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Abstract

The paperfocuseson fault-tolerant distributed compu-
tationswhele processesantake local chedkpointswithout
coordinatingwith ead other Several distributedon-lineal-
gorithmsare presentedvhich avoid roll-badk propagation
by forcing additional local chedpointsin processes.The
effectivenessf thealgorithmsis evaluatedn several appli-
cationexamplesshowingtheir limited capability of bound-
ing the numberof additionalchedpoints.

1. Intr oduction

In adistributedcomputatiorcomposeaf severalcom-
municating processesthe capability of recovering from
a fault can be achiered by making processeperiodically
checkpointand sase their computationalstateto a stable
storagd17, 7]. Then,in the caseof afault (eitherdueto a
nodecrashor to a failurein the communicatiometwork),
the distributed executioncan be restoredby restartingthe
executionof eachprocesdrom oneof its local checkpoints,
to form asocalledglobal chedkpoint[2].

There-executionof afailed programrequiresthe global
checkpointo beconsistenfl2, 14, i.e.,notto includeary
localcheckpointhatis dependenbnaneventhappeneaf-
ter the global checkpoint.Inconsisteng ariseswhenthere
are messageshat have beenreceived before the global
checkpointbut have not beensentyet: this situationcan-
not correspondo ary paststateof the failed execution. A
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furtherrequirementelateso in-transitmessges i.e., mes-
sagesthat have beensentby a processbeforethe global
checkpointand are going to be receved after Because
thesemessagesvill not be re-sentin the restoredexecu-
tion, they musthave beenpreviouslyloggedto a stablestor
age to bedeliveredduringre-execution.This paperfocuses
on the consistenyg issueand negletsmessage-loggindor-
wardingthe interestedreaderto [1] for a detailedanalysis
of message-logginglgorithmsandrelatedproblems.

To permitone procesdo consistentlyrestoreits execu-
tion from its latestlocal checkpointbeforethe fault, one
must grantthat all its local checkpointsare use ful, i.e.,
canbelongto atleastoneconsistenglobalcheckpoin{18].
Otherwise,the execution of the processmust be rolled-
backin the pastuntil a usefullocal checkpointis found
from which to build a consistenglobal checkpoint. Roll-
back propagationpften calledthe domino effect because
of its recursve nature limits forward executionprogresses
in presencef faults[16].

Severalworksin the areaaddresshe problemsof build-
ing consistenfglobal checkpointshy makingcommunica-
tion drive the local checkpointingactiity. Coordinated
checkpointingschemegrantthatall the local checkpoints
belongto a consistentglobal one and, then, fully avoid
dominoeffects,via aglobalcoordinatiorof thelocalcheck-
pointactwity [5, 8]. However, thoseschemesequireaddi-
tional controlmessage® beincludedin the executionand
arenotapplicablewhenprocesseaeedto checkpoininde-
pendentlyof eachother If processeareallowedto check-
pointindependentlyof eachother, thelocal checkpointac-
tivity mustbe coupledwith algorithmsin chage of avoid-
ing, or atleastlimiting, dominoeffects[9, 13, 19].

This paper deals with on-line algorithms that grant
domino-freerecovery by monitoring the applicationexe-
cution and by forcing additionallocal checkpointsn pro-
cesseswhenthe arrival of one messagés likely to malke
somelocal checkpointuseless Severalwell known check-
point algorithmsare presenteand integratedwithin a sin-
gle theoreticalframevork. The effectivenessof the al-



gorithmsis evaluatedin a heterogeneouset of message-
passingapplications. The main resultis that none of the
algorithmsshows itself capableof reasonablylimiting the
numberof forcedcheckpointsthusintroducinga high over-
headon applications.In addition,the papershaws that, in
mostcasessimplealgorithmsperformaswell ascomple
ones.

The paperis organizedasfollows. Section2 describes
the adoptedcomputationamodelandintroducessomeba-
sic definitionsand theorems. Section3 presentghe ana-
lyzed checkpointalgorithms. Section4 evaluatestheir ef-
fectivenessn severalapplications.

2. Background Definitions and Theorems

We model a distributed computationas a finite set of
processes’, Ps, ..., P, that communicateby message-
passing. Processegan executeeither internal events or
communicatiorevents. Communicatioreventsincludethe
sendingof a messagen (Send(m)) andthereceving of a
messagen (Recv(m)). Everyreceve eventimpliesasend
event. The sendevent of a messagen is tied to the re-

ceive event of the samemessagéy the LR relation,i.e.,

Send(m) LR Recv(m). Communicationdbetweentwo
processearenotrequiredto be FIFO.
Theinternaleventsof a processaresequentiallyordered

in time: this canbe expressedy the 2% relation.
Eventsin adistributedcomputatiorarepartially ordered
in time by thehappenedefore relation,definedasthetran-
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2.1. Consistent Global Checkpoints

In acheckpointedxecutionof a distributedapplication,
internaleventsof a processncludethe local checkpoints.
Let usindicateasC; , the zt" checkpointtaken by a pro-
cessP;. We call the zt* checkpointinterval of a process
the setof all the eventsincludedbetweenC; , andC; ;41.
Figurel shavsagraphicakrepresentationf acheckpointed
execution:horizontallinesrepresenthe executionflows of
processe&volvingin timefrom left to right), blackdotsthe
local checkpointevents,inter-processarrons the messages
exchangedetweerprocesses.

