeoutduration(e.g. By, x exp <
TO < By, x exp?) helprelieving the congestiorproblemwith our GBN reliable
protocol. Besideswe shouldtake greatcareon the selectionof theflow control
window size,asits settingpaysa critical role on the whole performancespec-
trum, i.e. over all traffic conditions. In particular one shouldmake useof the
availableinformationon the buffering architectureand capacity the communi-
cationpatternandthe numberof participatingnodesto derive thecorresponding
settings. This shavs that we needto have a global prospectie, ratherthana
simpleend-to-endriew whendesigningcommunicatiorprotocols.

Theaboveresultsarevaluableinformationfor usto deviseeffective stratgjiesto handle
the congestiorioss problem. However, the bestanswerto the congestiorproblemis
we shouldtry to preventary pacletloss. This is becauseno matterhow efficient the
congestiorecovery protocolis, the performancestill suffers.
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Chapter 5

Complete Exchangeon Non-Blocking
Network

In previous chapterwe shav thatcongestiorossis a seriousthreatto the communi-
cationperformanceA goodrule of thumbin achieving high-performancen commu-
nicationis to avoid congestiorbuild up. Hence we shouldavoid contentionin thefirst
place.We have stressedh earlychaptergshatcontentionis aphenomenomwhich exists
everywhere.Contentioncanhappenn hostnode,network link andwithin the switch.
Nodecontentionhappensvhenmultiple datapacletscontendfor the receve channel
of anode,while link contentionoccurswhentwo or more paclketssharea communi-
cationlink. And switch contentionis inducedby the unbalanceof traffic flow through
the switch, which resultsin overflow of the switch buffer. In fact, it is impracticalto
think thatwe caneliminatecontentionrcompletely unlesswve sacrificeour performance
objectve.

In this chapteywe carry on with our studiesof the contentionissueaswell asthe
performanceassueby focusingon the mostdemandingcommunicatiorpatternon all
message-passingachines the CompleteExchangeoperation.We make useof our
communicatiormodelto designand analyzeseveral completeexchangealgorithms,
andaccuratelydemonstrateheir relative performance Thesealgorithmsfeaturetheir
own communicationschedulego avoid node,link and switch contentionon a non-
blocking network. The network is saidto be non-blockingif all disjoint point-to-point
connectionsare compatible suchthat thereexists a disjoint pathbetweeneachnode-
pairwhich areinterconnectedby this network. Besideghe contentionissue our mod-
eling works uncover otherinternalfactorsthat have significantinfluenceon the com-
municationperformance.

This chapteris organizedas follows. We startthe discussionby having a brief
overview onthe completeexchangeoperationtogethemwith somerelatedwork. Then,
follow by somediscussion®n the network issuein Section5.2. In Section5.3, we
presentandanalyzevariouscommunicatiorschedulegor the completeexchangeop-
erationwith respectto our communicationrmodel. Section5.4 containsour experi-
mentalvalidationsandanalyse®f thesealgorithmson arealclusterplatform. Finally,
summariegrepresentedn Section5.5.

89
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5.1 CompleteExchange

Completeexchange, also known asall-to-all personalizedcommunicationis a col-
lective operationtakes placewith a setof processesand eachprocesshasa distinct
setof datato transmitto every otherprocessn the set. To minimize the communica-
tion delay all processesareactively participatingin the communication.lt is known
to be the moststringentcommunicatiorrequiremenimposedon the interconnection
network. Sucha communicatiorpatternoccursin numerousiumericalandscientific
applications.

Due to its importance,completeexchangeoperationhasbeenextensvely stud-
ied in the past. Most of the studiesare focusedon designingcommunicatiorsched-
ulesto avoid contentiondelayinducedby the topologicalconstraintsof the underly-
ing networks, suchashypercube$10], mesheg94], tori [104], fat-treeqg81], multi-
stageinterconnectiometworks[121] andmulti-dimensiometworks[33]. Thesealgo-
rithmsexploit thefull performancef theunderlyingnetworksby carefullyscheduling
communicationgo avoid bothnodeandlink contention.Thus,thesecommunication
schedulesrealmostshapedo thetargetnetwork constraints.

Generalspeaking,algorithmsfor completeexchangecan be classifiedinto two
cateyories, the direct or indirect approachesFor the direct algorithm, eachprocess
directly sendsthosedatablocksto eachof the destinationprocessesising separate
communicatiorsteps.A clearadvantagds thatthe messagearedeliveredright to the
destinationsvithout going throughary intermediatenodes hence eachmessagep-
pearsonly oncein thenetwork. This favors networkswith higherconnectity suchas
multistaganterconnectiometworksandthecrossbanetworks,sincethemajorissueis
to schedulghetransmissionsuchthatnolink contentiontakesplace.For theindirect
algorithm,datablocksfor a setof destinatiorprocessearecombinedo alargerblock
andaresentto a representatie processthis is thenforwardto the correctdestination
processesTheindirectapproachreduceshenumberof communicatiorstepgo reduce
the startupcost; however, it introducesmoretraffic in the network andextra software
overheadsn performingdatapermutation.Thus,indirectapproachavors small size
messageeaxchangewhile directapproactHavorslong messageexchangg16,17,19].

To avoid link and node contention, some complete exchangealgorithms split
the communicationscheduleinto multiple phases. Each phasecorrespondgo a
contention-freerouting of messagedetweennodes. This approachrestrainsthe
parallelismbetweendifferentphasesasa processwvould not enternext phaseunless
it hasfinishedthe messagexchangeof the currentphase.Besidesnot all processes
areactive in eachphase[57,104], therefore,inactive processe$iave to be keptidle
for the whole phase. Furthermoreto achieve this contention-freesynchronismthe
schedulevouldinducesubstantiabynchronizatioroverheadFirst, processeaheadf
scheduleannotcontinue thismeansomeof thelinks carrynodata.Secondit is hard
to enforcethis synchronismon a distributed system. In particular synchronization
achieved by softwaresolutions(e.g.,barrier)could contendwith normaldatatransfer
and this may becomea wasteof bandwidth. Bokhari et al. [18] have pointed out
that by using a relaxed synchronizatiorschemethat possiblyincreaseshe network
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contention,the overall performanceof the completeexchangecommunicationcould
beimproved.

5.2 Non-Blocking Switch

Demandingapplicationssuchas multimediaand data-intensie applications require
higher network transferrates. Traditional bus-based_ANs are not capableto sene
for the needs. Thereforethe useof switchesin LANs becomesan effective way to
increasehe network bandwidth.Besidesf theimprovementin network performance,
theseswitchesprovide greaterflexibility andinterconneciscalabilityin network de-
sign. Driven by the market demandsindtrends,industrialsectorshave investedcon-
siderableefforts in improving the quality of their commercialproducts. Particularly,
somecommercialnetwork productseven supportnon-blockingswitching capability
up to hundredsor even thousandports[71]. A switchis saidto be non-blockingif
the switchingfabricis capableof handlingthe theoreticaltotal of all ports,suchthat
ary routing requestto ary free output port can be establishedsuccessfullywithout
interferingothertraffics.

Theoretically connectingall clusternodesvia a single non-blockingswitch pro-
videsthe bestperformance . However, to achieze good communicatiorperformance,
balanceof traffic flows aswell asschedulingof communicationshouldbe stressed,
asary misjudgmentmay resultin congestionoss. Although having a non-blocking
switchingfabricguaranteehkigh-performancethereareotherinternalfactorsthathin-
der the switch performance.In particular the buffering mechanisnusedwithin the
switchesis oneof the crucialfactors. Therearemary variationsof switch’s buffering
architecturemostcommaodityswitchesfall into one or a combinationof thesethree
basictypes: input-huffered, output-luffered and shared-bffered. In Chapter4, we
have investigatedandreportedon how the switch’s buffering architectureaffectsthe
congestiorbehaior underheary congestre loss.

A known phenomenoithatcomeswith the input-bufferedswitchis the Head-Of-
Line (HOL) blocking problem. Packetsblock at the headof the queuealsoblock the
pacletsbehindthem,evenif someof thesepacletsaredestinedor idle outputports.
By usingqueuinganalysis HOL blockingis shavn to reduceavailablethroughputo
58% evenunderuniform traffic pattern.However, input-portbuffering is the simplest
to designastheinternalspeedof the buffer only operatest the samespeedasthein-
put/outputinks. Thereforethey arecheapalbeithave somephysicalconstraintWhile
for theothertwo architecturesputput-tufferedandshared-bffered,they do not suffer
from the HOL problemandthuscould supporthigherthroughputhaninput buffered
switch on sometraffic patterns.Dueto technologicakonstraintsthe performanceof
thebuffersmustbe fastenoughto sustainsimultaneousicces$110], andthis requires
morecomplex andstringentdesign. Thus,theseswitchesareusuallymore expensve
thantheinput-bufferedswitch.
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5.3 Complete ExchangeAlgorithms

We first derivedthe lower boundcostfor the completeexchangeoperationon our ab-
stractmodel- thecompletelyconnectedluster Assumingthateachnodeis capableo
sendandreceve amessagé onetime unit, suchthat(O,+ 0O, +U,) < maz(gs, g.) <
L. With this capability a processanactively sendandreceve atthe sametime, thus
canfully utilize the communicatiometwork. In this study we are only focusingon
the communicatiorperformancean exchanginglarge datablock, which is the general
scenarichappenedn mostscientificandnumericalcomputation®n messag@assing
machines.To simplify the analysiswe assumehateachdatablock correspondso k
datapaclets. Therefore the minimum amountof pacletsbeingsentandrecevedin
the completeexchangeoperationperprocesss 2k(p — 1) pacletsor 2kb(p — 1) bytes
if eachdatapacletis of sizeb bytes.

As theminimal time in sendingor receving a paclet of sizeb bytesis boundedoy
thesendgap(g,) andreceve gap(g,), andeachmachinecaninject or receve nomore
thanonepaclet within this gap. Therefore we deducehatthe minimal time required
for the completeexchangeoperationundersucha clustercommunicatiorabstraction
is

Tota = Os+maz((k(p—1)—1)gs,(k(p—1)—1)g)) + L+ O, + U,
= (k(p—1)—1)maz(gs, ¢-) + Os + L+ O, + U,
= kip—1)g+T, (5.1)
whereT, =O;+ L —g+ O, + U,

Thus,ary solutionto thek-item completeexchangeoperationon the clusteris optimal
if it takesT,;, time unitsto finish the operation.Carry on with the deductionwe see
thatthe necessargonditionsto satisfythe above optimality are:

1. Eachdatapaclket mustbe sentdirectly to thetargetnodewithout detour

2. Eachclusternodeis actively sendingand receving the datapackets without
network stallingduringthe whole courseof operation.

Condition1 ensureghatall messageappearoncein the network, andtherefore min-
imizesthetotal transmissiordelayandmessagingverhead While with Condition2,
we ensurdhatnobubbleexistsin the network pipelines.As our performanceyoalis to
minimizethecommunicatiortime, existenceof bubblesin the network pipelinemeans
thatwe have to take longertime to completethetransmissionThus,arny schedulehat
ensureso bubbleappearsn thenetwork pipelinesachiezesbetterperformance.
With theassumptiorof complete-connectadpology links andbandwidtharesuf-
ficient but contentionstill existsif messagdéransmissiongre not well scheduled.In
particular ary efficient algorithmin realizingthe completeexchangeoperationmust
balancebetweensynchronizationand contention. This is becausedue 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 normaldatacommunicatiorand contendgor network resources.In the
following subsectionsye review the communicatiorschedulesisedby differental-
gorithmsfor thecompleteexchangeoperationanduseour performancenodelto eval-
uatetheir performance.

5.3.1 Shift Exchange

This algorithmis the simplestway to schedulecommunicationsvithout node con-

tention. It takes p-1 communicationrounds,and during eachround, eachprocess
sendsout k itemsto one partner and recevesk items from anotherpartner which

is determinedy a shift pattern.

Algorithm 1  Shift Exchange

for i =1to p-1do
frompartner =( nyid + p - i)% p
to_partner =( nyid +i)% p
for( s =1to k)&( r =1to k) in parallel do
if ( send_item_to( to_partners, to)= SUCESS)

then
inc s
fi
if ( recv_item_from( frompartner,, from= SUCESS)
then
inc r
fi
endfor

endfor

As depictedin Algorithm 1, during eachround, eachnodeuniquely mapsto one
sendtoand recvflom partners thus exhibits no node contention. However, the non-
stalling condition(Condition2) is not enforcedunderthis scheme Althoughthereis
no explicit synchronizatiorappearedetweenconsecutie roundsandboth sendand
receve operationareof non-blockingsemanticsthe p-1 roundshave animplicit syn-
chronizatiorcostthatintroducesubblesto thenetwork pipelines.For example Figure
5.1depictsatypical communicatiomound. Boththesendandreceve channelsareidle
until thefirst byte of thefirst pacletis beinginjectedinto the network. Similarly, after
receving the last byte of the last paclet, both channelsareidle until the clusternode
hasfinishedhandlingthe lastpaclet of this round. The predictedcommunicatiorcost
for this completeexchangeoperationis

Tonist = (p—1)(Os+kg+L—g+0,+U,)
kglp— 1)+ (p — )T, (5.2)
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Figure5.1: Shift Exchangepattern

From the costformula, we notice that this algorithmis not optimal asthereis a
messagingverheadwhich is proportionalto the numberof clusternodes asdenoted

by (p - 1)Tw

5.3.2 GeneralizedPairwise Exchange

In the pairwiseexchangealgorithm,nodesare pairing up for directexchangen each
round. Traditionally, the pairing patternis basedon the Exclusve Or (XOR) binary
operation. From high-level prospectre, the communicationcostof the pairwiseex-
changealgorithmcoincideswith thatof the shift exchangeasboth algorithmsinvolve
the samenumberof communicatiorroundsand communicatiodoad. Therefore we
canconsidethat Ty, = Tspis- We will discusdaterhow they may be differentfrom
animplementatiorview, suchthattheir costformulaemay be different.

