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ABSTRACT
Reliability is increasingly becoming a challenge for high-
performancecomputing(HPC) systemswith thousandsof nodes,
suchasIBM' sBlueGene/L.A shortermean-time-to-failurecanbe
addressedby addingfault toleranceto recon�gureworking nodes
to ensurethatcommunicationandcomputationcanprogress.How-
ever, existing approachesfall short in providing scalability and
smallrecon�gurationoverheadwithin thefault-tolerantlayer.

This papercontributesa scalableapproachto recon�gurethecom-
municationinfrastructureafter nodefailures. We proposea de-
centralized(peer-to-peer)protocolthatmaintainsaconsistentview
of active nodesin the presenceof faults. Our protocolshows re-
sponsetimesin theorderof hundredsof microsecondsandsingle-
digit millisecondsfor recon�gurationusingMPI over BlueGene/L
andTCP over Gigabit, respectively. The protocolcanbe adapted
to match the network topology to further increaseperformance.
We alsoverify experimentalresultsagainsta performancemodel,
which demonstratesthe scalability of the approach. Hence,the
membershipserviceis suitablefor deploymentin thecommunica-
tion layerof MPI runtimesystems,andwehave integratedanearly
versioninto LAM/MPI.
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1. INTRODUCTION
As contemporaryhigh-performancecomputing(HPC)systemsare
increasingin sizeto thousandsof processors,suchasIBM' s Blue-
Gene/L (BG/L), high availability is becominga challenge[4].
While the reliability of a single node is often remarkablyhigh,
a job's chanceto completeexecution prior to any failures de-
creasesas the numberof nodesto parallelizethe job increases.
For theBG/L at Livermorewith 130kprocessors,a dual-processor
computecardis currently failing every otherday forcing a 1024-
processormidplaneto betemporarilyshutdown to replacethecard
[29].

In such large-scaleenvironments,high-performanceapplications
commonlyemploy a checkpoint-and-restartmethodologyto toler-
ate failures. When a nodefails, the current job is generallyre-
linquishedin favor of a new job whosenodesrestart from the
last checkpointsaved on stablestorage[41, 11, 12, 3]. Such
application-sidefaulttoleranceimposestheburdenontheprogram-
mer to explicitly and non-portablyaddressthe robustnessof the
codefor largeHPCsystems.

Differentapproachesto provideprogrammerswith supportfor fault
tolerancehave beenstudiedin the context of high-performance
systems,rangingfrom application-level [25] over communication-
level [40, 39, 22, 10] to network-level [6]. While application-side
techniquesrequiresigni�cant modi�cations to programs,they po-
tentially reducethe amountof statethatneedsto be saved. Tech-
niquesat thenetwork layerprovide reliability within themessage
layer and needto be complementedby additional techniquesat
higherabstractionlevels.An implementationatthecommunication
layer providesa compromisein that modi�cations to the applica-
tion areminimal andapplicationstatecanbecapturedadequately.
Our work is aimedat an integrationinto thecommunicationlayer
of MPI runtimesystems,speci�cally thatof LAM/MPI andOpen
MPI [40, 27].

Effortsin groupcommunicationhavefocusedonproviding services
to a dynamicallygrowing andshrinkingsetof members(or nodes)
[26, 5, 30, 34, 8]. Theseservicesareoften Internetservicesus-
ing high-level communicationabstractions.Implementationsrange
from client-server approachesto the peer-to-peerparadigmwith
hybrids of both in the middle. Theseapproachesgenerallyuti-



lize anall-to-all communicationparadigm,which is inherentlyun-
scalable.More recentwork on groupmembershipproposesfully
decentralizedor hybrid approaches,but the resultingrestructuring
overheadis still in theorderof seconds[33, 46].

In this work, we contributea scalableapproachto recon�gurethe
communicationinfrastructureafter node failureswithin the run-
time systemof thecommunicationlayer. Building on our pastex-
perienceof scalablecommunicationframeworks [19, 20, 21, 24],
we proposea decentralized(peer-to-peer)protocol that maintains
membershipof MPI tasksin the presenceof faults. Our protocol
is primarily tailoredto local areanetworks, speci�cally dedicated
clusters,insteadof wideareanetworksor Grid frameworks.

However, while existing approachesprovide either scalability or
small recon�gurationoverhead,our protocolcombinesthesefea-
tures. Insteadof secondsfor recon�guration,our protocolshows
overheadsin the order of hundredsof microsecondsand single-
digit millisecondsover MPI on BG/L andTCP on Gigabit Ether,
respectively. Our protocolcanbecon�guredto matchthenetwork
topologyto increasecommunicationthroughput.We utilize radix
treesto implicitly encoderouting information into nodeIDs and
additionally representthe treestructureasan array (dynamically
resizeduponnodejoins/failures)to provideaccessto thedatastruc-
tureof individualnodesin constanttime. Wealsoverify ourexperi-
mentalresultsagainstaperformancemodelto assessthescalability
of theapproachandallow extrapolationfor largernumberof nodes.

Overall, our membershipservicefor MPI taskscombinesthebest
of bothworlds,thescalabilityof a decentralizedmembershippro-
tocol and the performanceof existing fault-tolerantmechanisms
within high-performanceruntime systems. Having implemented
the protocol in the low-level communicationlayer of LAM/MPI,
wearecurrentlyassessingtheprotocol'ssuitability for deployment
within the MPI ComponentArchitecture(MCA), speci�cally as
an add-onto thePoint-to-pointManagementLayer (PML) within
OpenMPI [27, 7, 43,44]. Nonetheless,our approachis moregen-
eral and can be applied for any membershipserviceor in other
frameworksthatrequirescalablegroupcommunication,suchasef-
�cient multicastservices,e.g., in MRNet [38].

2. HIGH­LEVEL ASSUMPTIONS AND DE­
SIGN

To toleratefaults for an MPI job, the setof individual MPI tasks
representa groupwithin which they may communicateandcoor-
dinateexecutionandtermination.Within theruntimesystem,MPI
taskshave a consistentview aboutwho is a memberin suchan
abstractcommunicationdomain [28, 9, 14]. Fault tolerancere-
quiresa dynamicdomainin which memberscan join and leave.
The latter may be dueto faultswhile the former may occurupon
recovery from faultsor whenadditionalcomputeresourcesarere-
quired. Groupcommunication,suchasmulticasting,canbebased
on membershippropertieswithin a domain.

Membershipwithin a domain is implementedwithin a runtime-
level membershipservicelayer and usedby an applicationlayer
thatrelieson this service.Theview of thesystemis thesetof cur-
rently active andconnected(unpartitioned)processes.The appli-
cationlayerinteractswith themembershipservicefor communica-
tion andview change actions.The membershipservicemaintains
a consistentview of the system. It ensuresthat communication
takesplaceonly betweenprocessesthat sharethe sameview. In
our model,every processstartswith a defaultview. This view is

internallyrepresentedasa tree.In theabsenceof faults,eachnode
hasa children, wherea is constrainedto be a power of two for
reasonsgivenbelow.

