Hierarchical Coordinated Checkpointing Protocol

Himadri S. Paul *

ArobindaGupta

R. Badrinath

Departmentf ComputerScienceandEngineering,
IndianInstituteof Technology
KharagpurINDIA - 721302.
email<hpaul , agupt a, badri >@se.iitkgp.ernet.in

ABSTRACT

Coordinatedcheckpointingprotocol is a simple and use-
ful protocol,usedfor fault tolerancein distributedsystem
on LAN. However, checkpointoverheadof the protocolis

bottlenecled by the link speed. Checkpointoverheadof

the protocolincreasesvenif only onelink in the network

is of low-speed.In a metacomputingrnvironment,where
distributedapplicationcommunicatesverlow speedVAN,

the checkpointoverheadbecomewery large. In this paper
we presenthierarchical coordinatedchedpointing proto-

col which aimsto overcomethe network speecbottleneck.
Theprotocolis basednthe 2-phasecommitprotocol The
protocolis suitablefor aninternet-like network topology

whereclustersof computersareconnectedia high speed
link andtheclustersareconnectedhroughlow-speedinks.

Metacomputingervironmentruns over similar networks.
We presensimulationstudiesof the protocol,andit shavs

checkpointoverheadimprovementover that of the well-

known coordinatectheckpointingorotocol.
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1 Introduction

Fault tolerancecan be usedto save computationwastes
for long running distributed applications. Fault tolerance
throughcheckpointis a corvenientmethodusedin mary
distributed systems like distributed sharedmemory sys-
tems|[8], Fail-safe PVM [7], MIST [1], Globus [5], the
Legion systen4], etc.
Coordinateccheckpointingprotocolis a simple pro-
tocol usedin mary distributedsystemdor fault tolerance.
However, the checkpointoverheadf coordinatecprotocol
increasesvith link lateng [9]. Performancef checkpoint-
ing protocolin systemsdistributed over a wide-arealike
metacomputerss bottlenecled by the low-speedinks in
the network. In this paperwe proposea checkpointand
recovery protocol for suchdistributed systemswhich is
basedon the well-known 2-phasecommitprotocol The
proposedorotocol,namecdhierarchical coordinatedched-
pointing protocol, tries to minimize checkpointingover
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headin distributed systemsrunning on networks like the

internet. We shaw, by simulation,that the proposedpro-

tocolachievessignificantreductionin checkpoinbverhead
overthecorventionalcoordinateccheckpointprotocol.

In the next sectionwe discussour motivationin de-
signingthe hierarchical coodinatedchedpointing proto-
col in moredetails. In Section3 we presenthe protocol,
andprovide a sketchof proof of correctnessn Section4.
We have simulatedboththecoordinatedtheckpointingro-
tocolandthehierarchicaktoordinatedheckpointingoroto-
col. We presentomparatie performanceesultsn Section
5. Finally, Section6 concludeghepaper

2 Motivation and Contribution

A global chedkpointof adistributedapplicationconsistsof
a setof local checkpointspne contributedby eachof the
processeén the systemand the stateof the communica-
tion mediumor channel.However, all global checkpoints
arenot consistentA consistenglobal chedpointor are-
coveryline is aglobalcheckpointwherea messagshovn
asreceved by a local checkpointmustbe shovn sentby
someotherlocal checkpointin the set[2]. The objective
of a checkpointand recovery protocolis to rollback the
distributedsystemto a consistenglobal checkpointat the
eventof afault.

Several checkpointand recovery protocol for dis-
tributedsystemsareavailablein literature[3]. Coordinated
checkpointingis one of the early checkpointingmethods
proposedfor distributed systems. This classof protocol
ensureshatwheneer a processakesa local checkpoint,
all other processesn the systemalso take their respec-
tive local checkpoints. Koo and Toueg discussone such
protocolin [6]. Coordinatedprotocolis popularly used
for LAN-baseddistributedapplicationgor fault tolerance.
However, checkpointoverheadf coordinatedprotocolin-
creasewith link lateng [9]. In a networked system,for
examplea metacomputingystem,wherelink speedsare
differentin differentpartsof the network, the coordinated
checkpointingschemeis bottlenecled by the low speed
links.

