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ABSTRACT

Reliability is increasingly becoming a challenge for high-

performancecomputing(HPC) systemswith thousand®f nodes,
suchasIBM' s Blue Gene/L.A shortermean-time-to-dilure canbe
addressetby addingfault toleranceto recon gure working nodes
to ensurghatcommunicatiorandcomputatiorcanprogress How-

ever, existing approachedall shortin providing scalability and
smallrecon gurationoverheadwithin thefault-tolerantayer

This papercontribtutesa scalableapproacho recon gurethecom-
municationinfrastructureafter nodefailures. We proposea de-
centralized peerto-peer)protocolthatmaintainsa consistenview
of active nodesin the presencef faults. Our protocolshaws re-
sponsdimesin the orderof hundredf microsecondandsingle-
digit millisecondsfor recon gurationusingMPI over BlueGene/L
and TCP over Gigabit, respectiely. The protocolcanbe adapted
to matchthe network topology to further increaseperformance.
We alsoverify experimentalresultsagainsta performancenodel,
which demonstrateshe scalability of the approach. Hence, the
membershigserviceis suitablefor deploymentin the communica-
tion layerof MPI runtimesystemsandwe have integratedanearly
versioninto LAM/MPI.
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1. INTRODUCTION

As contemporanhigh-performanceomputing(HPC) systemsre
increasingn sizeto thousand®f processorssuchasI|BM' s Blue-
Gene/L (BG/L), high availability is becominga challenge[4].
While the reliability of a single nodeis often remarkablyhigh,
a job's chanceto completeexecution prior to any failures de-
creasesas the numberof nodesto parallelizethe job increases.
For theBG/L atLivermorewith 130k processorsa dual-processor
computecardis currentlyfailing every otherday forcing a 1024-
processomidplaneto betemporarilyshutdown to replacethecard
[29].

In suchlarge-scaleervironments,high-performancepplications
commonlyemplg/ a checkpoint-and-restanbethodologyto toler

ate failures. When a nodefails, the currentjob is generallyre-

linquishedin favor of a new job whosenodesrestartfrom the
last checkpointsaved on stablestorage[41, 11, 12, 3]. Such
application-sidéaulttolerancemposesheburdenontheprogram-
mer to explicitly and non-portablyaddressthe robustnessof the
codefor largeHPC systems.

Differentapproachet provide programmersvith supportor fault
tolerancehave beenstudiedin the contet of high-performance
systemsrangingfrom application-leel [25] over communication-
level [40, 39, 22, 10] to network-level [6]. While application-side
techniquesequiresigni cant modi cations to programsthey po-
tentially reducethe amountof statethatneedsto be saved. Tech-
niguesat the network layer provide reliability within the message
layer and needto be complementedy additionaltechniquesat
higherabstractiorlevels. An implementatioratthecommunication
layer providesa compromisean that modi cations to the applica-
tion areminimal andapplicationstatecanbe capturedadequately
Our work is aimedat anintegrationinto the communicatiorayer
of MPI runtimesystemsspeci cally thatof LAM/MPI andOpen
MPI [40, 27].

Effortsin groupcommunicatiorhave focusedn providing services
to adynamicallygrowing andshrinkingsetof membergor nodes)
[26, 5, 30, 34, 8]. Theseservicesare often Internetservicesus-
ing high-level communicatiorabstractionslmplementationsange
from client-serer approacheso the peerto-peerparadigmwith
hybrids of both in the middle. Theseapproachegenerallyuti-



lize anall-to-all communicatiorparadigmwhichis inherentlyun-
scalable.More recentwork on group membershigproposedully
decentralizedr hybrid approachesput the resultingrestructuring
overheads still in the orderof second$33, 46].

In this work, we contrikute a scalableapproachto recon gurethe
communicationinfrastructureafter node failures within the run-
time systemof the communicatiorlayer. Building on our pastex-
perienceof scalablecommunicatiorframevorks[19, 20, 21, 24],
we proposea decentralizedpeerto-peer)protocol that maintains
membershipf MPI tasksin the presenceof faults. Our protocol
is primarily tailoredto local areanetworks, speci cally dedicated
clustersjnsteadof wide areanetworks or Grid frameworks.

However, while existing approacheprovide either scalability or
small recon gurationoverhead,our protocolcombinesthesefea-
tures. Insteadof secondgor recon guration,our protocol shaws
overheadsn the order of hundredsof microsecondsnd single-
digit millisecondsover MPI on BG/L and TCP on Gigabit Ether
respectiely. Our protocolcanbe con guredto matchthe network
topologyto increasecommunicatiorthroughput. We utilize radix
treesto implicitly encoderouting informationinto nodeIDs and
additionally representhe tree structureas an array (dynamically
resizeduponnodejoins/failures)to provide accesso thedatastruc-
tureof individualnodesn constantime. We alsoverify ourexperi-
mentalresultsagainstperformancenodelto assesshescalability
of theapproachandallow extrapolationfor largernumberof nodes.

Overall, our membershigservicefor MPI taskscombinesthe best
of bothworlds, the scalabilityof a decentralizeadnembershigoro-
tocol and the performanceof existing fault-tolerantmechanisms
within high-performanceauntime systems. Having implemented
the protocolin the low-level communicationlayer of LAM/MPI,
we arecurrentlyassessinthe protocols suitability for deployment
within the MPI ComponentArchitecture(MCA), speci cally as
an add-onto the Point-to-pointManagement.ayer (PML) within
OpenMPI [27,7, 43, 44]. Nonethelesspur approachis moregen-
eral and can be appliedfor any membershipserviceor in other
frameworksthatrequirescalablegroupcommunicationsuchasef-
cient multicastservicesge.g., in MRNet[38].