2.1 Assumptionsand SafetyProperties
We make thefollowing assumptionsabouttheoverall framework:

Execution Integrity: We assumethatno eventoccursat a process
betweenits crashand recovery. After a crash,the processis as-
sumedto rememberits uniqueID (e.g., derivedfrom theIP address
or the hostname),but not necessarilythe view sincea view may
changeany time. Thenew view is obtainedfrom thecurrentroot
on recovery.

Messageuniqueness:Eachmessagecontainsa messagetype,the
senderandthe receiver information. Theunderlyingcommunica-
tion stackguaranteesreliablemessaging,i.e., neitherwill therebe
any duplicationsnor lossesof messages.Given messageunique-
ness,ourprotocolensuresthatany messagebesentexactlyonceto
a givendestination.

The protocolshouldmeetthe following safetypropertiesof com-
municationandmulticastservices(see[14, 18]): Self Inclusion:
Themembershipalgorithmsatis�estheself inclusionproperty, i.e.,
if a processp establishesa view V, thenp is a memberof V. De-
livery Integrity: For every receive, thereis a precedingsend.No
duplication: At any process,two receive eventscanneitherorigi-
natefrom thesamesendevent,norcanthey haveidenticalmessage
content. Sameview delivery: If two processesp andq receive
messagem, they receive it in thesameview.

Themembershipalgorithmrelieson thedetectionof faultsby an-
other layer of the softwarearchitecture.We speci�cally reactto
processorfailures(crashes)andrecoveries.

2.2 Fault Detectionin the ExecutionEnvir on­
ment

Faultsaredetectedby anexternaldetectionmechanism.Faultscan
beidenti�ed by hardwarehealthmonitoring,suchasIPMI [1], de-
tection of link failuresor any other mechanism.The detailsare
beyondthescopeof this paper.

For theexperimentsin Section7, weemploy a fault detectorbased
on a timeoutmechanism.Excessive delay in responsefrom any
processto a messagerequestleadsto theassumptionthat thepro-
cesshasfailed.Sucha processis removedfrom thesetof views in
theview changeeventtriggeredby theabovetimeout.Link failures
arehandledsimilarly to nodefailuresin thisscenario,i.e., different
causesof failure neednot be distinguished.The describedproto-
col handlesonly single-pathrouting. An extensioncould handle
multi-pathroutingthroughNACKs.

2.3 ProcessorFailur eand Recovery
Within our executionenvironment,a fault-injectingapplicationin-
quiresthestateof every otherprocessrandomly. This application
is a micro-benchmarkresemblingthe communicationportion of
realapplicationscommunicatingvia MPI overaruntime-supported
membershipservice.A failureshouldnot causetheapplicationto
fail. Instead,eachremainingnodewill updateits membershipview
to obtainanew, consistentview in responseto amessagetriggered
within thetreestructureexcludingfailednodes.



3. SCALABLE, LOW­LATENCY MEM­
BERSHIP SERVICE

In the following, the operationaldetailsof the membershipalgo-
rithm, basedon a radix tree,aredetailed.Theobjective of theal-
gorithmis to provideanew, consistentview of activenodes(mem-
bers)in a scalablemannerat very low overhead.The processof
establishinganew view is calledtreestabilizationin thefollowing.

3.1 Radix TreeRepresentation
Nodesparticipatingin the membershipserviceareinternally rep-
resentedin two datastructures:a radix treeanda linear arrayof
nodes.The former providesanef�cient representationfor collec-
tive communicationwhile the latter supportspoint-to-pointcom-
munication.

The radix tree provides a hierarchicalrepresentationthat implic-
itly encodesroutinginformationin thenodeID, which reducesthe
overheadof algorithmsthat exploit the membershipservice. The
radix encodingof a nodeID canbeusedto determinethe routing
pathof messagesfrom theroot to thisnodeor to determineits posi-
tion in thetreestructure.To allow anef�cient decodingof routing
information, the numberof children in the radix treehasto be a
power of two. Hence,for a binary tree,the routingdecisionfrom
onenodeto thenext lower level is determinedby a singlebit indi-
catingthatoneshouldfollow theleft (0) or right (1) child. In a tree
with four children,suchasin Figure1, two bits indicatewhich link
to follow to determinethelocationof a child in thetree.

In additionto the radix tree,an arrayof nodesprovidesaccessto
arbitrarynodesat constanttime, which canbe utilized for point-
to-point messagesin a message-passingframework. This arrayis
dynamicallyresizeduponnodejoins andfailuresto accuratelyre-
�ect view changesin a consistentmanner.

3.2 Initialization
At the initialization phase,every nodein the systemis assumed
to have knowledgeof the numberof childrenand the total num-
ber of nodes.Eachnodehasa uniqueID. Theseassumptionsare
consistentwith MPI runtime environments. Communicationbe-
tweennodesis not requiredduring the initialization phase,since
the knowledgeof the numberof childrenandthe total numberof
nodesis suf�cient for nodesto locally form ahierarchicalstructure.

Thehierarchicalstructure,i.e., theradix tree,is organizedsuchthat
thenodewith lowestID is theroot. Eachnodehasa �x ednumber
of children. The ID of eachchild of a node is determinedas a
function of the height of the nodein the tree and the maximum
numberof children,asdepictedin Figure1. This is aconstant-time
operationdueto theroutinginformationencodedinto theradixtree.
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Figure1: StabilizedTreeStructur e

Theradix treeis duplicatedon eachnodeandkeptup-to-datewith
respectto a globalview in a decentralizedmanner(consistentwith

othernodes).At startup,all nodeshave thesameinitial view upon
initialization. Afterwards,any two nodesin the applicationlayer
maycommunicateat any time. This approachstill allows for node
failuresduring start-up,asdiscussedlater. Overall, the systemis
scalabledueto the fully decentralizedinitialization sinceno mes-
sageexchangeis requiredto form thehierarchy. Thetreestructure
with a con�gurable numberof children furthermoreensuresthat
thesystemcanbeadaptedto re�ect a givennetwork topology.

3.3 Fault Handling
A nodeis consideredto have failed if indicatedby the failurede-
tector. For theexperimentsin Section7, wedetecta failurewhena
nodedoesnotrespondwithin atimeoutwindow to aquery/message
from anothernode.A nodefailurecanbeoneof thefollowing: Sin-
glenodefailure,multiplenodefailure,root failureandlink failure.
Upondetectingafailure,theroot is informedof thefailednodeand
initiatesa view change(seeFigure3(a)).

A link failure is handledimplicitly as if a node(and its subtree
consistingof immediatechildren and their children etc.) is un-
reachable.Notice that partitions(subtrees)reorganizeto form a
new view (succinctfrom theview with theprior root). Applications
mayelectto continueor abortuponnetwork partitioning,e.g., de-
pendingon theirability to communicatewith I/O nodes(suchasin
theBG/L model[4]).