The major dravbackof the XOR bitwise operationis the requiremenpf p = 2%
in orderto symmetricallypairing up all the nodes. For the casewith p # 2%, the
numberof roundsbecomeg/%s:r1 — 1 andduringeachround,not all the nodesfind
a matchingpartner The solutionto the pairing problemis to find an algorithmthat
matchesour completely-connectetbpology The pairing problemcanbe formulated
asanedge-coloringproblemon ary connectedyraph.lt is definedas:

GivenagraphG = (V, E), with |V| = p nodesconnectedy asetof edges
(E), whatis the minimum numberof colorsneededo color the edgesof
G sothatno two adjacenedgesareassignedhe samecolor.

In graphtheory thisis alsodefinedasthe edge-chromatiimdex x'(G) of G. Thus,
thesolutionto our scheduleroblemis to find analgorithmfor edge-coloringhe com-
pletegraph,with the edge-chromatiindex representshe numberof communication
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Algorithm 2  EdgecolorPairing Algorithm

PROCEDURE EdgeColor ( round, nyid, p)

{
x= odd(p)? p: p-l
if ( nyid< %) then
v=_( round + ¥'— nyid)% Y
else
v =odd( round)? BME% X round
o 2 C 2
fi
if (odd( p) AND v = nvyi d)then
return -1 // idle for this round
else if ( v = nyid)
return  y’
else
return v
fi
}

rounds.Dueto its uniqguenesshereexistsa simplenumerablesolutioncomparabldo
the XOR bitwise operationfor p > 3, andis beingdescribedandprovedin [40]. By
incorporatedhis algorithm(Algorithm 2) to the pairwiseexchangeschemewe have
the generalizegoairwise exchangealgorithm. Underthis mappingschemethe per
formanceis only slightly deterioratedvith p communicatiorroundsfor all odd cases,
insteadof having p-1 communicatiorroundsfor all evencases.

5.3.3 SynchronousShuffle Exchange

Theabove two algorithmshave a messagingverheadvhich is dependean the num-
berof communicatiomounds.If kis smallandp is large,they would performpoorly. A
simplesolutionto this problemis by removal or reductionof this messagingverhead.
We obsene thatthe previoustwo schedulesrearrangedo avoid nodecontentionat
the messagéevel, suchthatduringthe exchangethe whole messagé€k datapaclets)
is beingsentcontinuallyto the destination.

Thesynchronoushufle schedulg€Algorithm 3), effectively multiplexesall thep-1
messagem a singleroundby applyinga contention-freescheduleat the paclet level
without explicit synchronizationoperation. Basedon that paclet-level scheduling,
at a particularinstanti’ (assumdogically synchronized)eachprocesss sendingits
5t paclet to the procesg; directly. And p; is derived from a nodecontention-free
permutatiorschemdy), e.g.theshift patternthex or patternor theedgecolopattern.
As eachprocesscanuniquely matchto differentprocessat eachpaclet transmission
step, it guaranteeso two paclets are directedto the samedestinationat the same
instant,thusno nodecontention.The predictedcommunicatiorcostfor this complete
exchangeoperationis
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Algorithm 3  Synchronoushufle Exchange

for( s =1to k)&( r =1to k) in parallel do
for( ig=1to p-1)&( ir=1to p-1) do
to= @s(nyid, is)
from= ¢ (nyid, i)
status = send_item_to( tog, to)
if ( status = Success) then

inc g
fi
st at us = recv_item_from( from, from)
if ( status = Success) then
inc i,
fi
endfor
endfor

Tsync = Os+kg(p_1)+L_g+Or+Ur
= kip—1)g+ Ty (5.3)

Fromthe costformula,we noticethatthe messagingverheads keptconstantand
is notdependean p or k. In addition,this costformulamatchesexactly to our optimal
formulaT,,. This shows thatthe schemecaneffectively utilize the sendandreceve
channeldy multiplexing all themessageseamlesslyo a singlepipelineflow without
unnecessargynchronizatiordelay

5.3.4 Group Shuffle Exchange

If every operationis executedon schedule andthe network resourcesare scalable,
then, the permutationschemeof the synchronoushufle exchangecould be finished
in minimal time. However, in reality, logical synchronizations not enforceddueto
the distributed natureof the clustersystem.Randomdelaysbetweencommunication
events,suchasschedulingdelays,could breakthis harmory andresultin “transient
hot-spot”in the switch. Obsenedthatthe more pacletsaretargetingto the sameout-
putlink, which arearriving from differentsourcesat differenttime period,the higher
chanceof having conflicts even undera regular and uniform pattern. Whentwo or
morepacketscontendfor the sameoutputlink, buffering of conflicting packetswould
resultin routingdelay As the buffering techniquewithin the switchhasanenormous
impacton the network performanceye reckon thatthe synchronoushufle scheme
could suffer on clusterswith input-bufferedswitchesdueto the head-of-lineblocking
problem.

Groupshufle exchanggAlgorithm 4) is ahybrid approactthatcombineghe pair-
wise exchangeandthe synchronoushufle exchangealgorithms.The mainideais to
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Algorithm 4  GroupShufle Exchange

Op-1C

round = /I assume is even
Hw E P
for i =1to round do
group= []
for j =1to w do
group[j]= EdgeColor((i-1)* w+j, nyid, p )
endfor
for( s=1to k)& ( r=1to k) in parallel do
for( js=1to w &(jr=1to0 w) do

to= group[js]
status = send_item_to( tog, to)
if ( status = Success)t hen
inc js
fi
from= group[j]
status = recv_item_from( from, from)
if ( status = Success) then
inc j
fi
endfor
endfor
endfor

overcomethe HOL problembut still achiering comparablgerformanceascompared
to thesynchronoushufle schemeln purepairwiseexchangeschemepacletsappear
in eachinput port are destinedto a unique outgoingport in eachround, thus HOL

blocking doesnot exist even underinput-tuffered switch. However, in the pairwise
schemethe startupoverheads linearly proportionalto the numberof communication
rounds,which hindersits efficiengy. For the groupshufle exchange we reducethe

numberof communicatiorroundsto F‘%ﬂ . In eachround,a processors performing
asynchronoushufle exchangewith atmostw partners.Themainideaof thisscheme
is to limit the degreeof fan-out(w) duringindividual shufle exchangephaseswhile

keepingthe numberof communicatiomoundsto a minimum.

As this algorithmcompriseof morecommunicatiorrounds the startupoverhead
would be higherthanthat of the synchronoushufle schemebut lower thanthe pair
wise scheme.The predictedcommunicatiorcostfor this algorithmis, (assumev di-
videsp-1)

-1
Tgroup = pT(Os +kgw+L_g+Or+Ur)

—1
= kg(p—1)+"—T, (5.4)

Table5.1summariesheperformanceharacteristicsf all four completeaxchange
schemeshatwe have discussedofar.
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Synchronous Group | Pairwise | Shift

Fanoutdegree(w) p-1 w 1 1

No. of communicatiorrounds 1 (=] p-1 p-1
Pipelinestall 0 (=] -1 p-2 p-2

Table5.1: Performanceharacteristicef differentCompleteExchangeschemes

parameters O Js g | Oy | U, L for 326 L for 416
Time(us) | 12.5| 122 | 123 | 20 | 7 | 0.338p+149 | 0.3413+264

Table5.2: Model parameter$or the experimentcluster

5.4 Experimental Results

Our experimentalplatform is a cluster consistsof 16 standardPCsrunning Linux
2.0.36. Eachnodeis equippedwith a 450MHz Pentiumlll processomwith 512 KB
L2 cacheand 128 MB of main memory The interconnectiometwork is the Fast
Ethernetdriven by the DirectedPoint communicatiorsystem. Eachnodeincludesa
DEC21140-baseéthernetcard and connectsto a Fast EthernetSwitch. Two IBM
switcheswith differentinternalarchitecturesretested.Oneis the model 8275-326,
whichis a 24-portvirtual cut-throughswitch,andis revealedby our microbenchmark
asan input-buffered architecture. Another switch is the model 8275-416which is a
16-portstore-and-fonard switch, andis revealedas an output-lufferedarchitecture.
We have implementedhe above algorithmson this platform andcomparedheir per
formanceswith theanalyticalformulae.

To evaluatethe performancef thesealgorithms,modelparametersf our experi-
mentalclusterarerequired.Table5.2showvsall thenecessarynodelparameterfor this
cluster which arederivedfrom the microbenchmarkestsasdescribedn AppendixA.
As we are assumingk-item completeexchange we cansimplify the analysisby us-
ing a constantvaluefor mostof the parameters.This is becausell experimentsare
conductedvith a fixed sizedatapaclet, which is the maximumpayload(1492bytes)
availableto a DirectedPointpaclet.

5.4.1 Complete ExchangePerformance

We validatethe performanceof thesealgorithmsby comparingthe measuredesults
with the optimal prediction,which is derived by usingEq. 5.1. Figure5.2 shavs the
analysison the per paclet overheadof thesedirectalgorithmsfor p = 4,8,16with k =
64 on the sameclusterbut interconnectedvy thetwo IBM switchesrespectiely. The
perpacletoverheads ametricusedto measureéheaveragdateng experiencedy the
processom exchanginga dataitem. This is calculatedby dividing the measuredime
with the total numberof datapacletsthat eachprocesshassentout. The measured



99

Performance (326) - Per Packet Overhead Performance (416) -- Per Packet Overhead
150 4 - - - - s e 150 -
,,,,,,,,,,,,,,,,,,,,,,,,,,, 145 4 7] —

0 145 2 - - -
Swoy B < 1404
IS4 . 154 @shift
ERECRE SRR R R @ shift Sassd P PR - o
g [ pairwise g = pairwise
3 130 7 ok =group 3 R i I TR - ~ -~ Hgroup
S5 | L - msync. £ 125 Osync.
% 120 . moptimal ? 120 4  Eoptimal
Q [
<115 4 2 115 4

110 110 : :

p=4 p=16 p=4 p=8 p=16
k=64
(a) Connectedy thelBM 8275-326 (b) Connectedy the IBM 8275-416

Figure5.2: Performancef differentcompleteexchangealgorithmswith k=64ona16
nodescluster

resultsconformwith our analyticalstudiesthatis, the synchronoushufle exchange
algorithm s the bestamongstall of thesedirect algorithms,and their performance
rankingsmatchwith their costformulaein the previous section.For the groupshufle
exchangewe usew=>5 at p=16, i.e. thereare [ 1%~1] = 3 rounds,andw=4 at p=8 (2
rounds).Thegroupshufle schemevorksasthe secondestwhichis almostclosedto
the performanceof the synchronoushufle exchangealgorithm(which only hasone
communicatiorround). We do not provide ary datapointsfor groupshufle atp=4in
Figure5.2 aswe believe thatit is meaningless$o usegroupshufle schemevhenp is

small.

Oneof thefeaturesof our GBN reliablelayeris the supportof piggybackacknavl-
edgemenscheme.Sincethe communicatiorscheduleof pairwiseexchangenvolves
only a single partnerin eachround, we can apply optimizationtechniquessuchas
piggybackand delay acknavledgemento reducethe control traffics. Basedon this
optimizedimplementationwe seethat the pairwiseexchangealgorithmworks faster
thanthe shift exchangealgorithmin all casesalthoughthey bothhave the samecom-
municationcompleity. This is a typical exampleon the tradeof betweensimplicity
againstaccurag on the performanceanalysisissue. In Section5.3, all analyseson
differentcommunicatiorschemesrebasedon the assumptiorof the send-and-faget
nature[8] of asynchronougommunication.However, asthe underlyingnetwork is
unreliable,we have to build a reliable protocollayer to accomplishreliability. This
protocollayer would induce somecontrol traffics that inevitably interfereswith the
normaldataflows.

Figure 5.3 shaws the achieved bandwidthof thesealgorithmsfor p=16 against
differentmessagesizes(k) rangefrom 2 to 768 (datapaclets) on the two switches.
Achievedbandwidthis a metricwhich measuresghe efficiency of thealgorithmin uti-
lizing thenetwork. Thisis calculatedoy dividing thetotal datamessagsizespernode
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Figure5.3: Achievablebandwidthpernodefor differentalgorithmsascomparedo the opti-
mal prediction

with the measureccommunicationtime. The resultsshowv that synchronoushufle
exchangeperformsthe bestwith the achiezed bandwidthfor eachnodereached 1.82
MB/s (onIBM 8275-416)whichis 97% of the available bandwidth.While the mea-
suredbestachievementfor shift exchanges 11.25MB/s on IBM 8275-416 pairwise
exchangeis 11.6 MB/s on IBM 8275-326and group shufle is 11.8 MB/s on IBM

8275-416respectiely.