2. HIGH-LEVEL ASSUMPTIONS AND DE-
SIGN

To toleratefaultsfor an MPI job, the setof individual MPI tasks
represeng groupwithin which they may communicateand coor

dinateexecutionandtermination.Within the runtimesystem MPI

taskshave a consistentview aboutwho is a memberin suchan
abstractcommunicationdomain[28, 9, 14]. Fault tolerancere-

quiresa dynamicdomainin which memberscanjoin and leave.
The latter may be dueto faultswhile the former may occurupon
recovery from faultsor whenadditionalcomputeresourcesrere-
quired. Groupcommunicationsuchasmulticasting,canbe based
on membershigpropertiesvithin adomain.

Membershipwithin a domainis implementedwithin a runtime-
level membershigservicelayer and usedby an applicationlayer
thatrelieson this service.The view of the systemis the setof cur
rently active and connectedunpartitioned)processesThe appli-
cationlayerinteractswith the membershiervicefor communica-
tion andview change actions. The membershipservicemaintains
a consistentview of the system. It ensureshat communication
takes placeonly betweenprocesseshat sharethe sameview. In
our model, every processstartswith a defaultview. This view is

internallyrepresentedsatree.In the absencef faults,eachnode
hasa children, wherea is constrainedo be a power of two for
reasongjivenbelow.

2.1 Assumptionsand SafetyProperties
We male thefollowing assumptionaboutthe overall framewvork:

Execution Integrity: We assumeéhatno eventoccursataprocess
betweenits crashandrecovery. After a crash,the processs as-
sumedo remembeits uniquelD (e.g., derivedfrom thelP address
or the hostname),but not necessariljthe view sincea view may
changeary time. The new view is obtainedfrom the currentroot
onrecovery.

Messageunigueness:Eachmessageontainsa messageype, the

senderandthe recever information. The underlyingcommunica-
tion stackguaranteeseliablemessagingi.e., neitherwill therebe

ary duplicationsnor lossesof messagesGiven messageinique-
nesspur protocolensureshatary messag®e sentexactly onceto

agivendestination.

The protocolshouldmeetthe following safetypropertiesof com-
municationand multicastservices(see[14, 18]): Self Inclusion:
Themembershiplgorithmsatis estheselfinclusionpropertyi.e.,
if aprocesy establishes view V, thenp is a memberof V. De-
livery Integrity: For every receve, thereis a precedingsend.No
duplication: At ary processiwo receve eventscanneitherorigi-
natefrom thesamesendevent,nor canthey have identicalmessage
content. Sameview delivery: If two processep andq receve
messagen, they receie it in the sameview.

The membershimlgorithmrelieson the detectionof faultsby an-
otherlayer of the software architecture. We speci cally reactto
processofailures(crashesandrecoveries.

2.2 Fault Detectionin the Execution Envir on-

ment
Faultsaredetectedy anexternaldetectiormechanismFaultscan
beidenti ed by hardware healthmonitoring,suchasIPMI [1], de-
tection of link failuresor ary other mechanism. The detailsare
beyondthe scopeof this paper

For theexperimentsn Section7, we emplogy afaultdetectobased
on a timeoutmechanism. Excessie delayin responsdrom ary
procesgo a messageequesieadsto the assumptiorthatthe pro-
cesshasfailed. Sucha processs removedfrom the setof viewsin
theview change eventtriggeredoy theabaove timeout. Link failures
arehandledsimilarly to nodefailuresin this scenarioj.e., different
causef failure neednot be distinguished.The describedoroto-
col handlesonly single-pathrouting. An extensioncould handle
multi-pathroutingthroughNACKSs.

2.3 Processorfailure and Recovery

Within our executionervironment,a fault-injectingapplicationin-
quiresthe stateof every otherprocessandomly This application
is a micro-benchmarkesemblingthe communicationportion of
realapplicationcommunicatingzia MPI over aruntime-supported
membershigservice. A failure shouldnot causethe applicationto
fail. Insteadgachremainingnodewill updatdts membershiyiew
to obtainanew, consistenview in responséo a messagériggered
within thetreestructureexcludingfailednodes.



3. SCALABLE, LOW-LATENCY MEM-
BERSHIP SERVICE

In the following, the operationaldetailsof the membershipalgo-
rithm, basedon a radix tree,aredetailed. The objectie of the al-
gorithmis to provide a new, consistenview of active nodegmem-
bers)in a scalablemannerat very low overhead. The processof
establishinganew view is calledtreestabilizationin thefollowing.

3.1 Radix TreeRepresentation
Nodesparticipatingin the membershigserviceareinternally rep-
resentedn two datastructures:a radix treeanda linear array of
nodes. The former providesan ef cient representatioffor collec-
tive communicationwhile the latter supportspoint-to-pointcom-
munication.

The radix tree provides a hierarchicalrepresentationhat implic-
itly encodesoutinginformationin thenodelD, which reduceshe
overheadof algorithmsthat exploit the membershifservice. The
radix encodingof anodelD canbe usedto determinethe routing
pathof messageBom therootto this nodeor to determinadts posi-
tion in thetreestructure.To allow anef cient decodingof routing
information, the numberof childrenin the radix treehasto be a
power of two. Hence for a binarytree,the routing decisionfrom
onenodeto the next lower level is determineddy a singlebit indi-
catingthatoneshouldfollow theleft (0) or right (1) child. In atree
with four children,suchasin Figurel, two bits indicatewhichlink
to follow to determinethelocationof a child in thetree.