3.4 SingleNodeFailur e
This failure is theeasiestto handleandrequiresvery low commu-
nication bandwidthduring the tree stabilizationphase. The tree
is assumedto be stabilizedonce the root receives an acknowl-
edgmentfrom all of its childrenaf�rming a stabilizedtree in the
lower layers,asdepictedin Figure3(a)anddescribedbelow. Ev-
ery failuredetectionmessageto theroot will beacknowledgedby
a F AI LU RE D E T AC K message.When multiple nodessi-
multaneouslydetectthesamefailure, the root acknowledgeseach
failuredetectionmessagebut disregardsall but the�rst failurede-
tectionmessages.

For simulation purposes,our applicationscenariolets nodesin-
quire the stateof other nodesin the systemat randomintervals,
which we usedfor fair testingandbenchmarking.(As long asthe
applicationhasregular communication,the protocolwill be sup-
ported.)Assumethatnode11hassentaH OW AR E Y OU mes-
sageto a failed node4 in Figure1. On failure detection,it sends
a N OD E F AI LU RE messageto the root (assumingthe failed
nodeis not theroot andall thenodeshave a consistentview). The
root recalculatesits tree structureby eliminating the failed node
from its list of nodesandupdatescorrespondinglinks to its chil-
drenin thetree,asdepictedin Figure2. Therootnodeinitiatesthe
next stepof thealgorithmby sendinga F AI LE D N OD E mes-
sageto its children. Eachchild propagatesthe messagedown the
treeafterrecalculatingits local view (tree).
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Figure2: TreeStructur eafter nodeelimination



(a)Handling a no de failure

On failure of a no de (ID )
if (ID == root)

new root = �nd next highest(ID);
sendRO OT F AI LU RE (ID, self) message
to new root;

else
sendN OD E F AI LU RE (ID, self) to root;

On receiving NODE FAILURE (failed no de; detector )
by ro ot

sendF AI LU RE D E T AC K to detector;
Regroup(failed node,�ag);

//f lag 2 f 0; 1g, 0 = nodefailure,1 = root failure
Regroup (failed no de; 
ag )

recalctree structure(failed node);
locatemy children;
sendF AI LE D N OD E (failed node)messageto children;

On receiving FAILED NODE (failed no de) Message
in a child

if(self 6= leafnode)
Regroup(failed node,�ag);
locatemy children;
sendF AI LE D N OD E (failed node)message
to children;

else
Regroup(failed node,�ag);

(b )Handling a ro ot failure

On receiving R OOT FAILURE (ID ; detector )
by new ro ot

sendF AI LU RE D E T AC K to detector;
Regroup(ID,�ag);

//f lag 2 f 2; 3g, 2 = recovery process,3 = new nodejoin
Regroup (failed no de; 
ag )

recalctree structure(failed node);
locatemy children;
sendRO OT D E AD messageto children;

(c)Handling a no de join

On receiving NEW NODE (ID ) by ro ot
Regroup(new node,�ag);
sendJ OI N D E T AC K to new node;

Regroup (new no de; 
ag )
recalctree structure(new node);
locatemy children;
sendN E W N OD E J OI N messageto children;

On receiving NODE ALIVE (ID ) by ro ot
Regroup(alive node,�ag);
sendALI V E N OD E J OI N D E T AC K to alive node;

Regroup (aliv e no de; 
ag )
recalctree structure(alive node);
locatemy children;
sendALI V E N OD E J OI N messageto children;

Figure3: Pseudocodeof the Membership Algorithm

The local treerecalculationprocedureis asfollows. Let D be the
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) removing D from thelist of childrenof P(D), (3)
merging the list of childrenof D with the list of childrenof P(D)
and(4) removing thelist of childrenfrom D.

The tree structure will be consistentafter each node has ac-
knowledged to its parent a stable structure for the respective
subtree. Once a F AI LE D N OD E messagereachesa leaf
node, the stabilization phasestarts. Leaves respond with a
F AI LU RE AC K messageto parents. Higher nodesacknowl-
edgewith a F AI LU RE AC K to their parentoncethey have re-
ceivedtheacknowledgmentsfrom theirchildren.Failureto receive
a F AI LU RE AC K messagewill invoke anotherinstanceof the
failuredetector, asdiscussedin Section3.5. Thetreebecomessta-
bleoncetheroot receivesaF AI LU RE AC K from all children.

3.5 Multiple NodeFailur es
This case is handled similarly to a single node failure.
If multiple nodes fail simultaneously, the root receives a
N OD E F AI LU RE (X ) messagefrom the detector process
while the�rst phaseof treestabilizationis in progress.Therootac-
knowledgeseachfailuredetectionmessage,and,if multiple nodes
detecta failureof thesamenode,all but the �rst messagearedis-
regarded(althoughacknowledged). For multiple, distinct failed
nodes,therootsendsalist of deadnodesafterrecalculatingthetree
locally. To facilitatethe presentation,the list is omittedin Figure
3(a);it simplyextendsthefailed node parameterto a set.

Example:Assumefailuresfor nodes4 and5, and11 hasdetected
thefailureof 4. TherootsendsF AI LE D N OD E (X ) to its chil-
dren and waits for an acknowledgmentduring the �rst tree sta-
bilization phase. Since it doesnot receive an acknowledgment
from node5, it times out assumingthat node5 is dead. If this
happensat lower layersof the tree, the nodethat fails to get an

acknowledgmentfrom the deadnodeinforms the root througha
N OD E F AI LU RE (Y) message.Then, the root propagatesa
list of failed nodesto its children. If a nodefailure hasoccurred
at eachlevel of thetree,it will take H � 1 initial treestabilization
phasesfor thetreeto stabilize,whereH is thetreeheight.A lower
heightcanbeachievedby choosingalargernumberof childrenper
nodeto speedup treestabilizationduring multiple nodefailures.
However, extremelylow height(e.g., a“�at” treewith just two lev-
els)reducesperformanceasuppernodesbecomebottleneckswhen
propagatingmessages.Dependingon thenumberof children(any
power of two is legal), theheightneedsto bechosenaccordingly,
i.e., by modelingstabilizationtime for differentcon�gurations.

3.6 Root Failur e
Should the root fail, the detecting node sends a
ROOT F AI LU RE messageto the next live node in the
linear list (see Figure 3(b)), i.e., a sequentialscan suf�ces to
designateanew rootassumingthenew root is alive. Thealgorithm
proceedsin accordancewith the single node failure recovery
procedureexplainedabove with following additions:

� The new root sendsa ROOT D E AD messageto its chil-
drenwho transitively sendit to their children.

� During the tree recalculationphase,eachnodealso hasto
updateits root to thenew root.