The main emphasisin developmentof newer tech-
niguesof checkpointis to minimize checkpointandrecov-
ery overheads. To addresghe issue,we proposea hier-
archical coomdinated chedkpointing basedon the coordi-



natedcheckpointingprotocol(alsoreferredin this paperas
flat coordinatedcheckpointing). The protocoltries to re-
ducecheckpointoverheadon clusterednetwork topology

In the proposecprotocol,we try to avoid explicit coordina-
tion throughoutthe systemduring checkpointingactiity,

and delegatethe job to onerepresentatie processcalled
leader, in eachof the clusters.lIt is thenthe responsibility
of the cluster‘leader’ to coordinatewith the processe#-

sideits clusterandestablishcheckpoint. The approacthre-
ducesmessagéransmissiorover the low speedinks, and
reducescheckpointingoverhead.We have carriedout ex-

tensve simulationstudiesof boththe hierarchicalandflat

coordinatedprotocol underdifferent conditions. The re-
sults shav considerablemprovementin checkpointover-

headin caseof the hierarchicalcoordinatedprotocol. The
resultswill be discussedn Section5. In the following

sectionwe discusghehierarchicakcheckpointingprotocol
basedon the 2-phasecommitprotocol.

3 Hierarchical Coordinated Checkpointing
Protocol

TheHierarchicakheckpointingprotocolis designedor hi-
erarchicalnetwork topology, like the internet. We define
a clusteras a collection of computingnodes(‘node’ and
‘process’ have beenusedinterchangeabl¢éhroughoutthe
paper)connectedria high speedinks. The network con-
sistsof several clusters,and computersbelongingto two
different clustersare connectedby slow speedlink. All
nodesare reachablefrom every other nodes. The nodes
areassumedo be fail-safe[10]. All the links are unreli-
able. However we assumehe network is immuneto par
titioning, i.e., all the nodesin the network are eventually
reachabldrom othernodes.The checkpointandrecovery
layerresidesin betweenthe communicatiorlayer andthe
applicationlayer. Theapplicationmay not be awareof the
clusteridentity of all the nodesin the system,but all the
lower layersdo.

We assuméhatthereis only onecheckpointinitiator.
For simplicity in presentinghe protocol,we alsoassume
thatonly onefaultoccursatatime andno faultoccursdur-
ing recovery process. However, theseconstraintscan be
easily overcome,and the required modificationsare dis-
cussedat the end of Section4. During the execution of
theprotocolaprocesassumesneof thefollowing 3 roles
duringacheckpointingsession.

e Initiator: the processwhich initiatesa checkpointing
session.

e Leader: one particular processfrom each cluster
whichis responsibldor coordinatingactiities within
the boundaryof its own cluster in accordancewith
theinstructionsfrom theinitiator. The identity of the
leadersareknown to theinitiator.

o Follower: therestof theprocessem thesystem.They
follow instructionsfrom theleaderof its cluster

Similarly, during recovery the processesassumeone
of theabaveroles.In this casethefailed procesdakesthe
role of initiator.

Eachprocesstoresonepermanentheckpoint.In ad-
dition eachprocessanalsohave onetentativecheckpoint.
However, the tentatize checkpointsare transient,and are
eitherdiscardedr madepermanenafter sometime. Pro-
cessesnaintaina checkpointsequence&umber(csn), and
it is incrementedy onein every checkpointsession.The
csn is piggybacledon every controlmessagedn addition
eachprocessalso maintainsa booleanvariablein_ckpnt,
which indicateswhetherthe processis in the checkpoint
sessioror not. Also eachprocessnaintainsanothervari-
ableepod to indicatethenumberof timesit hasundegone
recoveryprocessTheepodis storedaspartof checkpoint
of theprocessThisvalueis alsosentalongwith all control
messages.

Blocking a processimplies that the processis pre-
emptedinto the ‘wait’ state,i.e. it doesnot execute. The
processremainsin the wait stateuntil it is explicitly un-
blocked. We definea policy, B, which wheninvokedon a
processlocksits the executionat its first attemptto send
anapplicationmessagdo ary extra-clustemprocess.Since
all the messagepassthroughthe checkpointlayer, it can
enforcesucha policy. Notethedifferencebetweeriblock-
ing’ a processand ‘invoking policy B'. ‘Blocking a pro-
cess’'immediatelystopsits execution.However to ‘invoke
policy B onaprocessletstheprocesexecuteuntil it tries
to sendanextra-clusterapplicationmessage.