In additionto the radix tree,an array of nodesprovidesaccesdo
arbitrary nodesat constanttime, which canbe utilized for point-
to-pointmessages a message-passirftamevork. This arrayis
dynamicallyresizeduponnodejoins andfailuresto accuratelyre-
ect view changesn aconsistenmanner

3.2 Initialization

At the initialization phase,every nodein the systemis assumed
to have knowledge of the numberof childrenand the total num-
ber of nodes. Eachnodehasa uniquelD. Theseassumptiongre
consistentwith MPI runtime ervironments. Communicationbe-
tweennodesis not requiredduring the initialization phase since
the knowledgeof the numberof childrenandthe total numberof
nodess sufcient for nodedo locally form ahierarchicaktructure.

Thehierarchicaktructurej.e., theradixtree,is organizedsuchthat
the nodewith lowestID is theroot. Eachnodehasa x ednumber
of children. The ID of eachchild of a nodeis determinedas a
function of the height of the nodein the tree and the maximum
numberof children,asdepictedn Figurel. Thisis aconstant-time
operatiordueto theroutinginformationencodednto theradixtree.

Figure 1: Stabilized TreeStructure

Theradix treeis duplicatedon eachnodeandkeptup-to-datewith
respecto aglobalview in adecentralizegnanner(consistentvith

othernodes).At startup,all nodeshave the sameinitial view upon
initialization. Afterwards,ary two nodesin the applicationlayer
may communicatet ary time. This approactstill allows for node
failuresduring start-up,asdiscussedater Overall, the systemis

scalabledueto thefully decentralizednitialization sinceno mes-
sageexchangss requiredto form the hierarchy Thetreestructure
with a con gurable numberof children furthermoreensureghat
thesystemcanbeadaptedo re ect a givennetwork topology

3.3 Fault Handling

A nodeis consideredo have failedif indicatedby the failure de-
tector For theexperimentdn Section7, we detectafailurewhena
nodedoesnotrespondvithin atimeoutwindow to aquery/message
from anothemode.A nodefailurecanbeoneof thefollowing: Sin-
gle nodefailure, multiple nodefailure,root failureandlink failure.
Upondetectingafailure,therootis informedof thefailednodeand
initiatesa view changg(seeFigure3(a)).

A link failure is handledimplicitly asif a node (andits subtree
consistingof immediatechildren and their childrenetc.) is un-

reachable. Notice that partitions (subtreesyeoiganizeto form a
new view (succinctfrom theview with theprior root). Applications
may electto continueor abortuponnetwork partitioning,e.g., de-
pendingon their ability to communicatavith 1/O nodegsuchasin

the BG/L model[4]).

3.4 SingleNodeFailure

This failureis the easiesto handleandrequiresvery low commu-
nication bandwidthduring the tree stabilizationphase. The tree
is assumedo be stabilized once the root receves an acknavl-

edgmentfrom all of its childrenafrming a stabilizedtreein the
lower layers,asdepictedin Figure 3(a) anddescribedelon. Ev-

ery failure detectionmessageo theroot will be acknaviedgedby
aFAI LURE DET_ACK message.When multiple nodessi-
multaneouslydetectthe samefailure, the root acknavledgeseach
failure detectionmessagdut disregardsall but the rst failure de-
tectionmessages.

For simulation purposes, our applicationscenariolets nodesin-

quire the stateof othernodesin the systemat randomintenals,

which we usedfor fair testingandbenchmarking(As long asthe
applicationhasregular communicationthe protocolwill be sup-
ported.)Assumethatnodell hassentaH OW _AR E _Y OU mes-
sageto a failed node4 in Figurel. On failure detection,it sends
aNODE _FAI LURE messageo the root (assuminghe failed

nodeis nottheroot andall the nodeshave a consistentiiew). The
root recalculatests tree structureby eliminating the failed node
from its list of nodesand updatescorrespondindinks to its chil-

drenin thetree,asdepictedn Figure2. Therootnodeinitiatesthe
next stepof the algorithmby sendinga F Al LE D _N ODE mes-
sageto its children. Eachchild propagateshe messagelovn the
treeafterrecalculatingts local view (tree).

OJCICIONOIOICIONOIOICIONOIOIOIC

Figure 2: TreeStructur e after nodeelimination



(a)Handling a node failure
On failure of anode (ID)
if (ID ==root) )
nev_root= nd _next_hi hest%D);
sendROOT _F Al LU RE (ID, selfymessage
to new_root;

se
sendN OD E _F Al LU RE (ID, self)toroot;

On receiving NODE _FAILURE (failed _node; detector )
by ro ot
Y sendF Al LURE DET_ACK to detector;
Regroup(failed.node, ag);
/lf lag 2 f0; 1g, 0 = nodefailure, 1 = rootfailure

Regroup (failed _node; ag )

recalctree structure(@iled_-node);

locatemy children;

sendF Al LE D N OD E (failed.node)messagéo children;

On receiving FAILED _NODE (failed _node) Message
in a child
if(self 6 leafnode)
Regroup(kiled.node, ag);
locatemy children; )
sendF Al LE D N OD E (failed.node)message
to children;

else
Regroup(fkiled.node, ag);

(b)Handling

On receiving ROOT _FAILURE (ID ; detector )
by new _ro ot

sendF Al LURE DET_ACK todetector;

Regroup(ID, ag);

I lag 2 f 2; 3g, 2 = recovery process3 = nev nodejoin

Regroup (failed _node; ag )

recalctree structure(@iled.node);

locatemy children; )

sendROOT _D EAD messageo children;

a ro ot failure

(c)Handling

On receiving NEW _NODE (ID ) by ro ot

Regroup(n&v_node, ag);
seeﬁqd\] (S)I( NDET _A%)K to nev_node;

a node join

Regroup (new _node; ag )

recalctree structure(ne@_node);
locatemy children; _
sendN EW _N ODE _JOI N messag¢o children;