The treebecomesstableafter thenew root hasreceived acknowl-
edgmentsfrom all of its children.

Considerthecasewherearoot failurecoincideswith multiplenode
failures. To distinguishthis casefor a singleroot failure,a differ-
entmessage,ROOT AN D N OD E F AI LU RE , will beprop-
agateddown the treeindicatingthe new root andthe setof failed
nodes,followedby acknowledgmentsupwards.This new message
allows childrenof the failed nodesthat may be engagedin recal-
culationsdueto a prior failureto identify its properparentandac-



quire a consistentoverall view. Due to the similarity to handling
F AI LE D N OD E messages,this detailis omittedin Figure3.

3.7 NodeJoin
A new nodemay join a domain(thesetof MPI tasks)by sending
a N E W N OD E (I D ) messageto theroot (seeFigure3(c)). The
root addsit asa leaf to thebottomof the tree. This messagethen
propagatesin the sameway asfor a nodefailure. The root issues
a N E W N OD E J OI N (I D ) messageto its children,which is
propagatedfurtherdown thetreeby its children.Thetreeassumes
a stabilizedstructureonceeachnodein thehierarchyhasreceived
N E W N OD E J OI N AC K (I D ) from all of its children. The
leaveswill eventuallysendanacknowledgmentto their respective
parent,andthis messageis propagatedupwardsto theroot.

An implicit nodejoin mayoccurwhenanoderecoversfrom afail-
ure. Recoverednodesmayre-join with their original ID by main-
taining an associationbetweenhostnameandID of failed nodes.
This mappingis maintainedby all the nodesin the system. The
recoveredprocessissuesa N OD E ALI V E (I D ) messageto the
root,andthestabilizationroutinefollowsthesameprocedureasfor
a join of a new node.

Once the tree is stabilized, the root sendsJ OI N D E T AC K
messageto the recovered processor the new node welcoming
it to the system. A failure to get a J OI N D E T AC K from
the root triggers the new nodeor a recoveredprocessto senda
N E W N OD E (I D ) or N OD E ALI V E (I D ) message,respec-
tively, to thenext nodein its sequentiallist of nodes.Thetime to
join the systemmight increaseif a considerablenumberof pro-
cesseshave failed in the top of the hierarchyand a nodewith a
lower ID hasassumedthestatusof theroot. If a nodejoin occurs
whena systemrecoversfrom a failure, the root nodesendsa list
of failedand(prior) joinednodes.Thetreerecalculationoccurslo-
cally. Onemessagesuf�ces for establishinga stabilizedtreestruc-
ture. The joiner hasto �nd the currentroot througha linear scan
of thelist. Otherscheme,suchasrandomrequestto othernodesto
inquireabouttheroot,arealsopossible.If thejoinerhappensto be
thenew root,everynodeagreesonthisduringthetreerecalculation
phase.

4. PERFORMANCE MODELING
In additionto the protocoldesignandimplementationefforts, we
attemptedto modeltheperformanceof ourprotocolwith atheoret-
ical model. Initial efforts to measuretheoverall timefor stabiliza-
tion, Ts, in the presenceof a singlenodefailure within network
simulators,suchasthenetworksimulator2 (Ns-2)[35], werecon-
sideredinappropriatesincesuchsimulatorsgenerallydo not allow
computationaloverheadto be re�ected in their models. We also
observed practicalchallengeson clusters,asexplainedin the fol-
lowing, thatcannotbeaccuratelyrepresentedby simulation.

We derived a rudimentaryperformancemodel basedon commu-
nication overhead(Ocm) andcomputationoverhead(Ocp). Ocp
capturesthetimefor updatingthetreestructureonalocalnodeand
cansimplybemeasuredin wall-clock timeonatargetarchitecture.
Ocmis basedon thelatency L of point-to-pointconnectionsof ad-
jacentnodesin thetree.

Ourbasemodelassumesasingle-hopconnectionbetweenadjacent
nodeswith uniform latency measuredashalf theround-triptime in
a ping-pongexperiment.To measureOcmfor theentiretree,two
timesthelatency is beingconsideredbetweeneachnodelevel, one

permessage,i.e., to propagatea nodefailuredown andanotherto
receive a response.Let H be the heightof the tree. Then, there
areH � 1 levelsfor communicationbetweenparentsandchildren.
Thus,

Ocm = 2 � L � (H � 1) (1)

The total treestabilizationoverhead,Ts, is basedon the overall
communicationoverheadandthedelaydueto computationalover-
headwithin eachlevel of thetreestructure.Hence,

T s = Ocm + Ocp � H (2)

We next turn to experimentalresultsto assessthe performanceof
our protocol. The model is usedas a referenceto allow projec-
tionsinto largernumberof processorsif it �ts theobservedresults.
While found to be valid in principle, several re�nementsof the
modelwerenecessarydueto machine-speci�cimpactson the la-
tency, asdiscussedin thefollowing. Thesere�nementsgo beyond
othermodels,suchasLogPor its extensions[17].

5. EXPERIMENT AL FRAMEW ORK
To assesstheperformanceof our protocol,varioustestswerecon-
ductedon a numberof test beds. We report the resultsfor two
of themin the following: a BlueGene/L(BG/L) machineandthe
eXtremeTORC(XTORC)clusterat Oak RidgeNationalLabora-
tory(ORNL). On BG/L, all executablesrun on thecomputenodes
atopa light, UNIX-lik e proprietarykernel,thecomputenodeker-
nel (CNK) [2]. Thereare two midplanes(eachwith 512 nodes
or 1024embeddedPowerPCprocessors),andeachmidplanehasa
three-dimensional(3D) torusinterconnectfor point-to-pointmes-
sagesbesidesotherinterconnectsfor selectedcollective communi-
cation.Whenthepartitionis smallerthanamidplane,theintercon-
nectis a 3D mesh,hence,we ensuredthatanentiremidplanewas
allocatedto our jobs. XTORC has64 2GhzPentium4 compute
nodesconnectedby 1Gb/s Ethernetrunning RedHat9.0 (Linux
kernel-2.4.20-8).Of the64nodes,only 47nodeswereavailablefor
testing. The entiretestenvironmentwaswritten in C in a single-
threadedmannersinceweobservedhighvariationsfor threadingin
prior implementations.

Thememoryrequirementof theschemeis smallandincreaseslin-
early pernode. On eachnode,the treehasa spacecomplexity of
O(N), whereN is the numberof nodesin the treestructure. For
BlueGene/L,eachcomputenodehasslightly lessthan512MB of
physicalmemoryavailablefor userprograms.A treestructurethat
has1024 nodes(using both midplanesof BlueGene/L)usesless
thanoneMB of memoryleaving amplememoryspacefor therun-
ning applications.XTORCprovides768MB of physicalmemory,
andthememoryrequirementof our protocolwasonly a few kilo-
bytesfor lessthan64 nodes.We arecurrentlyassessinga variant
of our protocolwith localizedviews of theoverall treeto limit the
memoryrequirementsto a constantsizeand,thereby, supportscal-
ing into tensof thousandsof nodesandbeyond.