The checkpointingprotocolis dividedinto two parts,
and both thesepartsexecutein parallel. The first part of
theprotocolis a coordinatedcheckpointingorotocolwhich
operateswithin the boundaryof the clusters. The cluster
leadersin this part assumethe role of checkpointcoordi-
nator This part of the protocol follows the well-known
2-phasecommitprotocol During this part of the proto-
col, the processesn a clusterremainblocked, and they
establisha consistentcheckpointwithin the boundaryof
the cluster The secondpartof the protocolis alsoa coor
dinatedcheckpointingprotocol, but the clusterleadersare
the only participantsin this part of the protocol, with the
initiator working asthe coordinator This partof the proto-
col runsin backgroundUntil theterminationof thesecond
part, a clusterwide blocking is implementedby virtue of
policy B, andthe processesre restrictedfrom commu-
nicatingwith processesutsideits own cluster However,
processesontinuewith their normalexecutionaslong as
they do notneedto senda messag®eutsidetheir own clus-
ter. Theinitiator initiatescoordinationfor both part of the
protocolin parallel. In this protocolthe initiator process
takesup therole of leaderfor its own cluster A properas-
signmentof processesf the distributed system,suchthat
morecommunicatingprocesses onecluster will produce
bettercheckpointperformancen this scheme.Below we
formally presenthe hierarchicakheckpointingprotocol.



3.1 ALGORITHM: Checkpointing

Local Variables:
int epoch « 0.
int csn « O.
bool in_ckpnt < FALSE.

Initiator

role <— INITIATOR.
P + {p: pis an intra-cluster process}.

L + {p: pis leader process of another cluster}.

leader <— my process id.

Cl:
block application process.
csh < csn+1.
in_ckpnt + TRUE.
send ckpt_req to all processes in (P U L).
wait till receive of ack_ckpt_req from all
processes in P.
send ckpt_estb to all processes in P.
take a tentative checkpoint.
wait till receive of ack_ckpt_estb from all
process in P.
Unblock application process.
Invoke policy B on application process.
wait till receive ack_ckpt_req msgs from
all process in L.
Cc2:
revoke policy B.
send commit_req to all process in (P U L).
make the tentative checkpoint permanent.
wait till received ack_commit_req from all
processes in PU L.
in_ckpnt < FALSE.

L eader:
(on receipt of ckpt_req from the initiator)

role + LEADER.
P + {p: pis anintra-cluster process}.
leader < initiator process.

C1l:
block the application process.
csh < csn + 1.
in_ckpnt < TRUE.
send ckpt_req to all processes in P.
wait till received ack_ckpt_req from
all process in P.
send ckpt_estb to all processes in P.
take a tentative checkpoint.
wait till received ack_ckpt_estb from
all processes in P.
unblock application processes.
invoke policy B on application process.
send ack_ckpt_req to leader.
Cc2:
wait for receipt of commit_req to leader.
revoke policy B.
send commit_req to all processes in P.

make the tentative checkpoint permanent.
wait till received ack_commit_req from

all processes in P.
send ack_commit_req to initiator.
in_ckpnt < FALSE.

Follower :

(on receipt of ckpt_req from
the leader of the cluster)

role + FOLLOWER.
leader < leader of the cluster.

Cl:
block application process.
csn < csn+1.
in_ckpnt + TRUE.
send ack_ckpt_req to leader.
wait for receipt of ckpt_estb from leader.
take tentative checkpoint.
invoke policy B on application process.
send ack_ckpt_estb to leader.
unblock application processes.
Cc2:
wait till receipt of commit_req from leader.
revoke policy B.
make the tentative checkpoint permanent.
send ack_commit_req to leader.
in_ckpnt < FALSE.

3.2 ALGORITHM: Recovery

Initiator:
(failed process)

role < INITIATOR.
P + {p: pis an intra-cluster process}.
L + {p: pis leader process of another cluster}.
in_ckpnt <— FALSE.
if (tentative checkpoint present)
make it a permanent checkpoint.
endif.
rollback to permanent checkpoint.
csh <« csn value of the permanent checkpoint.
epoch <+ epoch + 1.
send rollback_req to all processes in (P U L).
wait till received ack_rollback_req from
all processes in (P U L).