For very long messageflarge k), both shift exchangeand pairwiseexchangeare
catchingup with the performanceof the synchronousshufle exchangealgorithm.
However, for exchangingsmallto mediumsize messages shift exchangeand pair-
wise exchange,the waiting time incurredby eachcommunicationround cannotbe
masled away and resultsin poor performance. For example, at k=4, we obsened
that the achiezed bandwidthof the pairwiseexchangeis 72% of the optimal perfor
mance,while the achiezed bandwidthof the synchronoushufle exchangereaches
92%. Furthermore,it is interestedto seethat the optimizationtechniquesadopted
in the pairwiseexchangealgorithmlooks more promisingon the virtual cut-through
switch (IBM 8275-326)thenon the store-and-fonard switch (IBM 8275-416). We
have repeatedhe sameexperimenton IBM 8275-326with the cut-throughmodebe-
ing switchedoff, andwe experiencedhe sameperformanceatternasreportedon the
IBM 8275-416switch(in Figure5.4).

On the otherhand,the synchronoushufle andthe group shufle exchangeger
form muchbetterevenup to k=100. The synchronoushufle schemdogically sched-
ulesall communicationsat the paclet level in a patternthat avoids nodeand switch
contentions As waiting time is removed, the network links arebetterutilized, andwe
canexchangeall the messageby minimal time, hence achieved betterperformance.
Theoretically at the sameinstant,all pacletsarrived to differentinput portsaredes-
tined to differentoutputports accordingto our contention-freeschedule.Therefore,
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Figure5.4: Achievedbandwidthon IBM 8275-326with store-and-fonard switching

this scheduleshouldoperatesfficiently on any non-blockingnetwork.

In reality, no globalclockis implementedcandthe operationsarenotlock-stepsyn-
chronized.The shufle patternof the synchronougxchangecouldinducehead-of-line
blockingontheinput-tufferedswitch. Thegroupshufle exchangealgorithmlimits the
degreeof fanout andintroducesninimal waiting time duringthe communication As
shawvn in Figure5.3, it performsalmostasgoodasthe synchronoushufle exchange
algorithmevenat smallk.

5.4.2 Effectson Group Sizew

In Figure5.5we compareheefficiengy of thegroupshufle exchangealgorithmswith
respectto differentgroupsizew for p=16 on variousper node messagdength k=4,
40, 400. Technicalspeakingwith w = 1, the synchronoushufle exchangereduces
to the pairwiseexchangewhile w = 15 correspondso the synchronoushufle ex-
change Clearly, this figure shavs thatsynchronoushufle exchangealwaysperforms
the bestin all aspects.The groupshufle exchangeperformsconsiderablywell even
undersmallw for mediumto large messageascomparedo pairwiseexchange.As
the performancef the synchronoushufle algorithmdeterioratesinderheavy traffic
whenp is large (will bediscussedn the next subsection)the groupshufle algorithm
becomesnalternatve in achieving higherperformance.

5.4.3 Scalability on Problem Sizek

We comparethe scalability of thesealgorithmswhenoperatedon the input-huffered
switch (IBM 8275-326)with p=16 andw=>5 while varying the problemsizek. This
testrevealsthe effect of HOL problemwhile transmittinglong messagesFigure5.6
shavstheresultsof thisexperiment.Clearly, we seethatsynchronoushufle exchange
achievesthe bestperformancehowever, the performancalegradedsignificantlyafter
k > 512 (outof therangeshown in the graph),which correspondso thetransmission
of totalmessagéngth11 MB pernode.Theperformancef groupshufle exchangas
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Figure5.5: The efficiency of the group shufle exchangealgorithm as a function of
groupsizew for variousmessagasizek on 16 nodesoverthe IBM 8275-326.
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Figure5.6: Comparisorof the problemsize scalability on the input-buffered switch
(IBM 8275-326)or p=16

only slightly worsethanthe synchronoushufle exchangeandit continuedo operate
athighefficiengy until £ > 2304 (around49 MB pernode).Lastly, we obsene thatthe

pairwiseexchangecontinuego work for very largemessagéength(arounds4 MB per
node),but the performancedropsdramaticallyasthe requiredtotal messagindpuffer

sizeis approachinghemachindimit, whichis around128MB. In summarythegroup
shufle exchangealgorithmshawsits robustnessn dealingwith the HOL problemand
canretaingoodperformancdor very large messagsizes.

5.4.4 Comparing Switching Mechanisms

Sincethecompleteexchangeoperationnducesheary network loadingthatstressesn
thecommunicatiometwork severely, it couldbe usedasatool to evaluatetherelative
performanceof differenthardwarecomponentsFigure5.7 showvs the achieved band-
width of thegroupshufle schemendsynchronoushufle schemédor p=16 onourtwo
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Figure5.7: Comparisonof performancebetweena virtual cut-throughswitch (IBM 8275-
326) and a store-and-fonard switch (IBM 8275-416)on the synchronoushufle and group
shufle algorithms

switches. Generally both switcheshave the similar performancdor long messages,
so not much differencebetweenthe cut-throughor store-and-fonard modes. How-
ever, on shortmessagexchangesif we cannotfully utilize the network, we cannot
effectively maskaway the higherlateng of store-and-fonard switching. This is be-
ing reflectedby the slower performanceof the groupshufle schemeon both switches
whenthey areworking in store-and-fonard mode. Furthermorewe obsene thatthe
switchinternalbuffering mechanisndoesaffect the overall performanceThe perfor
manceof the synchronoushufle exchangealgorithmon the output-tuffered switch
(IBM 8275-416)s alwaysbetterthanthe samealgorithmon theinput bufferedswitch
(IBM 8275-326)with bothpacletforwardingmodes.

5.4.5 Comparisonwith MPICH

In Chapter4, we obsenre thatunderheary congestioross,our reliableprotocolmay
not be working efficiently dueto its simplicity. For examples,we are using static
window sizeandretransmissiotimer, while the sophisticated CP/IPprotocoladopts
mary features[93] in handlingthe congestionissue. Since congestionloss occurs
mainly at high network load,onewould think of switchingbackto thetraditionalpro-
tocolstackwhile we arehaving intensve communicatiorschemesuchasthecomplete
exchangeoperation.

Our objectie of devising efficient communicationschemesatop of lightweight
messagingystemis to supporthigh-level programmingmodelsuchasMPI. There-
fore, we have a direct comparisorof our DP implementatiorof synchronoushufle
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Figure5.8: Comparingheperformancef thesynchronoushufle completeexchange
algorithmwith two MPICH implementations

exchangealgorithmagainsthe MPICH [68] implementatiorof thecompleteexchange
operations. The resultsare shavn in Figure5.8. Therearetwo completeexchange
MPICH implementationsn this graph. The curve labeledas “MPICH” represents
the original implementatiorfoundin the MPICH packagewhile the curve labeledas
“pairwise-MPI” represent®ur implementatiorof the generalizegairwiseexchange
algorithmwith the MPI_sendecv()communicatiorprimitive.

First, we clearly seethatthe original implementatiorof the MPI_Alltoall() func-
tion by MPICH performsextremelyinefficient. Thisis becaus¢heirimplementations
basedon simplenon-blockingMPI_Isend()andMPI_Irecv() functions,which areis-
suedin anuncoordinatesnanner Thereforejt would subjectto bothnodeandswitch
contentionaswell asthe high overheadproblemthatinheritsfrom the TCP protocol
stack. To avoid the nodeand switch contention the “pairwise-MPI” carefully coor
dinatesthe communicationsand achiezes considerablemprovement. However, our
DP implementatiorof synchronoushufle exchangeavenoutperformghe “pairwise-
MPI” implementatiorsignificantly This shaws thatthe traditionalprotocolstackhas
severelimitation on achieving high-speedcommunication.In otherwords, it is inad-
visableto drive the high-performanceommunicatiometwork with the corventional
communicatiorprotocols.

5.5 Summary

In this chapteywe focuson the practicalissuesof designinghigh-speecompleteex-
changealgorithmson a commaodityclusterinterconnectedby a non-blockingnetwork.
As the performancef interconnectiometworksis the limiting factorof mostexisting
clustersjmproving the communicatiorperformancedy well schedulingof communi-
cationeventscould leveragethe overall performanceof the clusters. Four complete
exchangealgorithms,including, shift exchange pairwiseexchange groupshufle ex-
changeandsynchronoushufle exchangealgorithmsarestudiedandimplementedn
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our experimentalplatform. Their commoncharacteristiags that they all arrangethe
communication®r messagexchangesn anodeandlink contention-freenanner

Basedon the architectureandcommunicatiormodelof cluster we obsene thatto
achieve optimal result, the network pipesmustbe fully utilized. Any waiting stage
would stallthecommunicatiorpipelinesanddecreasé¢he overall communicatiorper
formance.This optimumcould only befulfilled by the synchronoushufle exchange
algorithm,which adoptsa contention-freescheduleat the paclet level. Dueto its ef-
fectivenessopur experimentaresultsshav thattheperformancef synchronoushufle
exchangeeache®97%of theavailablebandwidth.In particular we shaw thatby care-
ful schedulingof all communicatioreventsto balancethe usageof available network
resourcesthis hidesaway the synchronizatioroverheadsandgain considerablyim-
provementevenwhenexchangingsmallsizemessagesihile both shift andpairwise
exchangeshaow their effectivenesn exchangingong messageshey becomeneffi-
cientwhenexchangingsmall messageasthey cannotfill up thosenetwork pipelines
effectively.

Theoretically undera contention-freescheduleover a non-blockingnetwork, all
pacletsarrivedto differentinput portsaredestinedo differentoutputports;therefore,
canbe routedinstantaneouslyHowever, in reality, no global clock is implementedo
coordinateall clusternodesandtheir events. Thus,their operationsare not lock-step
synchronizedAny variationsin communicatiorschedulesvill resultin drifting from
thetheoreticaharmoty. The consequencis pacletsstartto cumulatein the network
dueto experienceof conflicts. Underthis situation,the buffering architectureof the
switch plays a critical role in the performancdssue. In our experiments,we shav
thatthe performancef the synchronoushufle exchangealgorithmis affectedby the
Head-Of-Lineblocking problem. To counteracthe HOL blocking, we have devised
thegroupshufle exchangealgorithm. Lastly, we shav thatthegroupshufle exchange
performsalmostas good as the synchronoushufle exchangealgorithm and scales
betterwhenit workson aninput-bufferedswitch.
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Chapter 6

Complete Exchangeon Hierar chical
Network

In this chapterwe proposean efficient communicatiorscheduldor runningthe com-
pleteexchangeoperationon clusterswhich areinterconnectedy the Ethernet-based
hierarchicahetwork. Theessentialeatureof thiscommunicatiorschemaes theproac-
tive approachn handlingcongestion.We considerthe contentioneffect at threedif-
ferentstages.At thefirst stage we experienceno contentionandthe performanceof
the network is boundedby its hardware performanceonly. For example,the network
load is light andthereare no conflicting traffic. At the secondstage,we have mild
contentiorwith slightdecreasén performancelueto theexperienceof contentionde-
lay. At the third stage we experiencesignificantperformancdossasthe severity of
the contentionhasinducedthe congestiorioss problem. Therefore,to achiere good
performanceye try to avoid contentionin thefirst placeby having a communication
schedulewhich preventscontentionat the nodeand switch. If congestiondoesde-
velop,our communicatiorschemeaegulatesthe traffic to avoid further building up of
congestiorthatresultsin congestiorioss.

Our completeexchangealgorithm on hierarchicalnetwork is basedon the syn-
chronousshufle exchangelgorithm,whichis developedonatheoreticahon-blocking
network. By introducinga global windowingconceptto all participatingnodes.they
areresponsibléo monitorandregulatethetraffic loadsto avoid congestionBasedon
architecturafeaturedik ethenetwork buffering capacityandthe balancingof upstream
anddownstreamflows, we derie the global windowing schemeandthe contention-
awarepermutationyhich transformthe algorithmto work efficiently on the hierarchi-
cal network.

This chapteris organizedasfollows. Section6.1 laysdown the architecturachar
acteristicof the Ethernet-basetierarchicahetwork, anddescribes simpleabstract
model of the hierarchicalnetwork to aid our analysis. Section6.2 describeshow to
augmentthe original synchronousshufle exchangealgorithm to run efficiently on
both Ethernet-basetierarchicalnetworks andnon-blockingnetworks. Then,the ex-
perimentalresultsof the modified algorithm are presentedn Section6.3. Finally,
summariegrepresentedn Section6.5.
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Figure6.1: Poll resultson the subject:"Whatinterconnectdo youuseor would usein
your cluster? (Source:Clusters@0DP500[28])

6.1 Hierarchical Network

Ethernet-basedetwork is the mostwidely usedlocal areanetworking technology
Althoughstandardthernethaslimited bandwidthin supportingclustercomputingits
enhancedersions,suchasFastEthernet(FE), Gigabit Ethernet(GE) and 10 Gigabit
Ethernetprovide sufficient bandwidthwith a steadyupgradepathin building large-
scalecommodityclusters.Therefore mary self-maddarge-scaleclusterg25—-27]are
using Fast Ethernetand/orits successogrs the baseof their interconnections.For
example Cluster@DP500[28] hasconductedninformal surwey onchoiceof cluster
interconnectsTherearetotal 380 votesasof July 2001 on this poll, andthe resultis
shown in Figure6.1. Roughlyspeaking 60% of the systemdesignerdave votedfor
Ethernet-baseunhterconnect.