On BlueGene/L,MPI Sendand MPI Irecv primitives implement
the communicationof the protocol. The reasonfor using non-
blockingreceivecallswastoeliminatethreadingsince(a)threading
is not supportedon BG/L and(b) threadingwasshown to resultin
high overheadandvariancein performanceon Linux. The imple-
mentationonXTORCrelieson TCPsockets.



6. FUNCTION ALITY TESTING
The implementationof the protocol was subjectedto extensive
functionality testswith single node failures,multiple simultane-
ous failures,single root and chained,simultaneousroot and top
nodefailures,thelastof which requireslinearselectionof thenext
root node. Failureswere injectedto the testingenvironmentand
resemblenon-responsivenessof nodesas commonlydetectedby
timeoutsduringcommunication.1 Theprotocolprovedto berobust
to allow functioningnodesto survive failuresof othernodeswhile
still retainingthe capability to communicateand track the set of
operationalnodes.

We further implementedthe protocolaspart of LAM/MPI at the
LAM daemonlevel asa new servicemodule.Extensive testsshow
that the protocolcansustaininjectedfaultsandrecon�gure. Ob-
servedmeasurementsaresimilar to theresultsdiscussedbelow for
TCP on a Linux cluster, albeit with a 10%-20%higheroverhead
due to integration into the costly processmodel of the low-level
LAM infrastructure,andwill beomitteddueto spaceconstraints.
We have integratedour approachwith the Berkeley LabsCheck-
point/Restart(BLCR) [22] facility suchthat onedoesnot have to
restartan MPI job whena nodefails if (a) a failed nodeis recov-
eredor (b) a sparenodeexists to assignthe failed work to using
the old MPI rank. We arealso integrating transparent(no appli-
cationmodi�cations,nomanualstatere-distribution)andperiodic,
yet coordinatedcheckpointing.LAM/MPI lacksthesecapabilities,
it requiresa cold restartof theentireMPI job, which canbecostly
consideringthat most nodesstill containthe processimage,and
it resultsin long responsetimesfor usersthat couldbeavoidedif
sparenodeswereavailable.

7. PERFORMANCE EVALUATION
We assessedtheperformanceof our protocolin termsof the time
for stabilization,Ts, aftera singlenodefailure,which is themost
commontypeof failuresince,aswill beshown, Ts is in theorder
of hundredsof microsecondsor single-digitmillisecondsand,thus,
ordersof magnitudesmallerthanthemean-time-to-failure(MTTF)
in eventhelargestsystems.

7.1 MPI on BlueGene/L
Figure 4 depictsthe experimentalresultsfor assessingthe stabi-
lizationtime,Ts, onBlueGene/LoverMPI for increasingnumbers
of nodes. A binary treecon�guration waschosenwith two chil-
dren(a=2). Notice that the x-axis is on a log scale,which shows
thatour protocolscaleslogarithmicallywith increasingnumberof
nodes.Furthermore,Ts is in theorderof microsecondsup to 1024
nodes.If weinterpolatetheseresults,thistrendis likely to continue
into thetensof thousandsof processorsonBG/L. Theresultswere
obtainedfrom � ve sampleswith a con�denceinterval of � 3� s to
� 16� s for smallerandlargernodenumbers,respectively, ata99%
con�dencelevel.

We alsoassessedthe validity of our basemodelfor a singlehop,
point-to-pointlatency of L = 4:6� s anda computationaloverhead

1Whenanodetimesoutbut hasnot failed,it will still betreatedas
if it hasfailedsinceprogressis hinderedby thisnode.By excluding
thisnodefrom furthercommunication,othernodescanproceedin a
timely manner, e.g., by electingareplacementnodewithin theMPI
runtimesystem.Any messagesfrom theexcludednodespertaining
to the old job arehenceforthignoredby othernodes.If the node
is fully responsive again,it may join thesetof runningnodesand
canbeassignedany work at thattime,sameasor differentfrom the
originalwork.
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Figure4: Ts over MPI for a=2on BG/L

of Ocp = 2� s on BG/L. The resultingbasemodeldivergessig-
ni�cantly from the experimentallyobtainedresults. This can be
attributedto the point-to-pointcommunicationtopologyof BG/L.
We conductedour experimentson two midplaneswith eachmid-
planeconsistingof 512 processors,which have a 8x8x8 3D torus
interconnect.WhenMPI tasksaremappedto nodes,adjacentnodes
in the treemayhave to communicateover varying numberof hop
counts(distances)within thetorus. Eachhop therebyimposesthe
costof the baselatency L . To considerthis overhead,we re�ned
ourbasemodelto accountfor thecommunicationoverhead,Ocm,
usinga distance-aware latency to derive a distancemodel. Here,
the overall numberof hopscontributing to the latency is the sum
over all levels in thetreeof themaximumdistancein hopsat each
level. Thus,

Ocm = 2 � [ �
lev els

max (hops b=wnodes at level )] � L � (H � 1)

This model considersthe maximum latency betweenadjacent
nodes(all parent/childpairs)at eachlevel (in bothdirections)and
aggregatesthe respective maximumfor all levels in the tree. The
hop count is determinedas the sum of differencesbetweeneach
pair of x, y andz coordinatesof nodesin the3D-torusthataread-
jacentin the treestructure. As the resultsin Figure4 show, this
distancemodelcloselymatchesthe observed results. This under-
linesthebene�tsof simplicity andscalabilityof ourprotocolwhile
deliveringperformance.

Figure5 shows thestabilizationtime for a treecon�guration with
four children per parent(a=4). Again, the experimentalresults
show that the protocolscaleslogarithmicallywith the numberof
nodes. The absoluteoverheadfor Ts is slightly smallerthan for
thebinary treecon�guration (a=2),which canbeattributedto the
reductionof height in the tree. But the impactof hop countsre-
ducesthis bene�t to someextent. The resultswereobtainedfrom
� ve sampleswith a con�denceinterval of � 0:5� s to � 12� s for
smallerandlargernodenumbers,respectively, ata99%con�dence
level.

Thebasemodelshows an interestingbehavior in that it alternates
betweenslight increasesandnochanges(�at line) in performance.
A �at line occurswhenthe numberof nodesis increasedbut the
height of the tree remainsunchanged,i.e., the height of the tree
changesonly for powersof four. Oncewe considerthe distance
model that includesthe hop countsfor point-to-pointcommuni-
cation in the tree, the model closely approximatesthe observed
performancefor eachmeasurementpoint that is a power of four
(or exceedstheheightof theprevious tree). In between,however,
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Figure5: Ts over MPI for a=4on BG/L

performanceis underestimated.This artifact remainsnot fully ex-
plained,but we have eliminatedsystemactivity asa source. We
will discussnetwork contentionasapotentialsourcein subsequent
results.Nonetheless,theoverall trendsdemonstratethescalability
of theprotocolwith a matchingmodelfor powersof four.