L eader:
(on receipt of rollback_req from the initiator)

role < LEADER.
P + {p: pis anintra-cluster process}.
leader <+ initiator process.

if (in_ckpnt)
abort checkpointing activity.
in_ckpnt < FALSE.

endif



if(msg.csn > csn)
csh < msg.csn.
take a tentative checkpoint.
endif
if ((tentative checkpoint present)
and (csn of tentative checkpoint = msg.csn))
make it a permanent checkpoint.
endif
rollback to permanent checkpoint.
epoch < epoch + 1.
csnh < csn value of the permanent checkpoint.
send rollback_req to all processes in P.
wait till received ack_rollback_req from
all processes in P.
send ack_rollback req to leader.

Follower :
(on receipt of rollback_req from the leader)

role + FOLLOWER.
leader « leader process.

if (in_ckpnt)
abort checkpointing activity.
in_ckpnt < FALSE;
endif
epoch < epoch + 1.
if (msg.csn > csn)
csh < msg.csn.
take a tentative checkpoint.
endif.
if ((tentative checkpoint present)
and (csn of tentative checkpoint = msg.csn))
make tentative checkpoint permanent.
endif.
rollback to permanent checkpoint.
csnh <+ csn value of the permanent checkpoint.
send ack_rollback_req to leader.

Messageawith out-of-context epod value are dis-
cardedat the messagereprocessindayer The message
preprocessinglirectives of the receved messagesare de-
scribedbelow:

M essage Preprocessing:
if (((msg=rollback_req) and (msg.epoch=(epoch+1)))
or ((msg=ckpt_req) and (msg.csn=(csn+1))))
deliver(msg);
elsif (msg.epoch#epoch) drop(msg);
else deliver(msg);
endif

4  Proof of Correctness

Lemma 1. The permanentheckpointsaftera checkpoint-
ing sessiorcontainghe samecsn value.

Proof: We proveit by induction.As thebasecondition,the
csn variableof all the processeareinitialized to thesame
value.Thecsn valueof aprocesss only incrementence
at the beginning of eachof the checkpointsessions.For
initial partof the proof, we assumehat control messages

arenotlostor damagedbut canbedelayedarbitrarily, and
no faultoccursduringacheckpointsession.

Under faultlesscondition, the tentative checkpoints
do not live beyond a checkpointsession.Underthe above
assumptionall the tentatve checkpointsare promotedto
permanentcheckpointsin the commit phase(C2)of the
checkpointingprotocol. By induction hypothesiswe say
thatatthe endof n** checkpointingsessionthe csn value
of all the procesds n. We have to prove thatthetentatve
checkpointgakenin the (n + 1)** invocationof the check-
pointingprotocolaremarkedwith csn valueof (n+1). The
initiator doesnot move into the commit phase(C2)of the
protocoluntil it recevesack _ckpt estbfrom all thefollower
processem its clusterandack _ckptreqmessagegom the
leadersof other clusters. The leaderssendsadk _ckpt.req
only whenit hasreceved adk_ckpt.estbfrom all the fol-
lowers of its own cluster Again, all the followers sends
adk_ckpt estb only when they have establishedentative
checkpointwith csn=(n + 1). So, at the beginning of
commit phase(C2pf the initiator checkpointingprotocol,
all the followers andthe leadershave their own tentatve
checkpointsvith csn=(n + 1). Similarly, theleaderssends
adk.commitreq only afterit hasreceived adk_.commitreq
from all its followers. The initiator terminateghe commit
phase(C2pnly afterit hasrecevved adk_commitreq from
its followersandleaders Therefore attheendof (n + 1)**
checkpointingsessiorthe valueof csn in all processess
(n + 1). Underthegivenassumption# is easyto seethat
theprotocoldoesnotfall into live-lock problem.

Now we relax the assumptiorthat control message
arenotlostor damagedIt canbetakencareof by timeout
andretransmissiomechanismHoweverthismaygiverise
to messageduplicationin the network. It is easyto see
that the csn value monotonicallyincreasesinderthe 27¢
assumption.messagesvith unexpectedcsn value,or out
of context messagesanbe easilyidentifiedanddiscarded
at the messag@reprocessindayer. Therefore,relaxation
of 1%t assumptiordoesnot affectthe proof process.