Currently there are two approachesn building a large-scalecluster using the
Ethernet-baseithterconnectionskirst, usingasinglehigh-performancehighportden-
sity chassiswitchto connectall machineg71]. Secondusinga hierarchicahetwork,
in which clusternodesare connectedo FastEthernetswitchesandusingthe Gigabit
Ethernetasa backbonenetwork to interconnectll FastEthernetswitches.Giventhat
the backbonecapacityof the interconnectiometwork is greaterthan the bandwidth
demand®f thewholecluster bothapproachesupportafully connectechetwork with
similar performanceln reality, bothapproachearesufferedfrom similararchitectural
constraintghatlimit their actualperformanceln previous chapteyour studyof com-
plete exchangeon a single router switch hasrevealedthat the buffering mechanism
usedwithin the switch could hinderits actualperformanceandwe have proposedca
sub-optimaklgorithm(groupshufle exchange)n dealingwith the situation.

The hierarchicalapproachmakesuseof compatiblenetwork technologiesyhich
is amorecost-efective methodin incrementakcalingof thecluster With currentEth-
ernetinstallations connectiondetweerdifferenttechnologiesarecommonlybridged
by oneor moreuplink ports,which areadd-onsto those*lower” enddevices. Since
fasterEthernettechnologiesare mutatedfrom the standardethernet,so they are us-
ing the samemechanismin switching paclets. Packet receved on aningressport is
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switchedto the correspondingegressport accordingto the destinationMAC address
foundatthe headof eachpaclet. Theswitchusesdts addressookuptableto make this
forwardingdecision.

Within the Fast Ethernetswitch, there are two typesof network traffics, either
internal traffics or cross-switchtraffics. For internal flows, paclets are destinedto
clusternodesthat connectto the sameFE switch directly; while for the cross-switch
flows, pacletsaredestinedo remoteclusternodesthatareresidedacrosshe network
hierarchy The requiremenbf having higherchannelbandwidthfor the uplink limits
the switching mechanismadoptedon this type of interconnection. As cut-through
switchingis only possiblefor ports operateat the samedatarate or slower, this is
not suitablefor the uplink connectionsand makes the store-and-fonard switching
betheonly feasiblesolution. However, the changeof channebandwidthbetweerntwo
technologiesnayinducehotspotsincestore-and-fonardswitchingcausesumulating
of upstreamanddownstreanpacletsover thoseuplink ports.

Apparently even under a node contention-freeschedule,sharingof uplinks is
neededon a hierarchicalnetwork. For instance,all cross-switchtraffics are going
via theuplinksto the GE switch, pacletshave to contendfor the sharedinks although
they are from distinct sourcesand to distinct destinations. In theory undera node
contention-freeschedule the distribution of data paclets should be well balanced.
Thus, arny transientcongestionover the uplinks could be handledby the buffers in
the switchesaswell asthe higherthroughputof the uplink connectionsHowever, the
distributednatureof theclustersdoesnotguarante¢o adhereo atightly synchronized
schedule. Any randomdelay on schedulingcommunicationeventsof the complete
exchangeoperationmay resultin considerablycontention. As congestions handled
by the buffersin the switchestherefore we seethatthe buffering mechanisnplaysa
critical role in the overall performancef the hierarchicahetwork.

6.1.1 SystemModel

To simplify the discussiona two-level switch hierarchyas depictedin Figure6.2is
discussedFor this treetopology all clusternodesaretheleaf nodesandaregrouped
into disjointsetswith d; membersn eachset. Membersof the samesetareconnected
toaparentwhichis aswitchnodelocatedatLevel 1, andall communicationgenerated
by the set- bothwithin setandacrossset,have to go throughthis switchnode. Com-
municationsbetweensetsare establishedhroughthe root switch node, which fully
connectsall Level 1 switch nodes.To supporthigh performancecommunicationye
assumehatthe switch-to-switchlink bandwidthe, andthe node-to-switcHink band-
width ¢; satisfythis constraintd;c; < ¢, which ensureghatthe throughputcapacity
of theuplink is ableto handleall upstream/danstreantraffics generatedyy thewhole
setat ary particularinstant. We also assumehat the backbonebandwidthof those
Level 1 switchesaregreateithanor equalto d;c; + ¢3, andthe backbonéandwidthof
therootswitchis greatetthanor equalto dyc,. With theseassumptiongheaggreated
bandwidthavailableto a clusterwith p nodegwherep = d;d,) is boundedy d;dsc;.
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Level 2

Figure6.2: Interconnectioniopologyof thetwo-level switchhierarchy

6.2 Modified SynchronousShuffle Exchange

In Chapter5, we have presentedhe SynchronoussShufle completeexchangealgo-
rithm, which is a bandwidth-optimallgorithm on ary non-blockingnetwork. The
spirit of thisalgorithmis thenodecontention-freescheduleperatedatthe pacletlevel
without explicit synchronizatioroperation. By effectively utilizing the sendandre-
ceivechannelsthisschemanultiplexesall themessageseamlesslyo asinglepipeline
flow by schedulingconsecutre pacletsto differentdestinationnodesaccordingto a
nodecontention-fregermutation(y).

If every operationis executedon schedule the permutationschemeof the syn-
chronousshufle exchangecanbefinishedin minimaltime. Howeverin reality, asthis
scheduleinducesintensive communicationsand demandson logical synchrory, ary
non-deterministialelaysbetweeneventscould breakthe synchronismand resultin
congestiordevelopedin the switch. For example,non-coordinategrocesscheduling
wouldintroducerandomnessWe have shawvn in previouschapterthatnotall switches
canwithstandsuchanintensve communicatiorpatternfor anextendedperiod.

Generally having logical synchrory onall clusternodess anidealisticassumption
for the caseof commodityclusterswhich have no hardwaresynchronizatiorsupport.
To imposethis synchroty, explicit synchronizatioroperationscanbe used.However,
thisbringsonextrasynchronizatiomverheado thetotal communicatioriime,andalso
stallsthe communicatiorpipelinesasno datacommunicationsretaking placeduring
synchronizationSinceperformanceossis causedy oversubscriptiorio the network,
which inducespaclet lossat the bottleneckregion, the bestsolutionto avoid conges-
tion lossis to preventoversubscriptiorio the network. Thatcanbe doneby applying
someform of traffic controlon eachnodeto minimizethe contentionproblem.
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6.2.1 Global Window CongestionControl

The conjecturebehindthe contentionprobleminducedby the synchronousshufle
exchangealgorithmis the non-deterministiadelayson communicationevents. With
the hierarchicalnetwork, two more sourcesof delay could contribute to this non-
determinism.

0 Queuingdelayattheuplinks: with the hierarchicahetwork, inter-switchtraffics
haveto gothroughshareduplinksandconflictingpacletsarebuffered;therefore,
increaseshe network delay

0 Thedifferenceof network latenciesdbetweemodes:evenwith the useof faster
technologyfor upperlevel interconnectionsadditionaltransmissiordelayson
deliveringthe dataacrosshe hierarchywould inducethe contentionproblem.

To achieve optimal performanceon the hierarchicalnetwork, sharingof links is nec-
essary Thus, having link contentionis a fact thatwe mustconfrontwith. Although
mild contentionncreasesetwork delay it doesnotseverelydegradethe performance,
unlessthe congestiorpersistsfor along periodof time, which resultsin buffer over-
flow. Therefore,it would be usefulto have a congestioncontrol schemeto prevent
oversubscribinghe network.

In this study we adopta proactve approachn the congestiorcontrol. This con-
gestioncontrol schemes differentfrom traditionalapproachesCorventionalmech-
anismsfor controlling congestiorare basedon end-to-endvindowing schemeg89],
however, they arenotsuitablefor collective operationsn high-speedhetworks. Thisis
becausehey areusuallyreactiveschemesThey probefor congestiorsignals,suchas
pacletlossandtimeoutsignals,andrespondoy recoveringthelossandregulatingthe
traffic loadto avoid furtherloss. However, we have alreadylost somepaclets,andthis
hasaffectedthe performanceOur GBN reliableprotocoldescribedn Chapterd is an
exampleof areactve scheme Besidesthe feedbacknformationfrom the network is
usuallyoutdateddueto the propagatiorandtransmissiordelays.Hence,ary reactve
actiontakenmaybetoo lateto avoid furtherloss. Furthermoreend-to-enavindowing
only providestraffic informationon individual connection.t lacksin a globalpicture
of thenetwork, suchasthenumberof traffic sourceandthecommunicatiorpatternin
used.

However, in clustercomputing thetraffic patternis predictablen the caseof col-
lective operationson an enclosechetwork. Therefore,we canutilize thoseavailable
information,suchasthe network buffer capacitieg B;) of the switchednetwork, the
communicationpatternand communicatiorvolume, to derive someresource-aare
congestiorcontrolschemeWith our globalcongestiorcontrolschemegachsources
assigneavith apredefinedesourcdimit, andour schemdorcesthemto regulatetheir
traffic loadsbelaw this limit. By having a fair shareof resourcesthis ensureshatno
sourcewill exceedits allowedtraffic capacityandavoidscongestiorioss.

We have obseredthatduringthe executionflow, ati*» communicatiorstep,apro-
cessis sendinga datapacletto anotherprocessaccordingto the nodecontention-free
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permutationschemep. If every operationis on schedulethe numberof outstanding
datapaclets(n) in transitfrom a procesdo otherprocesds boundedoy Lﬂ . Under

mild congestionthe processexperiencesslight increaseof n. If congestiorpersists,
this eventuallyinducespacletloss,andn will increaseconsiderablyTheabove obser
vationimplies thatto avoid overflowing the network buffers, we needto regulatethe
numberof outstandingpaclets(n).

The principle behindour congestiorcontrol schemas quite simple. Whenapply-
ing this schemeon our completeexchangealgorithm, all sendersareassignedvith a
globalwindow (IV,) atthebeginningof thecommunicatiorevent. This W, factoracts
asacontrollerto limit the amountof traffic thata particularsendercaninjectinto the
network. If a senderfinds that sendingout a datapaclket may overloadthe network,
whenn = Wy, it justhaltscurrenttransmissiorandwaitsuntil it is safeto transmit,i.e.
n < W,. By picking the correctvaluefor W, this schemeguaranteethatduringary
interval, the total numberof pacletsenteringthe network doesnot exceedthe sumof
apre-specifiedimit, whichis the network buffer capacityatthe bottleneckregion. To
computelV/,, we needto identify thebottleneckregionandmeasurehe buffer capacity
(Br) associatedo the bottleneck thenwe derve W, from By, onthe principle of fair
sharing.

Basedon the communicatiorpatternandschedulewe estimatethe averagenum-
ber of paclets(v) generatest eachcommunicatiorstepwhich areforwardedto the
bottleneckegion. Withoutlostof generality let’'s take the FE/GEhierarchicahetwork
asanexample.Assumethatthe uplink portsarethecritical bottlenecksandthey areof
input-tufferedarchitecture.Underthe synchronoushufle schedulejn p-1 commu-
nicationsteps,a procesgjeneratep-1 datapaclketswhich aredestinedo p-1 distinct
nodes.However, only d; — 1 pacletsareswitchedlocally, andtherest,p — d; pack-
ets,areforwardedby the FastEthernetswitchto its uplink port. Therefore thereare
(p—dy)d; pacletsbeingforwardedupstreanby eachFE switchin p-1 communication
steps.Basedon the nodecontention-freggermutationthe sameamountof datapack-
etsareswitchedfrom the Gigabitbackbonéackto eachFE switch. Thus,theaverage
numberof datapacletsdirectedto eachuplink port percommunicatiorstepis

U= w (6.1)

p—1

Fromthis, we derive thevalueof W, whichis

W, = {EJ 6.2)

v

6.2.2 Contention-Aware Permutation

However, knowing thevalueof W, is a necessaryput not sufficient conditionto avoid
congestiorioss. Thisis becauséV, is dervedfrom takingthe averageraffic load,and
unlike traditionalend-to-endchemeglobalwindowing needgo monitorandregulate
all traffic flows of a processnot just oneconnection.If the traffic distribution is not
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Figure6.3: An examplepermutatiorin which globalwindowing alonefailsto regulate
thetraffic.

uniformly spreadacrosghenetwork, theglobalwindowing schemecouldnotfulfill its
functioncorrectly Thisis beingshowvn in Figure6.3. In this example,we assumehat
the bottleneckregion of the 4x4 two-level hierarchicalnetwork is at the uplink ports
with B, = 30. However, underthe XxOR permutatiorschemeye couldexperiencehe
contentionlossproblemeventhoughglobalwindowing is adopted.

In this example thesizeof W, is Lg—gJ = 9. Assumethatatcommunicatiorstepi,
four pacletsoriginatefrom switch2 andheadfor switch 3 areblockedby somecause,
e.g. HOL, so asthosepacletsthat follow in stepi+1, i+2, andi+3 from the same
switch. However, no processs aware of the congestiorproblemunlesstheir global
windows becomesaturatedThis mayonly behappenedintil stepi+8 whenprocesses
in switch 3 detectthe congestiorproblem. By thattime, processe# switch 1 have
alreadysentout all their paclets to processesn switch 3, which further increases
the queuelength at switch 3. Moreover, processe switch O are not aware of the
problem. This is becauseaglobal windowing collectstraffic information on the base
of pastevents,but noneof thesepasteventscould indicatethe congestionproblem
in switch 3. As a result, processe#n switch 0 continueto sendall their pacletsto
processes switch3, which finally overflow the buffer.