On receiving NODE _ALIVE (ID) by root
Regroup(alie_node, ag); )
sendALI VE NODE_JOIN_DET_ACK toalive_node;

Regroup (aliv ecnode; ag )
recalctree structure(alie_node);
locatemy children; _
sendALl' VE _N ODE _JOI N messag¢o children;

Figure 3: Pseudocodef the Membership Algorithm

The local treerecalculatiorprocedurds asfollows. Let D bethe
failed node, P(D) be its parentand C(D) the set of its children.
Then, the new view is calculatedby (1) assigningthe parentof
C(D) asP(D), (2) remorving D from thelist of childrenof P(D), (3)
meging the list of childrenof D with thelist of childrenof P(D)
and(4) remaving thelist of childrenfrom D.

The tree structurewill be consistentafter each node has ac-
knowledged to its parenta stable structure for the respectre
subtree. Oncea FAI LE D_NODE messagereachesa leaf
node, the stabilization phase starts. Leaves respondwith a
F Al LURE _ACK messagdo parents. Higher nodesacknavl-
edgewith aF Al LU RE _ACK to their parentoncethey have re-
ceivedtheacknavledgmentdrom their children. Failureto receve
aF Al LURE _ACK messagavill invoke anotherinstanceof the
failure detectoyasdiscussedn Section3.5. Thetreebecomesta-
ble oncetherootrecevesaF Al LU RE _AC K from all children.

3.5 Multiple NodeFailures

This case is handled similarly to a single node failure.
If multiple nodes fail simultaneously the root receves a
NODE _FAI LURE(X) messagefrom the detector process
while the rst phaseof treestabilizationis in progressTherootac-
knowledgeseachfailure detectionmessageand,if multiple nodes
detecta failure of the samenode,all but the rst messagaredis-
regarded(althoughacknavledged). For multiple, distinct failed
nodestherootsendsalist of deadnodesafterrecalculatinghetree
locally. To facilitatethe presentationthe list is omittedin Figure
3(a);it simply extendsthefailed _node parameteto aset.

Example: Assumefailuresfor nodes4 and5, and11 hasdetected
thefailureof 4. Therootsends= Al LE D _N ODE (X)) toits chil-
dren and waits for an acknavledgmentduring the rst tree sta-
bilization phase. Sinceit doesnot receve an acknaviedgment
from node5, it times out assumingthat node5 is dead. If this
happensat lower layers of the tree, the nodethat fails to get an

acknavledgmentfrom the deadnodeinforms the root througha
N ODE _FAI LURE(Y) message.Then, the root propagates
list of failed nodesto its children. If a nodefailure hasoccurred
ateachlevel of thetree,it will take H 1 initial treestabilization
phasedor thetreeto stabilize,whereH is thetreeheight. A lower

heightcanbeachiezed by choosingalargernumberof childrenper
nodeto speedup tree stabilizationduring multiple nodefailures.
However, extremelylow height(e.g., a“ at” treewith justtwo lev-

els)reduceperformancasuppemodesbecomebottlenecksvhen
propagatingnessagesDependingon the numberof children(any

power of two is legal), the heightneedsto be chosermaccordingly
i.e., by modelingstabilizationtime for differentcon gurations.

3.6 RootFailure

Should the root fail, the detecting node sends a
ROOT_FAI LURE messageto the next live node in the
linear list (see Figure 3(b)), i.e., a sequentialscan sufces to
designate new rootassuminghenew rootis alive. Thealgorithm
proceedsin accordancewith the single node failure recosery
proceduresxplainedabove with following additions:

The new root sendsa ROOT _DEAD messagéo its chil-

drenwho transitively sendit to their children.
During the tree recalculationphase,eachnodealso hasto

updateits rootto the new root.

The tree becomesstableafter the new root hasreceved acknavl-
edgmentdrom all of its children.

Considetthecasewherearootfailurecoincideswith multiple node
failures. To distinguishthis casefor a singleroot failure, a differ-
entmessageROOT _AN D _NODE _FAI LU RE, will beprop-
agateddown the treeindicatingthe new root andthe setof failed
nodesfollowed by acknavledgmentaupwards. This nev message
allows childrenof the failed nodesthat may be engagedn recal-
culationsdueto a prior failure to identify its properparentandac-



quire a consistenpverall view. Dueto the similarity to handling
F Al LE D _N OD E messageshis detailis omittedin Figure3.

3.7 NodeJoin

A new nodemay join adomain(the setof MPI tasks)by sending
aNEW _NODE(I D) messag¢o theroot (seeFigure3(c)). The
root addsit asa leaf to the bottomof the tree. This messag¢hen
propagatesn the sameway asfor a nodefailure. Therootissues
aNEW _NODE_JOIN(I D) messageo its children,which is
propagatedurtherdown thetreeby its children. Thetreeassumes
a stabilizedstructureonceeachnodein the hierarchyhasreceved
NEW _NODE_JOIN_ACK (I D) from all of its children. The
leaveswill eventuallysendanacknaviledgmentto their respectre
parentandthis messagés propagatedipwardsto theroot.

An implicit nodejoin mayoccurwhenanoderecoversfrom afail-

ure. Recarerednodesmay re-join with their original ID by main-
taining an associatiorbetweenhostnameand D of failed nodes.
This mappingis maintainedby all the nodesin the system. The
recoveredprocessssuesaN ODE _ALI VE (I D) messagéo the
root, andthe stabilizationroutinefollows the sameprocedureasfor

ajoin of anew node.