Noticethattheprotocolcouldalternatively havebeenimplemented
over the hardware tree interconnectutilized by somecollective
communicationson BG/L, which would have resultedin shorter
responsetimes. However, theobjective of this work wasto assess
the scalabilityof the protocol for large numbersof nodesassum-
ing commodityinterconnecttopologieswithout specialone-to-all
supportin hardware.

7.2 TCP over Ethernet
Figure6 depictsthestabilizationtime observed in experimentson
a dedicatedLinux cluster(no backgroundactivity) with a single
Gigabit switch usinga TCP implementationof our protocolfor a
binary tree(a=2). Notice that the x-axis is on a linear scale. The
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Figure6: Ts over TCP for a=2on Linux

experimentalresultsshow a step-curve of increasingstabilization
time. Upon closeranalysis,we observe that the protocol is scal-
ablefor TCPaswell, i.e., that its time complexity increasesloga-

rithmically with thenumberof nodes.2 The resultswereobtained
from � vesampleswith acon�denceinterval of � 4� s to � 86� s for
smallerandlargernodenumbers,respectively, ata99%con�dence
level.

We alsoobserve thatTs increaseslinearly betweenany power-of-
two nodecounts.This behavior is consistentwith theexperimen-
tal resultsin Figure 5. We further observe that the basemodel
(with a TCP latency of L = 118� s anda computationoverhead
of Ocm = 2� s) doesnot resembletheexperimentalresults.The
hop countis not a factorasa singlefull-duplex switch allows di-
rectcommunicationbetweenany pair of nodeswithout contention
at the network fabric. The switch itself, however, may serialize
packet processing.

The hypothesisof packet serializationwithin the switchwascon-
�rmed in a seriesof experimentswherean increasingnumberof
neighboringnodescommunicatedalonga localizedstructure.Fig-
ure 7 presentsthe experimentallydeterminedlatency undercon-
tentionfor thesecon�gurationsof (a) pairsof nodes,(b) a parent
with two children and (c) a parentwith four children communi-
catingwith oneanother, asdepictedin orderof increasinglatency.
We observe that point-to-pointcommunicationof pairs of nodes
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Figure7: Contention-basedLatency over TCP

is handledwell by the switchup to twelve nodes,afterwhich the
latency linearly riseswith the numberof nodesadded.More sig-
ni�cantly, a morecomplex internalstructure,suchasa binarytree,
in�icts higherswitchcontentionfor thesamenumberof nodesdue
to serializedcommunicationwith multiplenodesat theparent.The
latency increasesevenmoresigni�cantly for a treewith four chil-
dren.3

The resultsobtainedascontentionlatency in Figure7 weresub-
sequentlyusedto substitutethe baselatency in Equation1 with
thecontentionlatency in the�gure correspondingto therespective
numberof nodes.Theresultingcontention-basedmodelin Figure6
resemblesthetheexperimentalresultsvery closely. Moreover, we
arguethatcontentionlatenciescanbeextrapolatedfor largernode

2A plot on a logarithmicx-axis for resultsof 2n � 1 nodesillus-
tratesthis behavior. The linearx-axishereis intentionallyusedto
motivatethefollowing analysis.
3Notice that theseresultscould not be accuratelybe modeledby
othermodels,suchasLogP [16] with its accountof send/receive
overheadandthegap,sincea linearincreasewith increasingnum-
berof nodesof any of thebaseparametersis not considered.



numbers,dueto thenear-linearbehavior in singleswitches.When
switchesarehierarchicallycombined,contentionlatenciesof each
singleswitch canbe aggregatedin a mannerre�ecting the switch
topology. This is subjectof futureinvestigation.

Figure8 depictstheresultsfor TCPover a treewith four children
perparent.Theoverallresultsindicatescalabilityof ourprotocolin
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termsof its logarithmiccomplexity. Theresultswereobtainedfrom
� ve sampleswith a con�dence interval of � 12� s to � 98� s for
smallerandlargernodenumbers,respectively, ata99%con�dence
level.

Thebasemodelshows thetypical stepcurve with increasesin sta-
bilization time whenthe numberof nodesincreasessuchthat the
treeheightincreasesby one(above 5 and21 nodes),but thebase
modeldoesnot resembletheactualmeasurements.Whenconsid-
eringthelatenciesof Figure7, thecontentionmodelresemblesthe
experimentalresultsjust beforethe treeheightis increased.More
signi�cantly, thecontentionmodelmoreaccuratelyre�ects thein-
creasedcontentionfor larger numberof nodes. The fact that the
contentionmodeltendsto overestimatetheexperimentalresultsis
not fully understoodbut we observed that larger overestimations
alsotendto coincidewith largercon�denceintervals.

Overall, theexperimentalresultscon�rm thescalabilityof ourpro-
tocol andthe re�ned modelsshow a closeresemblanceof experi-
ments,whichshouldqualify themfor thetaskof extrapolationsfor
largernumberof nodes.

8. RELATED WORK
Chockleretal. provideasetof rigorousspeci�cationsfor thegroup
membershipserviceand discussvarioussystemswheredifferent
propertiesaresatis�ed [14]. Most of the existing systemsassign
a view identi�er for eachnew view installedin thesystem[26, 5,
31]. Ourmodeldoesnotrequireto maintainalist of differentviews
(i.e., a view setwith uniqueIDs perview) sincethesystemstabi-
lizesoncetherootnodereceivesall acknowledgmentsfrom its chil-
dren.Our approachof eachprocessdecidingits own view without
exchangeof any messagewith any othernodeis alsofoundin Tran-
sis [34] andConsul[36]. We do not allow multiple disjoint views
to exist concurrently. This propertyof primary componentmem-
bershipis implementedelsewhereaswell [9, 42, 15]. A solution
to theview-orientedpartitionablemembershipproblemis provided
by R. Khazan[32, 33]. Theirapproachis a hybrid of decentralized

clientsandmorepowerful serverswith a leaderat any givenpoint
in time,i.e., it is notafully decentralized(peer-to-peeronly) model
dueto practicalnetwork connectivity issues.

TheCoyotesystem[8] providesagroupmembershipservicebased
on a token-passingparadigmanduses25 micro-protocolsto im-
plementeachgroup membershipproperty. Our algorithm keeps
theinteractionamongdifferentnodessimpleandstabilizesthehi-
erarchicalstructureaftereachnodereceivesjustonemessagefrom
its immediateparentnode.