An obviousreasorfor this failureis thatthe feedbackinformationon traffic con-
dition is not regularly gatheredirom all part of the network. Thus, informationon
partof the network is outdated Althoughthe overflow situationcould be detectecand
resolhed by both global windowing and individual end-to-endflow control scheme,
performancehasbeensuffered as paclets are lost inevitably. If we canarrangeall
communicatioreventsin away thateachprocesss communicatingvith differentpro-
cessesesidein anodelinkedto differentswitchesateachcommunicatiorstep.Then,
thetraffic loadswould becomemoreevenly distributedaswell ashaving moreregular
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After applying the contention-aware mapping to re-map Theinduced crossswitch pattern with eat entry stands
eah node'slogicd id, anew communication patternis for the target switch id to which the destination node
generated with the same XOR permutation scheme. resides

Figure6.4: Theresultingcommunicatiorpatternafter applyingthe contention-avare
permutatiorscheme.

informationfeedbaclbetweerdifferentprocesses differentpartof the network.

An approachin generatingthis kind of dispersve patternis by adopting a
contention-avare permutationwhich includesknowledgeon the network constraints
to generatehe communicationschedule. Obsered that the original permutationis
obtainedby somesimplefunctions(y) which operateon inputssuchascurrentcom-
municationstepandnodeid. A simple methodto incorporatethe network structure
into the original permutationis by redefininga mappingbetweenthe logical nodeid
to its physicalid. Oneexampleof suchpermutatiorschemed¢) canbe asfollows:

physicalid

logicalid =
ogicali { i

J + (physicalid % d;) * ds (6.3)

Carry on with the previous example. If we applythe XOR permutationon there-
mappedogicalid, we getthe communicatiorscheduleasshown in Figure6.4,which
is a more evenly distributed patternwith respecto both switchesand clusternodes.
We obsenre that with this nev communicationpattern,a processs communicating
with differentprocessesocatedin differentpart of the network in consecutze com-
municationsteps.This greatlyrelievesthe contentionatthe uplink portsandimproves
the effectivenesof our congestiorcontrolscheme.

Basedon theglobalwindowing andthe contention-avarepermutatiorschemewe
have modifiedthe synchronoushufle exchangealgorithmto work efficiently on the
two-level hierarchicahetwork, andthe modifiedalgorithmis givenin Algorithm 5.
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Algorithm 5 Modified Synchronoughufle ExchangeAlgorithm

set N=0
for( s =1to k)&( r =1to k) in parallel do
for( ig=1to p-1)&( i,=1to p-1) do

to= @( @physical id), is)

from= ¢ ( @physical id), i)

if( N < W)then
status = send_item_to( tos, to)
if ( status = Success)then

inc ig
inc n
fi
status = recv_item_from( from, from)

if ( status = Success)then
inc i,
dec n
fi
endfor
endfor

6.3 Experimental Analyses

Our experimentalplatform is a cluster consistsof 32 standardPCs running Linux
2.2.14. Eachclusternodeequipswith a 733MHz Pentiumlll processomwith 256KB
L2 cache,128MB of main memory an integrated3Com 905C FE controllerandis
connectedo the Ethernet-basedwitchednetwork. Onceagain,we usethe Directed
Pointcommunicatiorsystemto drive the network andconductall our experimentsin
this study we usefour FastEthernetswitchesand one Gigabit Ethernetswitch to set
up variousconfigurationdo evaluateour algorithm.

The GE backboneswitchis a chassiswitchfrom Alcatel. It is the modelPower-
Rail 2200 (PR2200)with backplanecapacityreache22 Gigabit per second(Gbps).
This switchis equippedwith 8 GE portson 2 modulesput we only useatmost4 ports
in our experiments. Four FE switchesarefrom IBM, which are of the model8275-
326. It is a 24-portinput-tufferedswitch with backplanecapacityreache$ Gbps. A
one-portGE uplink moduleis installedon eachFE switch for connectingto the Gi-
gabit backboneswitch. Table 6.1 summariesall the buffer parameter®f the above
switches,which are usedin our algorithmto computethe global windows (IV,) on
differentnetwork configurations.

To analyzeandevaluatethe performancef our congestiorcontrolmechanismye
have setup five differentconfiguration®onthis cluster- 16x1, 8x2, 8x3, 6x4 and8x4,
with eachconfigurationcorrespondso a differentdegreeof contentionon the uplink
ports(exceptconfigurationl6x1). The configurationAXB correspond$o connectA
clusternodesto eachFE switch, andtherearetotal B FE switchesinterconnectedby
the GE switch. This makesup a clustersizeof A x B nodes.
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Switch/uplink Architecture | Bp,

Alcatel PR2200| Shared-hbffered | 820
IBM 8275-326 | Input-tuffered | 43
IBM GEuplink | Input-tuffered | 45

Table6.1: The By, parametepf differentswitchesin our experimentaketup

6.3.1 16-NodeSingle Switch - 16x1

Thesynchronoushufle exchanges designedo work efficiently on any non-blocking
network. However, in previous chapter we have shawvn that thereis internal con-
strainton an input-kbuffered switch, which limits the problemsize scalability of our
synchronoushufle exchangealgorithm. Although groupshufle exchangas devised
to alleviatethe problem.,it only works sub-optimallyfrom theanalyticalpoint of view.
In thischapterwe have deviseda new congestiorcontrolschemeo make synchronous
shufle exchangeworks efficiently on the hierarchicalnetwork. We considerthatthe
samecongestiorcontrol schemecanbe appliedto the single-routemetwork to offset
thelimitation imposedoy the HOL blocking.

Figure 6.5 presentghe measuredesultsof four completeexchangeimplemen-
tationson a 16-nodeclusterinterconnectedy a single input-buffered switch (IBM
8275-326).They arethe synchronoushufle with globalwindowing (sync+GW) the
pairwiseexchanggpair), the original MPICH implementatioMPICH) andthe pair-
wise exchangeMPI implementation(pair-MPI). The experimentis conductedwith
eachnodesendinga long messagéo every nodein the cluster which rangesfrom 1
KB to 1200KB of datato eachnode.Boththemeasuregerformancendthepernode
achievedbandwidthof eachimplementatiorareshavn in thegraphs.

We have shawvn in Figure 5.6 (Section5.4) that the performanceof the original
synchronoushufle algorithmdegradessignificantlyafter k>512, which corresponds
to a messagéengthof 746 KB pernode. By supplementinghe synchronoushufle
algorithmwith the globalwindowing schemewe shaw thatit continueso operateef-
ficiently asthe problemsizescales.Whencomparedo the optimal performancdEg.
5.3), the modified synchronoushufle exchangealgorithm hasits efficiency ranged
from 87% to 97% of the theoreticalbandwidth. When comparedwith the pairwise
exchange the resultsshown that the modified synchronousshufle algorithm can ef-
fectively maskaway synchronizatioroverheadandachievesbetterperformanceThis
shaws thatthe add-oncongestiorcontrol schemeadoesnot affect the efficiency of our
synchronoushufle exchangealgorithm.Indeed,t effectively guardsagainsthe con-
gestionloss.

Notto mentiononthepoorperformancef bothMPI implementationsgventhough
we arenow usinga fasterprocessomland pumpingthe network with more data,their
performancesre restrainedoy the high protocol overheads.Although the pairwise
MPI implementatiorgenerallyperformsbetterthanthe original MPICH implementa-
tion, we obsene thatthe original MPICH implementationis slightly betteron small
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Figure6.5: Performancef modifiedsynchronoushufle exchangeon a singleinput-
bufferedswitch. (Legends:sync- synchronoushufle; pair - pairwise;GW - global

windowing)
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messagexchangesThis reflectsthatthe useof non-blockingsendandreceve oper

ationscould hide away part of the synchronizatioroverheadwvhenexchangingsmall
sizemessageandthe inducedcontentionproblemis minimal, e.g. the useof eager
protocolin the MPICH. However, whenexchangingong messagest would be better
to have awell-coordinatedschedule.

6.3.2 16-NodeHierar chical Configuration - 8x2

In this subsectionyve startour experimentson the hierarchicainetwork by first using
a 16-nodeconfiguration. We are usingtwo FastEthernetswitcheswith eight nodes
connectto eachswitch, andthey areinterconnectedia the Gigabit Ethernetswitch.
With this setup,the theoreticalbisectionbandwidth[46] is 1 Gb/s,which shouldbe
sufficientfor the currentclusterconfiguration.

BaselineStudies Ourexperimentresultsin Sectiord.3.4have shavn thatthe uplink
circuitry of the IBM 8275-326switchis not asgoodasit claims. In orderto reason
onthemeasuregberformancesuchthatwe canmake the correctjudgmenton the per
formanceof our implementationsye have performedsomebaselinemeasurements
to determinethe bestachiezable throughputacrosstheseGE uplinks. Insteadof us-
ing the 8x2 configuration,we have the 10x2 configurationandmeasurehe achiered
aggregatedbandwidthacrossthe hierarchicalnetwork by having multiple concurrent
bi-directionaldataexchangesFigure6.6 shavs the resultsof this baselinestudy The
peakaggrgatedbandwidthachiezedonthis settingis 103MB/s with 12 concurrenbi-
directionalflows acrosgheuplink ports.Beyondthat,thecommunicatiorperformance
startsto deteriorategradually With the samesoftwareandhardware settings,but re-
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placingthe hierarchicalnetwork with a singleIBM 8275-326switch, we canachieve
alinearly scaledaggreatedbandwidth whichis labeledas“local” in the graph.This
demonstratethat the limitation is on the uplink circuitry, not on othercomponents.
With this baselineneasurementye have a solid foundationto justify onthe expected
communicatiorefficiency acrosghe problematicuplink ports,suchthatwe have

Total crossswitchvolume

Bestcrossswitchdataexchangdime =
g 103 MB/s

(6.4)

Take an examplewith the 8x2 configuration the total cross-switchvolumeon the k-
item completeexchangeis 2k * MTU x (16 — d;) * d; bytes. Thus,the besttiming
in delivering this volume of dataacrossthe uplink connectionis 128#MU seconds.
Assumedhatan efficient communicatiorscheduleshouldbe ableto arrangeall local
andcross-switclcommunication®e happenedoncurrently Therefore the execution
time of thek-item completeexchangeshouldbe boundedy the bestcross-switchdata
exchangdime. Then,the bestachiezed pernodebandwidthfor this k-item complete
exchangeoperationis £:MTU=15 — 1207 MB /.
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After understandingaboutthe performancdimitation of the network, we carry
on with our analysis. With the 8x2 configuration,the theoreticalcomputedvalue
of W, is 10; however, when consideredogetherwith implementatiorissue,suchas
the existenceof control pacletswith reliable support,the calculatedvalue of W, is

45 + WJ = 5. We have measuredhe performanceof the modified syn-

chronousshufle algorithm with this global windowing setting, and the resultsare
presentedn Figure 6.7. Similarly, we are comparingdifferentimplementationsof
the completeexchangeoperationon this configuration. Five setsof measurements
areshown in thegraphs.They arethe synchronoushufle with globalwindowing and
contention-avarepermutationsync+GW+CA) pairwiseexchanggpair), pairwiseex-
changewith contention-avarepermutatior(pair+CA),theoriginal MPICH implemen-
tation andthe pairwiseexchangeMPI implementation(pai-MPI). The resultsshov
thatsynchronoushufle exchangewith globalwindowing and contention-avare per
mutationperformsthe bestamongstall testedimplementationsn this configuration.
Whencomparedo the expectedbestachiezement,the modified synchronoushufle
shaws its effectivenessn utilizing the network pipelinesaswell asavoiding the con-
gestionloss,sinceit reache®3% of the bestachieved performance.

However, we find thatthe performanceof the DP pairwiseexchangamplementa-
tion hasdegradedconsiderablyunderthis hierarchicalconfigurationwhencompared
to its performanceon the single-switchcase(Figure 6.5b). Initially, the performance
of the DP pairwiseimplementation(labeledas “pair”) increasesvith the increasen
messagdength until the maximumcapacityof the uplink ports hasreached. After
that, the performancas affectedby the congestiodossproblem. However, our GBN
reliableprotocolcouldonly recover from thelosswith long messagexchangesThis
is beingshavn asthe slow increasedn the achieved bandwidthafter experiencinghe
congestiorilossproblem. To investigateon whetherthe contention-avarepermutation
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schemavould alsobenefitthe pairwiseexchangealgorithm,we have appliedthesame
contention-avarepermutationon the DP pairwiseimplementation.The measurede-

sults(labeledas“pair+CA’) show thatthis augmentatiorexhibits a similar behaior

ascomparedo the pure pairwiseexchange. However, the congestionoss problem
appearsarlierthanwe have expected,andthe overall performancas slightly worse
thanthe purepairwiseexchangamplementation.