Oncethe treeis stabilized, the root sendsJOIN _DET _ACK
messageo the recovered processor the new node welcoming
it to the system. A failureto geta JOIN _DET_ACK from
the root triggersthe new nodeor a recovered processto senda
NEW_NODE(ID) orNODE _ALI VE(I D) messagagespec-
tively, to the next nodein its sequentialist of nodes.Thetime to
join the systemmight increaseif a considerablenumberof pro-
cessedhave failed in the top of the hierarchyand a nodewith a
lower ID hasassumedhe statusof theroot. If a nodejoin occurs
whena systemrecoversfrom a failure, the root nodesendsa list
of failedand(prior) joinednodes.Thetreerecalculatioroccurslo-
cally. Onemessagesufces for establishinga stabilizedtreestruc-
ture. Thejoiner hasto nd the currentroot througha linear scan
of thelist. Otherschemesuchasrandomrequesto othernodesto
inquireabouttheroot, arealsopossible If thejoinerhappengo be
thenew root, every nodeagree®nthisduringthetreerecalculation
phase.

4. PERFORMANCE MODELING

In additionto the protocol designandimplementatiorefforts, we
attemptedo modelthe performancef our protocolwith atheoret-
ical model. Initial efforts to measurehe overall timefor stabiliza-
tion, Ts, in the presenceof a single nodefailure within network
simulators suchasthe networksimulator2 (Ns-2)[35], werecon-
sideredinappropriatesincesuchsimulatorsgenerallydo not allow

computationabverheadto be re ected in their models. We also
obsered practicalchallenge®n clusters,as explainedin the fol-

lowing, thatcannotbe accuratelyrepresentedly simulation.

We derived a rudimentaryperformancemodel basedon commu-
nication overhead(Ocm) and computationoverhead(Ocp). Ocp
captureghetime for updatingthetreestructureonalocalnodeand
cansimply bemeasuredh wall-clock time on atargetarchitecture.
Ocmis basednthelateng L of point-to-pointconnectionof ad-
jacentnodesn thetree.

Ourbasemodelassumeasingle-hopconnectiorbetweeradjacent
nodeswith uniform lateny measuredshalf theround-triptimein
a ping-pongexperiment. To measuréOcmfor the entiretree,two
timesthelateny is beingconsideredetweereachnodelevel, one

permessage,e., to propagatea nodefailure dovn andanotherto
receve aresponse.Let H bethe heightof the tree. Then,there
areH 1 levelsfor communicatiorbetweerparentsandchildren.
Thus,

Ocm=2 L (H 1) 1)

The total tree stabilizationoverhead,T s, is basedon the overall
communicatioroverheacandthe delaydueto computationabver
headwithin eachlevel of thetreestructure Hence,

Ts=0Ocm+ Ocp H )

We next turn to experimentalresultsto assesshe performanceof
our protocol. The modelis usedas a referenceto allow projec-
tionsinto largernumberof processors it ts theobseredresults.
While found to be valid in principle, several re nementsof the
modelwere necessarylueto machine-speci cimpactson the la-
teng, asdiscussedn thefollowing. Thesere nementsgo beyond
othermodels,suchasLogP or its extensiong17].

5. EXPERIMENTAL FRAMEW ORK

To assesshe performancef our protocol,varioustestswerecon-
ductedon a numberof testbeds. We reportthe resultsfor two
of themin the following: a BlueGene/L(BG/L) machineandthe
eXtremeTORC (XTORC) clusterat Oak Ridge National Labora-
tory(ORNL). On BGI/L, all executablesun on the computenodes
atopa light, UNIX-lik e proprietarykernel,the computenodeker-
nel (CNK) [2]. Thereare two midplanes(eachwith 512 nodes
or 1024embeddedPonverPCprocessorsjandeachmidplanehasa
three-dimensiona3D) torusinterconnecfor point-to-pointmes-
sagedesidestherinterconnectsor selectedcollectve communi-
cation.Whenthepartitionis smallerthana midplane theintercon-
nectis a 3D mesh,hence we ensuredhatan entiremidplanewas
allocatedto our jobs. XTORC has64 2Ghz Pentium4 compute
nodesconnectedby 1Gb/s Ethernetrunning RedHat9.0 (Linux
kernel-2.4.20-8)Of the64 nodespnly 47 nodesvereavailablefor
testing. The entiretestenvironmentwaswritten in C in a single-
threadednanneisincewe obseredhigh variationsfor threadingn
prior implementations.

Thememoryrequiremenbf the schemés smallandincreasedin-

early pernode. On eachnode,the treehasa spacecompleity of

O(N), whereN is the numberof nodesin the tree structure. For
BlueGene/L eachcomputenodehasslightly lessthan512MB of

physicalmemoryavailablefor userprograms A treestructurethat
has 1024 nodes(using both midplanesof BlueGene/L)usesless
thanoneMB of memoryleaving amplememoryspacefor therun-
ning applications.XTORC provides 768MB of physicalmemory
andthe memoryrequiremenbf our protocolwasonly a few kilo-

bytesfor lessthan64 nodes.We are currentlyassessing variant
of our protocolwith localizedviews of the overall treeto limit the
memoryrequirementso a constansizeand,thereby supportscal-
ing into tensof thousand®f nodesandbeyond.

On BlueGene/L,MPI_Sendand MPI_Irecv primitives implement
the communicationof the protocol. The reasonfor using non-
blockingreceve callswasto eliminatethreadingsince(a) threading
is not supportecbn BG/L and(b) threadingwasshawn to resultin

high overheadandvariancein performanceon Linux. Theimple-

mentationon XTORCrelieson TCPsoclets.