Finally, we allow faultsto occur during checkpoint
sessionshut assumehatonly onefault occursduringsuch
sessionsObsene thatthewhole checkpointingprotocolis
in line with the 2-phasecommitprotocol Fault may oc-
cur at differentphasesn thewhole checkpointingsession.
Below we enumeratehesecases.

Casel. Processfails before taking the nt* tentative
chedpoint.

It may so happenthat someof the processesre al-
ready in the checkpointsession,and someare not.
Processesyhich are in the checkpointingsession,
never proceedto commit their (n + 1) tentatie
checkpointsjf they have takenary. This is because
the coordinatornever signalsto commit a tentative
checkpointuntil it hasrecevedadk_ckpt estbfrom all
the processeshat they have successfullyestablished
their (n + 1) tentatve checkpoints The failed pro-
cesswill rollback to the nt* permanentcheckpoint



andso do the other processes.So, at the end of re-
covery the permanentheckpointdhave the samecsn
valueof n.

Case2. Procesdails after establishing'n + 1)*" ten-
tative chedpoint.

The failed processmay have failed after sending
adk_ckp_esth or before. In the both the caseswith-
out loss of generality we assumethat some pro-
cessesave proceededo establish(n + 1) perma-
nentcheckpoint. However, by recovery protocol, the
failed processwill rollback to its (n + 1)%* check-
point. Processef the (n + 1) checkpointsession
arealreadyblocked. Therecovery protocolachiesesa
completecoordinationandestablishegn + 1) per
manenttheckpointwith the non-failedprocessesAf-
ter completionof the recovery sessionall processes
rollback to their (n + 1)** checkpoint(csn value of
(n+1).

Case3. Procesdails after establishingts (n + 1)t*
permanenthedpoint.

A processmoves into the commit phaseonly after
all other processesucceedn establishingtheir re-
spectve tentative checkpoints Someof the processes
may have alreadycommittedtheir (n + 1)** tenta-
tive checkpoints and thereforehave completedtheir
checkpointsessioncannever proceedo commitan-
other tentatve checkpointdue to the failed process,
in casea new checkpointsessionhas started. The
processesvhich have not committedtheir tentatve
checkpointsare still in the checkpointsession. The
recovery phaseinitiated by the failed processventu-
ally forcesprocesseso committheir tentatize check-
points,if they have ary. Therefore afterrecovery all
processego backto (n + 1)* permanentheckpoint
(csn valueof (n + 1).

Theorem 1: The checkpointswith the samecsn value
formarecoveryline.

Proof: Thetentative checkpointsakenduringacheckpoint
sessions consistentvith eachotherwithin theboundaryof
acluster sincethe protocolfollowedis well-known coordi-
natedprotocolwith theclusterleadembeingthecoordinator
Also notethat tentative checkpointf arny two processes,
belongingto two differentclusters,remainconsistendue
to the blocking policy which preventscreationof any new
dependengamongthe processesThis impliesthatall the
tentative checkpointsn acheckpoinsessiorareconsistent.
Again, the checkpointgaken during a checkpointsession
aremarkedwith thesamecsn value,by lemma-1

Theorem 2: All the processesecover from checkpoint
with thesamecsn value.

Proof: Therecoveryproceduras initiatedatthe eventof a
fault and subsequentecovery of the failed process. The
failed processassumeghe role of leader A fault may

occur at ary time. We enumerataifferent casesbelow
and prove that after failure all the processesolls backto
a checkpoinwith the samecsn value.

e Fault occursduring normalrunningtime of the appli-
cation.
Processesoll backto their permanentcheckpoints.
By lemma 1, the permanentcheckpointshave the
samecsn value, and by theorem1, the checkpoints
with the samecsn valueform arecoveryline.

e Fault occurs during chekpointphase
The proof is sameto that discussedn that of lemma
1, with relaxationof the2"¢ assumption.