On the otherhand,it is interestedto seethat the performance®f the two MPI
implementationslo nothave significantperformancehange®nthis hierarchicakon-
figuration. We find thatthey both have slightimprovementson exchangingong mes-
sage but the original MPICH implementatiorhaslostits performancenn exchanging
smallmessagesThis could betheresultof contentionover the uplinksasthe MPICH
implementationrdoesnot carefully schedulehosecommunicationevents. This indi-
categhatunderthis hierarchicalconfigurationjt demanddgor a bettercommunication
schemeo coordinatethe communicatiorevents,sincethe performancas limited by
theaggregatedbandwidth.

6.3.3 24-NodeHierar chical Configurations - 8x3 and 6x4

To constructa 24-nodeclusterwith our hardwareresourcesye canarrangehehierar
chicalnetwork in two differentconfigurations:

1. 8x3 - By connectinghreeFastEtherneswitchego the GigabitEtherneswitch,
and eachFE switch haseight clusternodesconnectedo it, we geta 24-node
cluster With this configuration the computedvalueof W, is 4 andthe experi-
mentalresultsareshowvn in Figure6.8.

2. 6x4 - All four FE switchesareconnectedo the GE switchwith six clustemodes
attachedo eachFE switch, we have the second24 nodesconfiguration. With
this configuration the computedvalue of W, is 5 andthe experimentalresults
areshavnin Figure6.9.

We have performedthe samesetof testson thesetwo configurationsascomparedo
the 8x2 setup. Whencomparingtheir expectedbestachiezementson thesetwo con-
figurations,which are of 9.25MB/s on the 8x3 configurationandof 10.96MB/s on
the 6x4 configurationwe seethatthe 6x4 configurationhasa betterthroughputper
formance.This is reasonablesincewe only attach6 nodesto eachFE switch on the
6Xx4 setup.Again, we seethatthe modifiedsynchronoushufle performsthe beston
bothsetupshowever, it only reache889% and88% of the expectedbestachiezements
on the 8x3 and6x4 configurationgespectrely. A possibleexplanationon the per
formancedegradationis dueto the useof small global window settings,which may
reducethe pipelining efficiency. However, increasehe globalwindow sizewould in-
creasehecongestioriossprobability, this couldcreateanadwerseeffectontheoverall
performance.

As for the two MPI implementationstheir measuregerformancdook similar to
the performancebseredin the 8x2 configuration.Suchthatthe achievedbandwidth
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of the pairwiseMPI implementations pealed at 5.4 MB/s and5.2 MB/s on 6x4 and
8x3 respectiely, ascomparedo 5.5 MB/s on the 8x2 setup. Similarly, the achiezed
bandwidthof the MPICH implementationis pealed at 2.7 MB/s and 2.6 MB/s on
6x4 and 8x3 respectrely, while it achiezes 2.7 MB/s on the 8x2 setup. Besides,
we obsene thatasthe clustersize hasincreasedrom 16 nodesto 24 nodes,the ob-
sened contentionproblemof the original MPICH implementatioron small message
exchangess gettingworsethanthe 8x 2 configuration.Neverthelessall thesefindings
supportour beliefthatconventionalcommunicatioribrariesarerestrainedy thehigh
softwareoverheads.

As for the DP pairwiseimplementationstheir measuredesultsexhibit different
performanceébehaiors on thesetwo configurations.On a configurationthat supports
lessaggregatedbandwidth(8x3), we find that we have experiencedsevere perfor
mancelossstartingat small sizemessagexchangesBut, with a lessrestrictve con-
figuration (6x4), the lossesstartto appearonly on mediumsize messagexchanges.
After that, the performanceslowly increasesvhenexchanginglongermessagesOn
the otherhand,we find thatthe add-oncontention-avareschemegpair+CA) performs
betteron the 8x3 configurationwhencomparedo the pure pairwiseimplementation.
A possibleexplanationto this obsenationis thatthe contention-arareschemas more
effective whenoperate®n a morestringentconfiguration.

6.3.4 32-NodeHierar chical Configuration - 8x4

With this configurationwe interconnecfour FE switchesto the GE switch,andeach
FE switchis attachedvith 8 clusternodes.Carryonwith the samesetof experiments
with the globalwindowing paramete(I¥,) setto 3, the measuredesultsareshovn in
Figure6.10. Sameasotherexperimentsthe modifiedsynchronoushufle algorithm
shaws its clearadvantageover otherimplementationsvhenrunningon this hierarchi-
cal configuration.In particular it achieved pernodebandwidthpeaksat 7.67 MB/s,
whichis around92% of the expectedbestachievement(8.32MB/s) on this configura-
tion.

As for the two MPI implementations,their performancesclosely match with
other configurationswhich are pealed at 2.5 MB/s on the pernode bandwidthfor
the MPICH implementationand 5.03 MB/s on the pairwise MPI implementation.
However, the performanceof our DP pairwise exchangeimplementationsuffers
considerablywhen exchangingsmall to mediumsize messagesas the resultsshov
thatthe pairwise MPI implementatioroutperformsthe DP pairwiseimplementations
onthismessageange.Thisindicateshatour GBN reliableprotocolis notworking as
effectively asthe TCP protocolexceptwith large messagexchangesOnceagain,we
obsenethattheadd-oncontention-avarepermutatioron the pairwiseimplementation
hasslight performancamprovementon the currentconfiguration. When compared
this finding with the resultson other configurationswe believe that the contention-
awareschemeaworks betteron a morestringentconfiguration.This obsenationshavs
that contention-avare permutationalleviates the congestionbuild-up at the uplink
ports;however, it still hasto work togethemwith theglobalwindowing schemen order
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Figure6.10: Performancef differentcompleteexchangeamplementationenthe 8x4

hierarchicalkonfiguration
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to avoid congestiorioss.

6.4 RelatedWork

The usesof modelsin designingalgorithms,in particularcommunicatioralgorithms,
arenotuncommonin the parallelcommunity[47,53,73,76,88]. Thesealgorithmsare
mostlyshavn to beefficientor optimalwith respecto thebasednodelsby usingpaper
andpenor simulations.For example,Karp et al. [53] haddesignedan optimalk-item
broadcasalgorithmbasedon the LogP model[30]. This algorithmis presentecsa
communicatiorschedulevheretheroot sendsachdataitem only once,but alternates
amongrecipientsin orderto retain the logarithmic depthof a tree broadcast. The
principle behindthis communicatiorschedulematcheswith our synchronoushufle
exchangealgorithm, as both schedulegry to arrangethe communicationsuchthat
a processomwould only at mostsendout one dataitem andreceve one dataitem in
onecommunicatiorstep.However, asdemonstrateth our experimentaktudiesthese
typesof communicatiorschedulesnaybetoo idealistic,whichdemando have logical
synchronismn orderto achieve theoptimalboundsithereforejt is hardto achiere the
claimedperformancen areal platformunlessmorecontrolof the communicationss
enforced.

Similar to our contention-avarepermutationNupairojetal. [73] hasreportedthat
to ensurethe efficiency of their optimal multicastalgorithm,which is built on top of
a parameterizednodel[76], it is necessaryo considersomearchitecture-dependent
characteristicof a system. This is becausan real network, network contentionis
likely to occurif concurrentmessagéransmissiongarenot schedulegroperly Their
approachmakesuseof the topologicalinformationfrom the meshor multistagenet-
works, to order thosecommunicationgn the multicasttree to avoid network con-
tention. This supportsour belief that optimal performanceachiezableon parallelma-
chinescanbefirst designedy usingarchitecturendependentodel,andthenperform
performanceuningof animplementatioron thebasef somearchitecturelependent
characteristics.

Donaldsonret al. [34] alsoreportedthat the BSPIib, a communicatiorlibrary for
BSP[105] programmingis usinginformationrelatedto theglobalstateto improvethe
collective useof thecommunicatiorsystem.Dueto thesynchronousatureof theBSP
machinescommunicationsre constrainedo take placeonly in certainstages.This
constraintalthoughlimits its flexibility, cantransformto enhancemertn communi-
cationsaseachprocessocaninfer theglobalstateof thecommunicationn whichit is
involved. For example,a BSPprocessnows which otherprocesseareaboutto com-
municate, andhow muchthey planto send,andthencanestimatethe global network
loading;thisin turn,canbeusedto determingheidealscheduleandtransmissiomate.
Their objective is similar to our approach put we are working on an asynchronous
model, which makesuseof the buffering informationand communicatiorpatternto
devisethe correspondingnformation.

We malke useof the taxonomyintroducedby Yanget al. [120] asa referenceor
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comparingdifferentcongestioncontrol schemes.Broadly speaking,our global win-
dow congestiorcontrolmechanisnis ananticipatory closedloop controlschemaewith
implicit feedbackof globalinformation. By anticipatorycontrol, this meansthatthe
controlis acongestioravoidanceschemewhich tendsto drive the network towardthe
optimaloperatingpoint but without falling into the dangerof congestionWith closed
loop control, this standgor the useof implicit feedbacknformationto the sourcesas
the control decisiondn regulatingthetraffics. In our case the controlinformationis
derivedfrom thetotal numberof unacknevledgedpacletsfor all communicatingart-
ners. Underthe sameterminology the slow startschemeusedin the TCP [51] could
be consideredhsa reactve, closedloop control with implicit feedbackwhich based
ontheround-tripdelayof acknavledgement$120] onindividual end-to-endlow. Be-
sidesusingthe acknavledgementsasthe feedbackcontrol, othermeansof feedback
canbe used. For example,the Warp control schemd77] makesuseof atime-stamp
basedmeasurecalledWarp, to monitor network utilization, andto controlthe injec-
tion ratesfor achieving optimal utilization. However, like the slow startschemeit is
alsoareactve schemdhatbasedn end-to-endeedbacknformation.

Being ananticipatoryschemepur proactve approachs similar to the congestion
controlschemesisedin someof the ATM networks. Theseschemesusuallyoperate
throughinput rateregulation[89], which relieson the underlyingnetwork devicesto
supportand managethe resourceallocationand scheduling. For example, the use
of explicit feedbacksignalsthat generatedr set by the congestedievicesto alert
othernetwork devicesor communicatingnodeson thegrowing congestionWith these
controlschemesguringthe call-setupproceduretheinformationsourcesareassigned
with somepredefinedate,andareforcedto limit their averageinput rate below this
value. This ensureghatno sourcewill exceedfor anextensve periodof time therate
providedby the network andavoids congestion.

Insteadof usingthe buffer resourcesisaguideto monitorthe congestiorproblem,
otherapproachebave beenproposedo explicitly managehe allocationof scarcere-
sourcego differentpurposesFor example,Roy etal. [87] proposehe usesof Quality
of Service(QoS)mechanismst the applicationlevel to managecontention,so asto
improve the performanceof MPI applications.They amguethatif appropriatemecha-
nismscanbe providedfor expressingapplicationrequirementsfor arbitratingbetween
differentrequirementsfor enforcingallocations,andfor providing feedbacko appli-
cationsconcerningachieszed performancethenapplicationscanadapttheir behaior
accordingo resourceavailability. However, their approactrequirethattheunderlying
network supportghe QoSmechanisms.

6.5 Summary

In this chapter we have presentedn efficient implementatiorof completeexchange
operationon the Ethernet-basetierarchicalnetwork. The examplehierarchicalnet-
work is basedon a Gigabitswitch asthe backbonewhich interconnectsll FastEth-
ernetswitches.We believe thatthe hierarchicahetwork modelis a practicaldesignto
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constructarge-scaleclusters.With this systemconfigurationclusterscanbescaledup
to hundred®r thousandsf nodesandsupportenoughbandwidthfor high-speedom-
munication.Our researcltanbe usedin any combinationof Ethernet-basesgwitched
networks, which we belief, over 60% of the self-madeclustersarebasedon. And the
concepis applicableo futuretechnologiessuchas10 GigabitEthernetwhich simply
extendsthetopologyto multi-level hierarchy

We have demonstratethatthe contentionproblemson suchnetwork, suchasthe
link, the node,andthe switch contention,canseverely affect the overall performance
of the clusters. To avoid congestionloss on this type of network, we proposethe
useof synchronoushufle exchangealgorithmwith congestioncontrol schemeand
contention-avare permutation. With the proactve approachin handlingcongestion,
this algorithmmakesuseof architecturakcharacteristicso avoid congestiorbuild-up
in the first placeand reducescongestionwhenever it happens. We derive a global
window schemdrom informationon the network buffer capacity which forceseach
nodeto limit their traffic loadsand ensuresa fair sharingof network resourceghat
avoidscongestioroverflow. We alsomake useof informationon the network topology
to derive a contention-avare permutationin generatinga communicationschedule,
whichavoidscontentioratthenodeandattheswitch,aswell ascreatingamoreevenly
distributedtraffic patternon the network. Thisimprovesthe synchronisnof thetraffic
information exchangebetweenclusternodes,and hence,improvesthe effectiveness
of the globalwindowing schemen monitoringthe network. The proposedalgorithm
is implementedon a 32-nodeclusterwith differentnetwork configurations.And the
resultshave shaved that it can efficiently utilize the network aswell as effectively
controlthe congestiorproblem.