6. FUNCTIONALITY TESTING

The implementationof the protocol was subjectedto extensve

functionality testswith single node failures, multiple simultane-
ous failures, single root and chained,simultaneougoot and top

nodefailures,thelastof which requiredinearselectionof the next

root node. Failureswere injectedto the testingenvironmentand
resemblenon-responsienessof nodesas commonly detectedby
timeoutsduringcommunicatiort. The protocolprovedto berobust
to allow functioningnodesto survive failuresof othernodeswhile

still retainingthe capabilityto communicateand track the set of

operationahodes.

We furtherimplementedhe protocol as part of LAM/MPI at the
LAM daemorlevel asanew servicemodule.Extensve testsshav
that the protocol can sustaininjectedfaultsandrecon gure. Ob-
sened measuremen@resimilar to theresultsdiscussedbelov for
TCP on a Linux cluster albeit with a 10%-20%higher overhead
dueto integrationinto the costly processmodel of the low-level
LAM infrastructureandwill be omitteddueto spaceconstraints.
We have integratedour approachwith the Berkeley Labs Check-
point/Restar{BLCR) [22] facility suchthatonedoesnot have to
restartan MPI job whena nodefails if (a) a failed nodeis recos-
eredor (b) a sparenodeexists to assignthe failed work to using
the old MPI rank. We are alsointegrating transparentno appli-
cationmodi cations, no manualstatere-distribution) andperiodic,
yetcoordinateccheckpointing LAM/MPI lacksthesecapabilities,
it requiresa cold restartof the entireMPI job, which canbe costly
consideringthat most nodesstill containthe processmage,and
it resultsin long responseimesfor usersthat could be avoidedif
sparenodeswereavailable.

7. PERFORMANCE EVALUATION

We assessethe performanceof our protocolin termsof the time
for stabilization,T s, aftera singlenodefailure, which is the most
commontype of failuresince,aswill beshowvn, Ts s in theorder
of hundred®f microsecondsr single-digitmillisecondsand,thus,
ordersof magnitudesmallerthanthe mean-time-todilure (MTTF)
in eventhelargestsystems.

7.1 MPI onBlueGene/L

Figure 4 depictsthe experimentalresultsfor assessinghe stabi-
lizationtime, T's, on BlueGene/Lover MPI for increasinghumbers
of nodes. A binary tree con guration was chosenwith two chil-
dren(a=2). Notice thatthe x-axisis on a log scale,which shavs
thatour protocolscaledogarithmicallywith increasingnumberof
nodes.FurthermoreT s is in theorderof microsecondsipto 1024
nodes If weinterpolateheseresults thistrendis likely to continue
into the tensof thousand®f processoren BG/L. Theresultswere
obtainedfrom ve sampleswvith a con denceinterval of 3 sto

16 sfor smallerandlargernodenumbersrespectiely, ata 99%
con dencelevel.

We alsoassessethe validity of our basemodelfor a singlehop,
point-to-pointlateny of L = 4.6 sandacomputationabverhead

1Whenanodetimesout but hasnot failed, it will still betreatedas
if it hasfailedsinceprogresss hinderedby thisnode.By excluding
thisnodefrom furthercommunicationpthernodescanproceedn a
timely mannere.g., by electingareplacemenhodewithin the MPI

runtimesystem.Any messagefom theexcludednodespertaining
to the old job are henceforthignoredby othernodes. If the node
is fully responsie again,it mayjoin the setof runningnodesand
canbeassignedry work atthattime, sameasor differentfrom the
original work.
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Figure4: Ts over MPI for a=2on BG/L

of Ocp = 2 sonBG/L. Theresultingbasemodeldivergessig-

ni cantly from the experimentallyobtainedresults. This canbe
attributedto the point-to-pointcommunicatiortopologyof BG/L.

We conductedour experimentson two midplaneswith eachmid-

planeconsistingof 512 processorswhich have a 8x8x8 3D torus
interconnectWhenMPI tasksaremappedo nodesadjacenhodes
in the treemay have to communicateover varying numberof hop
counts(distancesithin the torus. Eachhop therebyimposeshe
costof the baselateng L. To considerthis overheadwe re ned

our basemodelto accountor thecommunicatioroverheadOcm,

usinga distance-ware lateny to derive a distancemodel Here,
the overall numberof hopscontributing to the lateng is the sum
over all levelsin thetreeof the maximumdistancen hopsateach
level. Thus,

Ocm =2 [ max(hopsb=wnodesatlevel )] L (H 1)

lev els

This model considersthe maximum lateny betweenadjacent
nodes(all parent/childpairs)at eachlevel (in both directions)and
aggr@atesthe respectre maximumfor all levelsin the tree. The
hop countis determinedas the sum of differencesbetweeneach
pair of X, y andz coordinate®f nodesin the 3D-torusthataread-
jacentin the tree structure. As the resultsin Figure 4 shaw, this
distancemodelclosely matcheshe obsered results. This under
linesthebene tsof simplicity andscalabilityof our protocolwhile
delivering performance.

Figure5 shawvs the stabilizationtime for a treecon guration with

four children per parent(a=4). Again, the experimentalresults
shaw that the protocol scaleslogarithmically with the numberof

nodes. The absoluteoverheadfor T is slightly smallerthanfor

the binary treecon guration (a=2), which canbe attributedto the
reductionof heightin the tree. But the impactof hop countsre-
ducesthis bene t to someextent. The resultswere obtainedfrom

ve sampleswith a con denceinternval of 0:5 sto 12 sfor

smallerandlargernodenumbersrespectiely, ata99%con dence
level.