A topology-aware membershipservicefor cluster-basedInternet
servicesis proposedby Zhou, Chu and Yang [45, 46]. It uses
Time-To-Live in the IP packet headerto form hierarchicalgroups
thatresemblethenetwork topology. Thereportedtime for treesta-
bilization for this modeldoesnot accountfor network latency, gap
andoverheadsinvolvedfor sendingandreceiving data.In thispro-
tocol, theview convergencetime is measuredasthesumof failure
detectiontime andthetime to propagatetheinformationalongthe
hierarchicaltree. Thepaperdoesnot provide thetreestabilization
time. Hence,we cannotmake a fair comparisonwith ourwork.

Otherprior work includessupportfor fault toleranceto the com-
municationlayer of MPI run time systems.Sankaranet al. [39]
discussa LAM/MPI checkpoint/restartframework whereMPI ap-
plicationscanbecheck-pointedto diskandrestartedlater. They use
the(Lawrence)Berkeley LabsCheckpoint/Restart(BLCR) mecha-
nism[22, 23] to implementa lightweightandmodularcomponent-
basedarchitecture.It requireseachMPI processto coordinatewith
otherprocessesto reacha consistentglobalstatein which theMPI
job canbecheck-pointed.Bosilcaet al. proposeanuncoordinated
checkpointmechanismby saving the computationandcommuni-
cationcontexts independently[10]. Eachnodestorestheexecution
contexts in remotecheckpointservers and usesdedicatednodes
(ChannelMemory)to storein-transitmessages.Chakravorty et al.
[13] extendedtheruntimelayerof Adaptive MPI (AMPI) beneath
Charm++to migrateobjectsin a proactive fault-tolerantmanner.
Collective communicationstructures,such as trees,were rebal-
ancedafter nodefailures. In contrast,our work is more general
(any groupcommunicationstructure),andtheirquantitative results
includemigrationoverhead,i.e., nodirectcomparisoncanbegiven.

Prior work on distributed locking explored the scalabilityof tree
structures[21]. 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-basedtopology, which limits its scalability
[37]. Our membershipalgorithm,in contrast,providesconsistent
views amongnodesin thepresenceof faultsin a scalablemanner.
Furthermore,theapproachis recon�gurablefor a variablenumber
of children(asa power of 2), natively encodesroutinginformation
dueto its useof a radixtree,andit providesconstanttimeaccessto
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, respectively. The protocol supports
recon�gurationin termsof the communicationstructure,i.e., the
datastructurescan be adaptedto matchthe network topology to
further increaseperformance. The protocol utilizes a radix tree
representationto implicitly encoderouting information into node



IDs andadditionallyrepresentthetreestructureasanarrayto pro-
vide accessto the datastructureof individual nodesin constant
time. The protocolbuilds on prior experienceof designingscal-
ablecommunicationframeworksby utilizing a fully decentralized
protocolthatmaintainsa coherentmembershipview of MPI tasks
in the presenceof faults. Experimentsdemonstratehigh perfor-
manceandscalabilityof our protocolover TCP on Gigabit Ether
andover MPI on BG/L. Experimentalresultswerealsovalidated
againsta closelymatchingperformancemodelto allow extrapola-
tionsto largernumberof nodes.Themembershipservicehasbeen
deployedin thecommunicationlayerof theLAM/MPI runtimesys-
tem, andwe arecurrentlypursuingits integrationinto OpenMPI
and,independently, into LAM/MPI with BLCR to continuejob ex-
ecutionin thepresenceof faults.

10. REFERENCES
[1] http://www.intel.com/design/servers/ipmi/index.htm.

[2] http://www.redbooks.ibm.com/redbooks/pdfs/sg246686.pdf.

[3] TheASCI purplebenchmarks.
http://www.llnl.gov/asci/purple/benchmarks,2002.

[4] N. Adigaandet al. An overview of theBlueGene/L
supercomputer. In Supercomputing, Nov. 2002.

[5] Y. Amir, L. E. Moser, P. M. Melliar-Smith,D. A. Agarwal,
andP. Ciarfella.TheTotemsingle-ringorderingand
membershipprotocol.ACM TransactionsonComputer
Systems, 13(4):311–342,Nov. 1995.

[6] R. T. Aulwes,D. J.Daniel,N. N. Desai,R. L. Graham,L. D.
Risinger, M. A. Taylor, T. S.Woodall,andM. W. Sukalski.
Architectureof LA-MPI, a network-fault-tolerantMPI. In
InternationalParallel andDistributedProcessing
Symposium, 2004.

[7] B. Barrett,J.M. Squyres,A. Lumsdaine,R. L. Graham,and
G. Bosilca.Analysisof thecomponentarchitectureoverhead
in OpenMPI. In Proceedings,12thEuropeanPVM/MPI
Users' GroupMeeting, Sorrento,Italy, September2005.

[8] N. T. Bhatti,M. A. Hiltunen,R. D. Schlichting,andW. Chiu.
Coyote: a systemfor constructing�ne-grain con�gurable
communicationservices.ACM Trans.Comput.Syst.,
16(4):321–366,1998.

[9] K. P. BirmanandR. VanRenesse,editors.Reliable
distributedcomputingusingtheIsisToolkit. IEEEComputer
SocietyPress,1994.

[10] G. Bosilca,A. Boutellier, andF. Cappello.MPICH-V:
Towardascalablefault tolerantMPI for volatilenodes.In
Supercomputing, Nov. 2002.

[11] G. Bronevetsky, D. Marques,K. Pingali,andP. Stodghill.
Automatedapplication-level checkpointingof MPI
programs.In ACM SIGPLANSymposiumon Principlesand
Practiceof Parallel Programming, June2003.

[12] G. Bronevetsky, D. Marques,K. Pingali,andP. Stodghill.
Collective operationsin anapplication-level fault tolerant
MPI system.In InternationalConferenceon
Supercomputing, June2003.

[13] S.Chakravorty, C. Mendes,andL. Kale.Proactive fault
tolerancein largesystems.In HPCRI:1stWorkshoponHigh
PerformanceComputingReliability Issues,in Proceedingsof
the11thInternationalSymposiumonHigh Performance
ComputerArchitecture (HPCA-11). IEEEComputerSociety,
2005.

[14] G. V. Chockler, I. Keidar, andR. Vitenberg. Group
communicationspeci�cations:A comprehensive study,
Apr. 23 2001.

[15] F. Cristian.Reachingagreementonprocessorgroup
membershipin synchronousdistributedsystems,June12
1991.

[16] D. Culler, R. Karp,D. Patterson,A. Sahay, E. Santos,
K. Schauser, R. Subramonian,andT. von Eicken.LogP:A
practicalmodelof parallelcomputation.Communicationsof
theACM, 39(11):78–85,Nov. 1996.

[17] D. E. Culler, R. M. Karp,D. A. Patterson,A. Sahay, K. E.
Schauser, E. Santos,R. Subramonian,andT. vonEicken.
LogP:Towardsa realisticmodelof parallelcomputation.In
Proc.4thSymp.PrinciplesandPracticeof Parallel
Programming, pages1–12.ACM, 1993.