Chapter 7

Conclusionsand Dir ectionfor Future
Works

In this chaptey we summarizeand concludethe thesis. To achieve our objective of
usingcommaodityclustersfor supercomputingthis dissertatiorproposeghe useof a
realisticcommunicatiormodelfor performanceinderstandinggswell asfor algorithm
designandanalysis. We have concentratean identifying the essentiapropertiesof
thecommunicatiorarchitecturavhich have significanimpactontheperformanceand
devising benchmarkmethodologies$o quantify their performancecharacteristicsBy
organizingthesearchitecturafeaturesasaperformancearameteset,we have created
aframework for the programmers$o conductperformanceinderstandingperformance
calibrationand performanceprediction. We have appliedthis modelingframeavork
in examiningthe performancecharacteristic®f two implementation®f the Directed
Pointlightweightmessagingystem.In particular we have demonstratethe effective-
nessof usingthe modelasanevaluationtool in delineatingthe strengthandweakness
of thesecommunicatiorsystemsaswell asusingthe modelasa emulatingtool for
assessingariousdesigntradeofs.

Our communicationmodel is distinguishedfrom other performanceor abstract
modelson its supportsof the congestionstudiesand pipelining communicationpe-
causeour modelis derived on the baseof a resource-centriziewpoint. Pipelining
communicationis the key to achieve high-bandwidthdatatransfersin modernnet-
works by maximizing the numberof concurrentdatamovements. This is achieved
by maximizingthe usesof availablenetwork resourcesHowever, without well coor
dinationand scheduling,aggressie pipelining may leadto contentiondevelopment,
whichresultsin performancédoss. Thisis beingshavn in our studiesof thecongestie
lossproblemin Chapter4. Basedon the network buffering informationprovided by
our model,we artificially controlledthe degreeof congestiorhappenean the cluster
network. Observingthroughboth modelingstudiesandexperimentalevaluationswe
have examinedhow differentbuffering architecturesnteractedwith our Go-Back-N
reliable protocoland affectedon the congestiondevelopmentof the communication
systemwhensubjectedo heary congestion.Throughtheseperformancestudies,we
obtainvaluableinsightson guiding of the designof efficientreliabletransmissiorpro-
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tocolontop of thelightweightmessagingystems.

Sinceall congestiorproblemsarecausedy the contentionof resourceswith the
availability of theresourcenformationdescribedy ourmodel,we canutilize thesan-
formationto devise high-level communicatiorscheduleswhich optimizethe pipelin-
ing efficiency aswell asguardagainstthe congestioossproblem. In this study we
make useof the CompleteExchangeperatiorto validateontheabove conjecture We
have devisedthe Synchronoushufle Exchangelgorithm,andhave demonstratety
meansof analyticaland experimentalstudiesthat it is an optimal algorithm on ary
non-blockingnetwork. To maximizethe pipelining efficiengy, we adopta contention-
free scheduleat the paclet level. This completelyeliminatesunnecessargtartupand
synchronizatioroverheads.

Evenwith a contention-freeeommunicatiorschemeptherfactorscouldintroduce
non-deterministicelaysto well-scheduleccommunicatiorevents,suchasvariations
in processschedulingand competitionwith high-priority systemactuwities. We have
shown that the buffering architectureof the switch playsa crucial role undersucha
circumstance.This is becausethe synchronoushufle exchangealgorithmachieves
high-performancéy fully utilizing thenetwork links, any variationsn communication
schedulesvill inducecontentionandthisis handledoy theswitch’s buffers. However,
the network buffers are scarceresources. Furthermore we have demonstratedhat
switcheswith input-tufferedarchitectureaswell asthehierarchicahetworksaremore
vulnerableto thesenon-deterministiaelays. To solve this problem,this dissertation
proposeghe useof our modelparametefB;) to derive a congestiorcontrolscheme,
whichlimits thetraffic loadsandensuresfair sharingof network resourceshatavoids
buffer overflow. To improve the effectivenessf the congestiorcontrolschemewnhen
workingonthehierarchicahetwork, we have incorporatednformationonthenetwork
topologyto devise a contention-avare permutation. This permutationschemegener
atesa communicatiorschedulewhichis bothnodeandswitchcontention-freaswell
asdistributing the network loadsmore evenly acrossthe hierarchy This relievesthe
congestionbuild-up at the uplink ports and improvesthe synchronismof the traffic
informationexchangebetweerclusternodes.

7.1 Contributions

Although this dissertationfocuseson the performanceassuesrelatedto commodity
clustersthe principle behindthis thesisresearctshouldbe applicableto otherparallel

computerswith the samearchitecturgoundation. To conclude we organizeanddis-

cussour accomplishmentaroundareasof contritutions- modelingandperformance
understandingzongestiorstudies andalgorithmdesignandanalysis.

Modeling and Performance Understanding Computer systemsare evolving
rapidly. The developmentof computersystemss highly complex that demanddor
a systematiapproachn performanceaunderstandingThis dissertatiordemonstrates
the importanceof having both quantitatve and qualitatve metricsin performance
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understanding. With the quantitatve information, we can evaluate, questionand
analyzehow the systemperforms. While with the qualitatve information, we can
predict,analyzeandexplain how the applicationbehaes. Oneof the approachesn
performanceainderstandings the useof modelingtechniquesThefoundationof this
thesisresearchs the developmentof a realisticcommunicatiormodelthat captures
the performancecharacteristicof the target machineand senes as a practicaltool
for designand analysisof algorithms. This includesa set of microbenchmarkso
guantify the resourcesnformation and a setof performancgyarameterso delineate
the performancecharacteristic®f the communicatiorsystem.The modelparameters
hold the quantitatve and qualitatve information for both programmersand system
designerdo understanar reasorabouttheir program/systendesigndecisions.

CongestionStudy Thisthesisdemonstratethatthe bufferingmechanisnwithin the
routersor switcheshasa paramountnfluenceon the communicationperformance.
We male useof the availableinformationon the network buffering to investigatethe
congestiomproblemby two differentapproachesTo begin with, we explore how the
softwareandhardwarecomponentiteractedvhenthecommunicatiometwork is un-
derheary congestion.Our analyticalandexperimentakesultsshov thatunderasym-
metrictraffic loads,the output-tufferedmechanisms moresusceptibléo the conges-
tion lossproblemthantheinput-bufferedmechanismAlthoughinput buffering hasa
higherthresholdoncetheoverflow situationoccurs theresultingcommunicatiorper
formanceadropssignificantly Besidesyefind thatthebehaioral differentbetweerthe
two buffering mechanisméies on how they interactwith the communicatiorprotocol.

Thesecondyartof ourinvestigationonthecongestiorproblemis on thedesignof
high-performanceommunicatioralgorithmswhich canefficiently utilize thenetwork
resourcesswell ascanavoid thebuilding up of congestionTheuniquefeatureof our
approachs theusef resourcemformationprovidedby ourcommunicatioomodelto
guideour designandanalysis We have introducedaglobalcongestiorcontrolscheme
to the completeexchangealgorithm,andhave demonstratedhatit effectively avoids
congestionossandmaintainssufficientthroughputo maximizethe performanceThe
principle behindthe global congestioncontrol schemess to prevent oversubscribing
thenetwork, andthe schemas derivedfrom informationrelatedto the communication
patternand volume, a well as from modeledarchitecturalfeatures. Improving the
congestiorcontrolwith theideaspresentedhn this dissertatiorhasmadeit aneffective
solutionfor high-performanceommunicatioron commoditynetworks.

Algorithms Analysis and Design We have devised an efficient communication
schedulefor the completeexchangeoperation- the Synchronousshufle Exchange,
and have shavn thatit is an optimal algorithmon arny non-blockingnetworks. Al-
though our experimentalresults shaved that the synchronousshufle exchangeis
realizableand efficient, in reality, there are limiting factorsthat restrainits perfor
mance.Thisis commonlyhappenedvhenportingtheoreticaklgorithmsonto thereal
platforms,asalgorithmsare designedandanalyzedon a simplified/abstracplatform.
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In this dissertationyve unknotthe problemsby augmentinghealgorithmswith mech-
anismsthat are derived from our communicationrmodel. This shows the importance
of usinga practicalperformancenodelto performalgorithmdesignandanalysis.

7.2 FutureDirections

This dissertationcoversa broadscopeon the studyingof performancdssues,how-
ever, certainissueshave not beenfully addressedwhich becomeareador our future
investigations.

Modeling We believe thatour performancanodelis a generaimodelthatcoversa

broadspectrunof parallelplatforms.However, oneof theimportantfeaturesof mod-
eling is thatmodelsmustnot be madeobsoleteby advancesn realizingtechnology
It is interestto seehow our modelfits to the next wavesof technologyachiezements.
For examples,on the networking aspectwe have 10 GigabitEthernet5], WDM op-

tical networks andthe InfiniBand architecturg[6]; on the systemarea,we have the
massvely produced64-bit microprocessorVIA communicationinfrastructure[107]

andPCI-X [78]. All thesetechnologieswill increasethe performanceof datacom-
munication;however, we reckon that problemsinducedby congestiorand buffering

architecturewill still have considerablémpactonthe performance.

Userlevel Reliable Support  Reliablesupporton lightweight messagingsystems
needsfurther studied. Our studiesshov that the reliable protocolinteractswith the
network buffering architectureon the congestiordevelopmenthowever, we still lack
of informationon determiningwhich reliable mechanismis bestsuit for low-lateng
high-performance&eommunication.For example,von Eicken et al. [108] hasshown
thatthe blameof poor TCP performancas not on the protocol, but on the particular
implementatiorandits integrationinto the operatingsystem.Their experimentsonly
supportedhatwe mayhave goodTCP performancenlight-loadcommunicationshut
did not provided evidencethatthe TCP s still effective for handlingcongestiomprob-
lem on low-latengy communicationunderheary congestion. Therefore,it is worth-
while to investigateon how TCP interactswith the network buffering architectureon
the congestiordevelopment.The resultscould provide usefulinformationto guideus
to achieve betterperformancen situationsunderheary congestion.

Furthermorein theimplementatiorof thereliablelayeron top of DP, we find that
one of the hindranceson the performanceof userlevel reliable supportis the delay
in delivering the control information. As the underlyingnetwork doesnot differen-
tiate betweencontrol anddatapaclets, it handlesall pacletswith the samepriority;
this could delay somehigh priority events,e.g. Nack. We areinvestigatingon using
existing featuresof commodity networks, suchas priority queuesand virtual lanes,
to improve the situation. This is importanceto the developmentof congestioncon-
trol schemeashaving fastercontrolinformationexchangesmprovesefficiency of the
controlscheme.
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Contention Study Our approactontacklingthe congestiorproblemworksthebest
for schedulingegularcommunicatiorpatternson awell-structuredenclosedetwork.
Two possibleareasof extensionsarethe studiesof irregular communicatiorpatterns
andthe usesof asymmetric/irrgularnetworks. Anotherlimitation of this thesisstudy
is our optimizationtechniquesuchasglobal congestiorcontrolis implementedn off-
line approach.It is worthwhile to implementit in on-line mode,suchasautomation
throughcompilerdirectvesandruntime supports.For example,a large-scalecluster
may be usingin a space-sharethodeby several concurrentparallelapplications. If
we assumehateachparallelapplicationis allocatedwith disjoint setof clusternodes,
how canthe congestiorcontrol schemeadaptto the resultingirregular configuration
andirregulartraffic pattern?
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Appendix A

Benchmark Methodologies

In this Appendix, we briefly describethe benchmarkmethodologieghat we useto
derive thosemodelingparametergin Chapter2). Althoughour microbenchmarkare
originatedfrom the programmingabstractionof DP, we believe that our techniques
applyto otherlow-latengy communicatiorsystemsasDP programmingnterfacefol-
lows thetraditionalmessag@assingparadigm111].

A.1 Microbenchmarkfor the B; Parameter

The B;, parameteof our modelprovidestwo informationrelatedto the buffering sys-
tem: (1) it displaysthe maximumnumberof buffer unitsassociatedo a switch’s port,
and (2) the associateduffering architectureadoptedby this switchingunit. As the
primary usageof providing buffer storages to handletemporarycongestionthe nat-
ural startingpoint of our investigationis to createartificial congestiorproblem. For
this communicatiormicrobenchmarkye carry out a setof teststhat systematically
generatdraffics from multiple input ports(S) to a prefixed setof outputports(R). On
eachtest,we startwith ashortburstof paclets(of predefined/olumeandpacletsize),
generatesgimultaneouslyfrom all the sourcenodesandarefloodedto thetargetdes-
tinationnodeg(ports). After injectingthe burstinto the network, all sourcenodeswill
stall for a specificduration,which is long enoughfor the switch’s buffersto clearoff
theirloadingandfor thereceversto counthow mary pacletshave they got. Thenthe
programincreaseshe burst volume, and continuesthe sameprocesauntil the target
burstvolumeis reachedBy usingdifferentnumberof sourcenodeqS) andsinknodes
(R) oneachtest,we collecta setof losspatternavhichbecomeshebuffering signature
of the switchingunit in question.

Beforediscussingon how to draw the conclusionfrom the buffering signaturewe
first illustrate the theory behindour microbenchmark Assumingthat the network is
errorfree, all paclet lossesare causedby buffer overflow, eitherin the switch port
or at the recever node. The prerequisiteof having buffer overflow is the unbalance
of flow acrossthe buffer region, so we simplify the bottleneckregion as a staging
buffer betweennputandoutputpipes,asshavnin FigureA.1. Intuitively, the staging
buffer startsqueuingup dataitemswhenthe departureateis slower thanthe arrival
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Input pipe Buffer Oftput pipe

FigureA.1: Bottleneckstagephenomenon

rate. Thus,the ratio betweenthe departurerate and arrival rate becomesa measure
of congestion. Due to the limited size, this stagingbuffer cannotsustainlong-term
congestionandeventuallystartsdroppingall newly arrived packetswhenit is full.