The basemodelshavs aninterestingbehaior in thatit alternates
betweerslightincreasesndno changeg at line) in performance.
A at line occurswhenthe numberof nodesis increasecut the
height of the tree remainsunchangedij.e., the height of the tree
changesonly for powersof four. Oncewe considerthe distance
model that includesthe hop countsfor point-to-pointcommuni-
cationin the tree, the model closely approximateshe obsered
performancefor eachmeasuremenpoint thatis a power of four
(or exceedghe heightof the previoustree). In betweenhowever,



RN % R
1 s . 9
| == +/+

/)K
X
X—

P
— X:

X/X
Figure5: Tsover MPI for a=4on BG/L

performances underestimatedThis artifactremainsnot fully ex-
plained, but we have eliminatedsystemactiity asa source. We
will discussetwork contentionasa potentialsourcein subsequent
results.Nonethelesshe overall trendsdemonstratéhe scalability
of the protocolwith a matchingmodelfor powersof four.

Noticethattheprotocolcouldalternatvely have beenimplemented
over the hardware tree interconnectutilized by some collective
communication®©n BG/L, which would have resultedin shorter
responsdimes. However, the objective of this work wasto assess
the scalability of the protocolfor large numbersof nodesassum-
ing commodityinterconnectopologieswithout specialone-to-all
supportin hardware.

7.2 TCP over Ethernet

Figure6 depictsthe stabilizationtime obseredin experimentson
a dedicatedLinux cluster(no backgroundactvity) with a single
Gigabit switch usinga TCP implementatiorof our protocolfor a
binary tree (a=2). Notice thatthe x-axisis on a linear scale. The

Figure6: Ts over TCP for a=2on Linux

experimentalresultsshav a step-cure of increasingstabilization
time. Upon closeranalysis,we obsenre that the protocolis scal-
ablefor TCPaswell, i.e,, thatits time compleity increasedoga-

rithmically with the numberof nodes? The resultswereobtained
from ve samplesvith acon denceintenalof 4 sto 86 sfor
smallerandlargernodenumbersrespectiely, ata99%con dence
level.

We alsoobsenre that T s increasedinearly betweerary power-of-

two nodecounts. This behaior is consistenwith the experimen-
tal resultsin Figure5. We further obsere that the basemodel
(with aTCP lateny of L = 118 s anda computationoverhead
of Ocm = 2 s)doesnot resemblehe experimentalresults. The
hop countis not a factorasa single full-duplex switch allows di-

rectcommunicatiorbetweenrary pair of nodeswithout contention
at the network fabric. The switch itself, however, may serialize
paclet processing.

The hypothesisof paclet serializationwithin the switchwascon-
rmed in a seriesof experimentswherean increasingnumberof
neighboringnodescommunicateglonga localizedstructure.Fig-
ure 7 presentghe experimentallydeterminedateny undercon-
tentionfor thesecon gurationsof (a) pairs of nodes,(b) a parent
with two childrenand (c) a parentwith four children communi-
catingwith oneanotherasdepictedn orderof increasindateng.
We obsere that point-to-pointcommunicationof pairs of nodes
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Figure 7: Contention-basedLatency over TCP

is handledwell by the switch up to twelve nodes after which the
lateng linearly riseswith the numberof nodesadded. More sig-
ni cantly, amorecomple internalstructure suchasabinarytree,
in icts higherswitchcontentionfor the samenumberof nodesdue
to serializedcommunicatiorwith multiple nodesattheparent.The
latengy increasegven moresigni cantly for atreewith four chil-
dren®

The resultsobtainedas contentionlateng in Figure 7 were sub-
sequentlyusedto substitutethe baselateny in Equationl with
thecontentionlateng in the gure correspondingo therespectre
numberof nodes.Theresultingcontention-basenhodelin Figure6
resembleshe the experimentalesultsvery closely Moreover, we
amuethatcontentionlatenciescanbe extrapolatedfor largernode

2A plot on alogarithmicx-axis for resultsof 2" 1 nodesillus-
tratesthis behaior. Thelinearx-axis hereis intentionally usedto
motivatethefollowing analysis.

3Notice that theseresultscould not be accuratelybe modeledby
othermodels,suchasLogP [16] with its accountof send/recete
overheadandthe gap,sincealinearincreasewith increasinghum-
berof nodesof ary of thebaseparameterss not considered.



numbersdueto the nearlinearbehaior in singleswitches.When
switchesarehierarchicallycombined contentionlatenciesof each
single switch canbe aggrgatedin a mannerre ecting the switch
topology Thisis subjectof futureinvestigation.

Figure8 depictsthe resultsfor TCP over a treewith four children
perparent.Theoverallresultsindicatescalabilityof our protocolin
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Figure8: Ts over TCP for a=40n Linux

termsof its logarithmiccompleity. Theresultsvereobtainedrom

ve sampleswith a con denceintenal of 12 sto 98 s for
smallerandlargernodenumbersrespectiely, ata99%con dence
level.

Thebasemodelshawvs the typical stepcurve with increasesn sta-
bilization time whenthe numberof nodesincreasesuchthat the
treeheightincreasedy one (above 5 and21 nodes) but the base
modeldoesnot resemblehe actualmeasurementsVhenconsid-
eringthelatenciesof Figure7, the contentiormodelresembleshe
experimentalresultsjust beforethe treeheightis increased More
signi cantly, the contentionmodelmoreaccuratelyre ects thein-
creasectontentionfor larger numberof nodes. The fact that the
contentionmodeltendsto overestimatehe experimentalresultsis
not fully understoodbut we obsered that larger overestimations
alsotendto coincidewith largercon denceintenals.