[18] X. Defago,A. Schiper, andP. Urban.Totalorderbroadcast
andmulticastalgorithms:Taxonomyandsurvey. ACM
ComputingSurveys, 36(4):372–421,2004.

[19] N. DesaiandF. Mueller. A log(n)multi-modelocking
protocolfor distributedsystems.In InternationalParallel
andDistributedProcessingSymposium, Apr. 2003.

[20] N. DesaiandF. Mueller. Scalabledistributedconucrrency
servicesfor hierarchicallocking. In InternationalConference
onDistributedComputingSystems, pages530–537,May
2003.

[21] N. DesaiandF. Mueller. Scalablehierarchicallocking for
distributedsystems.Journalof Parallel Distributed
Computing, 64(6):708–724,June2004.

[22] J.Duell. Thedesignandimplementationof berkeley lab's
linux checkpoint/restart.Tr, LawrenceBerkeley National
Laboratory, 2000.

[23] J.Duell, P. H. Hargrove,andE. S.Roman.Requirementsfor
linux checkpoint/restart,May 202002.

[24] C. Engelmann,S.Scott,andG. Geist.Distributed
peer-to-peercontrol in Harness.In InternationalConference
onComputationalScience, volume2330,pages720–728,
2002.

[25] G. E. FaggandJ.J.Dongarra.FT-MPI: Fault TolerantMPI,
supportingdynamicapplicationsin adynamicworld. In Euro
PVM/MPIUser's GroupMeeting, Lecture Notesin
ComputerScience, volume1908,pages346–353,2000.

[26] R. FriedmanandR. vanRenesse.Strongandweakvirtual
synchrony in horus.TechnicalReportTR95-1537,Cornell
University, ComputerScienceDepartment,Aug. 24,1995.

[27] E. Gabriel,G. E. Fagg,G. Bosilca,T. Angskun,J.J.
Dongarra,J.M. Squyres,V. Sahay, P. Kambadur, B. Barrett,
A. Lumsdaine,R. H. Castain,D. J.Daniel,R. L. Graham,
andT. S.Woodall.OpenMPI: Goals,concept,anddesignof



a next generationMPI implementation.In Proceedings,11th
EuropeanPVM/MPIUsers' GroupMeeting, pages97–104,
Budapest,Hungary, September2004.

[28] W. Gropp,E. Lusk,N. Doss,andA. Skjellum.A
high-performance,portableimplementationof theMPI
messagepassinginterfacestandard.Parallel Computing,
22(6):789–828,Sept.1996.

[29] IBM T.J.Watson.Personalcommunications.July2005.

[30] I. Keidar. Groupcommunication,June122000.

[31] I. Keidar, J.B. Sussman,K. Marzullo,andD. Dolev. A
client-server orientedalgorithmfor virtually synchronous
groupmembershipin WANs. In InternationalConferenceon
DistributedComputingSystems(ICDCS), 2000.

[32] R. Khazan.Groupmembership:A novel approachandthe
�rst single-roundalgorithm.In PODC:23thACM
SIGACT-SIGOPSSymposiumon Principlesof Distributed
Computing, 2004.

[33] R. KhazanandS.Yuditskaya.Usingleader-based
communicationto improve thescalabilityof single-round
groupmembershipalgorithms.In InternationalParallel and
DistributedProcessingSymposium, 2005.

[34] D. Malki, D. Dolev, andR. Strong.A framework for
partitionablemembershipservice,Aug. 191995.

[35] S.McCanneandS.Floyd. VINT Network Simulator- ns
(version2). http://www-mash.CS.Berkeley.EDU/ns/, Apr.
1999.

[36] S.Mishra,L. L. Peterson,andR. D. Schlichting.Consul:a
communicationsubstratefor fault-tolerantdistributed
programs.DistributedSystemsEngineering, 1(2):87–103,
Dec.1993.

[37] F. Mueller. Fault tolerancefor token-basedsynchronization
protocols.In Workshopon Fault-TolerantParallel and
DistributedSystems, Apr. 2001.

[38] P. C. Roth,D. C. Arnold, andB. P. Miller. Mrnet: A
software-basedmulticast/reductionnetwork for scalable
tools.In Supercomputing, pages21–36,Washington,DC,
USA, 2003.IEEEComputerSociety.

[39] S.Sankaran,J.M. Squyres,B. Barrett,A. Lumsdaine,
J.Duell, P. Hargrove,andE. Roman.TheLAM/MPI
checkpoint/restartframework: System-initiated
checkpointing.In Proceedings,LACSISymposium, SanteFe,
New Mexico, USA, October2003.

[40] J.M. SquyresandA. Lumsdaine.A ComponentArchitecture
for LAM/MPI. In Proceedings,10thEuropeanPVM/MPI
Users' GroupMeeting, number2840in LectureNotesin
ComputerScience,pages379–387,Venice,Italy, September
/ October2003.Springer-Verlag.

[41] G. Stellner. CoCheck:checkpointingandprocessmigration
for MPI. In IEEE,editor, Proceedingsof IPPS'96. The10th
InternationalParallel ProcessingSymposium:Honolulu,HI,
USA,15–19April 1996, pages526–531,1109SpringStreet,
Suite300,SilverSpring,MD 20910,USA, 1996.IEEE
ComputerSocietyPress.

[42] S.Toueg andT. D. Chandra.Unreliablefailuredetectorsfor
reliabledistributedsystems,June18 1996.

[43] T. Woodall,R. Graham,R. Castain,D. Daniel,M. Sukalski,
G. Fagg,E. Gabriel,G. Bosilca,T. Angskun,J.Dongarra,
J.Squyres,V. Sahay, P. Kambadur, B. Barrett,and
A. Lumsdaine.OpenMPI's TEGpoint-to-point
communicationsmethodology:Comparisonto existing
implementations.In Proceedings,11thEuropeanPVM/MPI
Users' GroupMeeting, pages105–111,Budapest,Hungary,
September2004.

[44] T. Woodall,R. Graham,R. Castain,D. Daniel,M. Sukalski,
G. Fagg,E. Gabriel,G. Bosilca,T. Angskun,J.Dongarra,
J.Squyres,V. Sahay, P. Kambadur, B. Barrett,and
A. Lumsdaine.TEG:A high-performance,scalable,
multi-network point-to-pointcommunicationsmethodology.
In Proceedings,11thEuropeanPVM/MPIUsers' Group
Meeting, pages303–310,Budapest,Hungary, September
2004.

[45] T. Yang,J.Zhou,andL. Chu.An ef�cient topology-adaptive
membershipprotocolfor large-scalenetwork services.
Technicalreport,Universityof California,SantaBarbara,
ComputerScience,June2004.

[46] J.Zhou,L. Chu,andT. Yang.An ef�cient topology-adaptive
membershipprotocolfor large-scalecluster-basedservices.
In InternationalParallel andDistributedProcessing
Symposium, 2005.