Herewe derive a deterministicmodelto delineatethis overflow problem. Let the
stagingbuffer beof size B units,andthearrival anddepartureatesoverthis bottleneck
stagebe A and D units per secondrespectrely. Assumethatat¢ = 0, the staging
buffer is empty andwith anunbalancdlow (A > D), pacletsstartto cumulateover
the stagingbuffer. Now att = (3, the buffer becomesull, thenwe have

B

(A1)

Thereforewhent < 3, the systemcanaccommodateall arrivalsandthe success
probability is equalto one. However, after buffer saturationat¢ > 3, newly arrived
pacletscanonly beacceptedndforwardedwith aprobability of %. Hencewe expect
that the probability of succesgp) on moving k paclets (wherek > B) acrossthis
bottleneckstagewhenA > D is:

AxB D AxB
(k A—D) *2 T 4D

k

D B
— + — A2
1% (A.2)
We seefrom equation(A.2) thatby varyingtheseparametersye areexpectingto

getdifferentpacletlossratio:

O thearrival rate A - by controllingthe numberof network sourcesS anddriving
themin full speedwe have A ~ gi

8

O thedeparturgateD - by choosinghenumberof sinknodesk, we have D ~ gﬁr.

O theburstvolumek

Thus, by plotting the measuredsuccessatio againstthe inverseof the burstvolume
(k), we would expectto geta linear equationwhich hasB asits slopeand ?:—gjasits
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Switchingunit Architecture By,

IBM 8275-326 Input-kuffered 43

IBM 8275-326(uplink) | Input-huffered 45

IBM 8275-416 Output-huffered 95
Intel 510T Shared-bffered 1990

Intel 510T (uplink) Shared-bffered | 1990+510
CiscoCatalyst2980G | Output-tuffered 128
CiscoCatalyst3524 | Shared-bffered 650
Alcatel PoverRail2200| Shared-bffered 820

TableA.1: B, parametersf differentEthernetswitches
i Both switchescould be built on a shared-bfferedarchitectureput the buffer allocationschememay
imposeanupperlimit on eachoutputbuffer, hence createghe output-tufferedsignatures.

y-intercept.Besidespy usingdifferentcombinationof S andR, theresulting B value
would reflectthe internal buffer architectureadoptedby that switching unit. Table
A.1 summarizeshe B;, parameterfor someswitcheswe have measuredby usingthis
microbenchmarkWe alsopresenthe graphicalsignatureof threeswitchingunitsin
FigureA.2, which sene asthe samplesignatureso demonstratéow differentbuffer
architecturesook like underour microbenchmark.

A.2 Microbenchmarkfor the O, Parameter

In our model, the arrival of datapacletsfrom the network is anasynchronousvent,
andtherefore,we cannotdirectly probethe sourcecodefor measuringhe software
overheadassociatedo the receptionevent. Consequentlywe have to rely on indirect
probing.Obsene thatwithoutthe supportof programmabl@etwork co-processodis-
patchingof arrived pacletshasto be carriedout by thereceverhostprocessarThisis
becaus®f theprotectionreasonmoving dataacrossaddresspaceshouldbehandled
by privilege procesonly. As thehostprocessors engagedaiuringmessageeception,
other executionflows would be affected. Basedon this obsenation, considerif we
know aboutthe expectedexecutiontime of a particularcomputatiorsggment.And on
a particularrun of this computatiorsggment,thereis messageeceptionhappenedn
the backgroundyve would expectto obsere aremarkabléncreasean executiontime.
Thencewe have deviseda techniqueto indirectly measurdhe softwareoverheadas-
sociatedo any messageeception.In summaryAlgorithm 6 presentshe pseudocode
for our O, microbenchmark.

Ourtechniquego measuré), is quitestraightforvard. As we needo detectwhether
amessagépaclet) hasarrived, we have to poll for the dataarrival. Thus,we usethe
polling actionto bethe computatiorsggment.However, if the softwareoverheadasso-
ciatedto this receve call is too large, we shoulddevise otherlightweightcomputation
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Algorithm 6 TheO, microbenchmark

INPUT
message sizex
master node a
davenodeb

ALGORITHM

barrier (a, b)

RTT — O pingpong_test (a, b, X)

barrier (a, b)

fori =0to 1000 do
send_message (a, b, X)
deq (2*RTT)
Ty <O clock()
msg — [0 async_receve (b)
T, <O clock ()
U <0 U +(T-Ty

endfor
U, -0 U, +1000
i <00
do{
T,-00

send_message (a, b, X)
Ty, <O clock()
do{

msg — [0 async_receve (b)

T, <0 clock ()

T, <0 max (T, (Ty- Ty)

To-0O T,
} while (msg == NULL)

(1 <x<PDU)

# edho server

# measure roundtrip time

# computation segment

# use average \alue

#just check the dock until msg return

if ((T,>2*U,) && (T, <¥RTT)) then

tli] O T,
inci
ese

noise measurement, discard T,

fi
} while (i < ITERATION)

O,(x) —0O datistical_analysis (t[])
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FigureA.3: A saturatednflow pipe

sgment. First, we have to measurehe expectedexecutiontime of this computation
sgment,aswell asthe roundtrip time for currentmessageize. In our pseudocode,
we just take the averageof thesemeasurementsut we canadoptstringentstatistical
testto get more accuratevalue. Thenwe run anotherpingpong-lile testto obtaina
setof O, measurementg\fter themastemodesendsout onemessaget immediately
evaluateshow long hasthehostprocessobeenengagedn polling for messagarrival.
It recordsthe maximumtime spentin eachrun until it recevesa message.To filter
out noisemeasurementsye useour baselinemeasurement® selectpossiblecandi-
dates.Thispingpong-like processs runningfor mary timesuntil we obtaina sufficient
large samplesize. Thenthe collecteddataseis processedby somestatisticalroutine
to extracttheinformationwe need.

A.3 Micr obenchmarkfor the g, Parameter

This microbenchmarkneasureghe averageinter-paclet arrival time obsened by a
userspaceprocess.|If we cancreateand maintaina steadystreamof paclet inflow
duringthetestingperiod,this measuremertiecomes goodapproximatiorfor the g,
parameterFor this microbenchmarkwe simulatea saturatednflow pipe by directing
amary-to-onedataflow to thetargetnodeasshovn in FigureA.3. After detectinghat
therearepacletfloodingin from thenetwork, thetargetprocesarbitraryselectatime
pointandrecordsthe currenttime (¢,) andarrival count(Cy). Thenit waitsfor another
arbitrarytime period,sayd unit, andrecordsthe currenttime (¢;) andarrival count
(Cs) again. By dividing thethetime gap (¢; — t,) againstthe differencebetweenCy
andCj, we obtainanapproximatiorfor the g, parameterWe seethatthe accurag of
this methodologyimprovesby (1) runningthis testmultiple timesto obtainthecorrect
statisticaldistribution, and(2) usingarelatively long time duration(9) to alleviatethe
measuringnistale.

Theremainingissueof this microbenchmarkalls on how canwe obtainthe paclet
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arrival countatthe userlevel. Herearesometechniqueghatsenesfor our need:

1. Directly getthe receved countfrom the network interfacecard (NIC). Most of
the high-endNICs provide performancecountersfor diagnosticand statistical
purpose.

2. Monitor andreportby the interrupthandlerasit is responsibldor handlingin-
comingpaclets.

3. The aborve two methodsneedto have supporteitherfrom the hardwareor from
the kernel. Otherwise we canindirectly probeandcountthe numberof arrivals
by the userprocesstself. Thefollowing pseudocod@rovidesa sketchon how
to achieve this.

barrier ()
wait « * RTT time units
repeaf
msg<— async_eceive(*)
} until (msg!= NULL)
tg «+— clock ()
i+ 1
t; «+— clock ()
while (to + 0 > t1 ) {
msg+<— async_eceive(*)
if (msg!= NULL)
inci
fi
t1 «— clok ()

A.4 Micr obenchmarkfor the O, and g, Parameters

Modernnetwork interfacesareoperatedn theform of queuestructurese.g.thetrans-
missionqueueyeceve queuefree-tuffer queueetc. Thesequeuesaresimplecircular
FIFO queuesandoperateunderthe consumetproducerrelationship.Considerif the
producergeneratesequestdasterthanthe servicerate of the consumeroutstanding
requestswill be queuingup in the queue;dueto the limitation of the queuingspace,
eventuallythe systemwill becomefull. Uponthefull condition,the systemwill only
accephew requesif andonly if theconsumehasservicedhe"head"requesto make
way for the nevcomer Thereforejf therewereunlimited supplyof requeststhe sys-
temgraduallyreachesnequilibrium state,in which the produceiis forcedto work at
thesamerateatthatof theservicingrate. Thealgorithmusedby this microbenchmark
is shovnin Algorithm 7.
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Algorithm 7 Thepseudocodé&r benchmarkingheO; & g, parameters

INPUT
message size X (1< x<PDU)
bandwidth BW
Transmit ring size Tx

ALGORITHM
msg_no [0 8
reped {
to 0O clock()
fori =0tomsg_nodo
do{
req — O send_message (x)
} while (req != success)
endfor
t; <O clock()
seg (msg_no * x +~ BW) #wait until all packets are served
S0 (t; - ty) + msg_no
msg_no [0 (msg_no<Tx) ?(msg_no+ 8):(msg_no* 2)
printin (x, msg_no, S
} until (equilibrium rate is reached)

For the above microbenchmarko be effective, the prerequisiteconditionis g, >
Oy, without thatwe could only reportof the O, value. Whenthe numberof messages
sent(msg_ngis lessthanqueuesize (TxX) of the transmitring, the obsened permes-
sagehandlingtime becomesour O, valuefor this messagesize. On the otherhand,
whenthe numberof messagesentis greaterthanTx, the obsered equilibrium han-
dling time become®ur g, valuefor thismessagsize.

A.5 Micr obenchmarkfor the L parameter

This parameteencapsulateall the costsinvolvedin moving the dataacrosshe net-
work, thus,it becomesanimpracticabletaskto measurehis parametedirectly. For
example thephysicalnetwork may stretchover the building, andtherefore directsig-
nal analysison two remoteendsbecomesmpossible A feasibleapproacho measure
thismovementcostis by indirectestimation.n thissubsectionwefirst describehein-
directcalculationthatyieldsthe approximatiorfor the L valuesbetweertwo arbitrary
clusternodesthenwe will describehe microbenchmarkhatportraystheL parameter
for thewholeclusternetwork.

Recallthatwe candepictthetotal time for am-byte pacletto travel from thesource
nodeto its destinatioras

Tyip(m) = Oy(m) + L(m) + Op(m) + U, (m) (A.3)

If we carry out a simple pingpong test, the measuredroundtrip time becomes
RTT(m) = 2 T,,(m). Sinceall other parametersan be measuredirectly or
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indirectly, we canthereforededucetherequiredL valueby

_ RTT(m)

L(m) - Os(m) - Or(m) - Ur (m) (A4)

Thus,equation(A.4) becomesanindirect measuremerior the L parametebetween
two machineverarangeof pacletsizes.

However, shaving theL valuebetweertwo machine®f the clusteronly delineates
part of the cost, sincethe dataare measuredindera competition-freecondition. To
capturethe network performancepur microbenchmarkvorks up by generatingmul-
tiple distinct pairsof pingpongnodes,with nodesof eachdistinct pair lie acrossthe
bisectionalplaneof the network. Whenall nodesstartthe pingpongtestsat the same
time, this emulatesnultiple concurrenpacletsflowing back-and-forttoverthebisec-
tional plane.Underthis benchmarksetting,by varyingthe numberof pingpongpairs,
we obtain differentsetsof L values. Then, the requiredbilinear function could be
obtainedby applyingmultiple regressiontechniqueon thesedatasetsTo summarize,
Algorithm 8 presentshe pseudocodéor this microbenchmark.

Algorithm 8 Theconcurrenpingpongmicrobenchmarior theL parameter

INPUT
message size X (1< x<PDU)
number of nodes P

ALGORITHM
myid 0 get_node_identity ()

partner — [0 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

to <O clock()
send_message (myid, partner, x)
do{
msg — O async_receve (partner)
} while (msg == NULL)
t; <0 clock()
Tliter] <O t; -ty
else
do{
msg — [0 async_recave (partner)
} while (msg == NULL)
send_message (myid, partner, x)
fi
endfor
TIME[] <O gather al timing vedors T[] (total P/2)
L(x, P/2) - O statistical_analysis (TIME]])

Oneof the meritsof this microbenchmarks thatit clearly differentiatesetween
differentnetwork configurations.For examples Figure A.4 shavs the resultingpara-
metricfunctionsfor threedifferentnetwork configurationghatsupporta 32-nodeclus-
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ter. By exploring thoseequationsye obsenre thatwith currentclustersize,the Cisco
2980G switch providesthe bestperformancean termsof lateny and scalability In
particular we find thatthe bisectionabandwidthof the Ciscoswitchscaleauplinearly
with the numberof nodes,while the hierarchicalnetworks have reachedthe upper
boundwhenwe scaleup the clustersize.
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