Overall, theexperimentatresultscon rm thescalabilityof our pro-
tocol andthere ned modelsshav a closeresemblancef experi-
ments which shouldqualify themfor thetaskof extrapolationsor
largernumberof nodes.

8. RELATED WORK

Chockleretal. provide asetof rigorousspeci cationsfor thegroup
membershipserviceand discussvarious systemswhere different
propertiesare satis ed [14]. Most of the existing systemsassign
aview identi er for eachnew view installedin the system[26, 5,
31]. Ourmodeldoesnotrequireto maintainalist of differentviews
(i.e., aview setwith uniquelDs perview) sincethe systemstabi-
lizesoncetherootnoderecevesall acknavledgmentgromits chil-
dren. Our approactof eachprocessiecidingits own view without
exchangeof ary messagwvith ary othernodeis alsofoundin Tran-
sis[34] andConsul[36]. We do not allow multiple disjoint views
to exist concurrently This propertyof primary componentmem-
bershipis implementecklsavhereaswell [9, 42, 15]. A solution
to theview-orientedpartitionablemembershigproblemis provided
by R. Khazan[32, 33]. Theirapproachs a hybrid of decentralized

clientsandmorepowerful senerswith aleaderat ary given point
intime,i.e,, it isnotafully decentralizedpeerto-peeronly) model
dueto practicalnetwork connectyity issues.

TheCoyote system[8] providesagroupmembershigervicebased
on a token-passingparadigmand uses25 micro-protocolsto im-
plementeachgroup membershipproperty Our algorithm keeps
theinteractionamongdifferentnodessimpleandstabilizesthe hi-
erarchicaktructureaftereachnoderecevesjustonemessagérom
itsimmediateparentnode.

A topology-avare membershipservicefor clusterbasedinternet
servicesis proposedby Zhou, Chu and Yang [45, 46]. It uses
Time-To-Live in the IP paclet headerto form hierarchicalgroups
thatresemblahe network topology Thereportedtime for treesta-
bilization for this modeldoesnot accountor network lateng, gap
andover headsnvolvedfor sendingandreceving data.In this pro-
tocol, theview convergencetime is measureasthe sumof failure
detectiontime andthetime to propagateéhe informationalongthe
hierarchicalree. The paperdoesnot provide the treestabilization
time. Hence we cannotmale afair comparisorwith our work.

Other prior work includessupportfor fault toleranceto the com-
municationlayer of MPI run time systems.Sankararet al. [39]
discussa LAM/MPI checkpoint/restaiframevork whereMPI ap-
plicationscanbecheck-pointedo diskandrestartedater. They use
the (Lawrence)Berkeley LabsCheckpoint/RestafBLCR) mecha-
nism[22, 23] to implementa lightweightandmodularcomponent-
basedarchitecturelt requireseachMPI procesgo coordinatewith
otherprocesseto reacha consistenglobal statein which the MPI
job canbecheck-pointedBosilcaetal. proposeanuncoordinated
checkpointmechanismnby saving the computationand communi-
cationcontets independently10]. Eachnodestorestheexecution
contets in remotecheckpointseners and usesdedicatednodes
(ChanneMemory)to storein-transitmessagesChakraorty et al.
[13] extendedthe runtimelayer of Adaptive MPI (AMPI) beneath
Charm++to migrate objectsin a proactve fault-tolerantmanner
Collective communicationstructures,such as trees, were rebal-
ancedafter nodefailures. In contrast,our work is more general
(ary groupcommunicatiorstructure) andtheir quantitatve results
includemigrationoverheadi.e., nodirectcomparisorcanbegiven.

Prior work on distributed locking explored the scalability of tree
structureq21]. This prior work focusedon mutualexclusionpro-

tocols and reader/writerlocks in the context of middleware such
asCORBA. A fault-tolerantextensionof sucha locking protocol

is developedasa ring-basedopology which limits its scalability
[37]. Our membershiglgorithm,in contrast,providesconsistent
views amongnodesin the presencef faultsin a scalablenanner

Furthermorethe approachs recon gurablefor a variablenumber
of children(asa power of 2), natively encodegoutinginformation

duetoits useof aradixtree,andit providesconstantime access$o

thedatastructurefor individual nodes.

9. CONCLUSION

This work presentsa novel membershipalgorithmthat combines
scalability with low recalculationoverheadin the order of hun-
dredsof micro-secondsandsingle-digitmillisecondsfor MPI over
BG/L and TCP over Linux, respectiely. The protocol supports
recon gurationin termsof the communicatiorstructure,i.e., the
datastructurescan be adaptedo matchthe network topologyto
further increaseperformance. The protocol utilizes a radix tree
representationo implicitly encoderouting informationinto node



IDs andadditionallyrepresenthetreestructureasanarrayto pro-
vide accesgo the datastructureof individual nodesin constant
time. The protocol builds on prior experienceof designingscal-
ablecommunicatiorframenorks by utilizing a fully decentralized
protocolthatmaintainsa coherentmembershipview of MPI tasks
in the presenceof faults. Experimentsdemonstratéiigh perfor
manceand scalability of our protocolover TCP on Gigabit Ether
andover MPI on BG/L. Experimentakesultswere alsovalidated
againsta closelymatchingperformancanodelto allow extrapola-
tionsto largernumberof nodes.Themembershiservicehasbeen
deployedin thecommunicatiodayerof theLAM/MPI runtimesys-
tem, andwe are currently pursuingits integrationinto OpenMPI
and,independentlyinto LAM/MPI with BLCR to continuejob ex-
ecutionin the presencef faults.
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