4.1 Extension of the Protocol

The protocol,sofar discussedgonsiderghatthereis only
onecheckpointinitiator. In casetherearemultiple concur
rentinitiators, eachprocesshasto handlemultiple check-
pointsessionsoncurrentlyandalsomaintainsynchroniza-
tion amongthem. We call one of the sessiona primary
chedkpoint sessionwhena processitherinitiatesit or is
the first checkpointsessionwhereit getsinvolved. The
other sessionsare called secondarychedpoint sessions
The primary sessionfollows the checkpointprotocol de-
scribedin Section3. It is easyto seethat no processbe-
comesinitiator’ in asecondargessionSinceoneparticu-
lar processn aclusterplaystherole of aleadera’leader’
in its primary session,can not become‘follower’ in its
secondarysessions. The actvity of a processin its sec-
ondarysessions to sendacknavledgmentmessagesThe
acknavledgmentmessagemdicatescompletionof certain
checkpointingactivity. For example,ack ckpt reqmessage
indicatesthe sendeiis in checkpointmodeandapplication
processeare blocked. The messageadk ckpt estbindi-
categhatthesendehasestablishe@ tentatve checkpoint.
However, actiities of checkpoinprocessearealwaysdic-
tatedby the primary checkpointsessiorof a process.But
theacknavledgmentsn its secondarngessiormustbe sent
in accordancewith its primary role in order to maintain
consisteng. For example,a processheing‘initiator’ in its
primarysessiorand‘follo wer’ in its secondargessiongan
sendadk_ckpt estbto theleaderonly afterit hastakenaten-
tative checkpointaccordingo its primarysession.

Recawery from multiple nodefailurescanalsobe ac-
commodatedbut with slight modificationto the recovery
protocol. The modificationis not discussediueto lack of
space.

5 Resultsand Discussion

We have simulatedthe well-known coordinatedcheck-
pointingprotocol(flat) [6] andthe hierarchicaktheckpoint-
ing protocol (hier), with dPSIM [9], in a network setup
wherethe link speedinside clustersis 10 Mbps. Simula-
tions were carried out for the caseswhenlink speedbe-



tweentwo clustersis 1 Mbpsand100Kbps. The network
topology consistsof 4 clusterseachcontaining8 comput-
ing nodes. The resultsare discussedelon. Checkpoint
overheadshowvn are averagedover the numberof check-
point taken. The per checkpointoverheads calculatedas
thedurationfor whichaprocessemainsblockeddueto the
checkpointingprotocol.

Figurel shavsaveragepercheckpoinverheadrari-
ationfor differentapplicationgypes,with increasingextra-
cluster messagefrequeng for hierarchical coordinated
checkpointingprotocol (Hier), undercheckpointinterval
of 100 secs. Averageper checkpointoverheadof the flat
coordinatedorotocol (Flat) doesnot showv ary significant
variationswith differentapplicationsendfrequenciesand
thereforeonly onecurve is shavn (correspondingo send
frequeng of 0.5 msgs/sec).Resultsalso showv insignifi-
cantvariationsin checkpointoverheador differentcheck-
pointintervalsfor boththeflat andthe hierarchicakoordi-
natedcheckpointingorotocol,becaus@ercheckpoinbver
headis independenof checkpoininterval. Thecheckpoint
overheadof flat coordinatedcheckpointingprotocol does
not showv ary variationwith increasen extra-clustemmes-
sagepercentagebecauseahe protocoldoesnot dependon
the communicatiorpatternof the application. Checkpoint
overheadof the hierarchicalcoordinatedorotocolis much
lessthan that of the flat coordinatedprotocol. However,
checkpoinbverheadf the hierarchicatoordinatedtcheck-
pointing protocolis sensitve to sendfrequeng of the ap-
plicationprocessandincreasesvith theincreasan extra-
clustermessageount. Becausevith theincreasen extra-
clustermessagaumber probability of sendingan extra-
clustermessageéncreaseguring the secondphaseof the
checkpointingprotocol(i.e. duringthe periodwhenpolicy
B is enforced).As aresult,a processs blockedfor longer
period, resultingin increaseof checkpointoverhead.The
checkpointingoverheadof hierarchicalcoordinatedroto-
col tendsto that of the flat coordinatedcheckpointingfor
applicationswith highersendfrequeny andhigh percent-
ageof extraclustermessagesSimilar trendsarevisible for
networkswheretheextra-clustellinks areof 100Kbps,and
thereforels notshown.

6 Conclusion

In this paperwe have presented hierarchicalcheckpoint
protocol, which is basedon the well-known coordinated
protocol. The protocol minimizes checkpointingbottle-

neckdueto the slower links in the distributedsystem.We

have simulatedand comparedoth the flat andthe hierar

chicalprotocolfor variouservironmentsandresultsshovs

thathierarchicalprotocolsufferslesscheckpointoverhead
thanthatof theflat coordinatecprotocol.
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