A global chedpointis a setof checkpointspnefor each
procesof the computation A globalcheckpointis consis-
tentif thereis not ary local checkpointincludedin it that
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Figure 1. Graphical representation of one

message-passing execution

happenedeforeanotherlocal checkpointincludedin the
globalone.With referenceo figurel, theglobalcheckpoint
including Cy 1, Ca,1,Cs,1 is consistentithe global check-
pointincluding Cy 3, Ca 2, Cs 2 is not becausef the mes-
sagem?7, receved by P; beforethe global checkpointand
sentby P, afterit.

NetzerandXu (se€[14]) analyzedhenecessargndsuf-
ficientconditionsfor alocal checkpointo belongto acon-
sistentglobalone. Thisanalysiss basedntheintroduction

of theZigZagreIation(i)) betweerocal checkpointsthat
canbeconsideredsanextensiorof thehappenetheforere-
lation. Giventwo checkpoint<’; , andC} ,, aZigZag-path

existsbetweerthem(C; ., N Cjy)if:
e P; sentamessagen; afterC;

o thereexist a chainof messagens,, ..., m,, suchthat
m;_1 IS recevedby a processn the samecheckpoint
interval duringwhichit sentm; (eitherafteror before)
orin apreviousone;

* m, isrecevedby processP; beforeC;,

With referenceo figure 1, Cs » hasa ZigZagrelationwith
C1,0, becausef the messages1 andm3. Notethatthe
ZigZagrelationincludesbut it is not equivalentto the hap-
penedbefoe relation.

As a peculiarcaseof the ZigZagrelation,alocal check-
point is saidto be involved in a ZigZag-gscle if it hasa
ZigZag-pathto itself. CheckpointC; » in figure 1 is in-
volvedin a ZigZag-g/cle, becaus®f themessages6 and
md.

Starting from the above definitions, Netzer and Xu
provedthat two local checkpointscanbelongto the same
consistenglobalcheckpointf andonly if they arenottied
by a ZigZag relation[14]. Consequentlyit canbe easily
proved that a local checkpointcan belongto a consistent
globalone,i.e., it is useful,if andonly if it is notinvolved
in ary ZigZag-g/cle.



2.2. Global Checkpoints and Logical Clocks

Lamports logical clocks[10] area very simpleandef-
fective way to capturecausaldependencieamongpro-
cesses. Let ary processP; have a logical clock Ic; as-
sociatedwith the internal eventsof its executionand in-
crementecht eachevent. If the I¢; valueis piggybaclked
with eachmessagen (indicatedasm.lc) and updatedat
the receipt of a messagean the following way: Ilc¢; =
maz(lc;, m.lc) then,if ary two eventsof one execution,

e; andeo, arein a happenedeforerelation (e, REEE €2),
onehasnecessarilye; .lc < es.lc

In the context of a checkpointeddistributed computa-
tion, the only internal processevents of interestare the
local checkpoints. Then, apartfrom being updatedat the
receiptof a messagethe logical clock of a processcan
be incrementeddnly at local checkpointevents. Whena
processtakes a checkpoint,it incrementsits local clock:
Ciz-cl = cly = cl; + 1, whereC; ,.cl indicatesthe log-
ical clock of the checkpointC; .. Note that with these
assumptionsjf two checkpointsC;, and C;, are con-

nectedby acausapath(C; , ELEE C},y) onehasnecessarily:
C’m.cl < C’Ly.cl

By consideringhezigZagrelationbetweercheckpoints
as an extensionof the happenedeforerelation, one can
think of extendingtherole of logical clockstoo, in orderto
take into accountthe ZigZag relation, otherthanthe hap-
penedbeforeone. If an executionpermitsto have an ex-
tendedlogical clock mechanisnwith the propertyof cap-
turing causabependenciet® ZigZagdependencieshe ex-
ecutioncannothave ary checkpointinvolvedin a ZigZag-
cycleand,then,ary localcheckpoinis grantedo beuseful.
Thisis statedin the following thorem firstly formulatedin
[6].

Theoem the checkpointedexecution of a distributed
applicationdoesnot have ary local checkpointinvolved
in a ZigZag-g/cle IF AND ONLY IF it is possibleto as-
signlogical clocksto processesoto grantthatfor arny two

checkpointsC;,, and C,. suchthat Cj,, Z Ck,- then
Cjy-cl < Cpz.cl.

Proof of necessitf{ONLY IF part): Let ussupposeghat
the computationdoes not include ary ZigZag-g/cle and
still one cannotassignlogical clocksto processesvithout
having at leasttwo checkpointsC;, and C} . suchthat

Cjy = Ck,. and Cjy.cl >= Cy ..cl. However, the
only reasorwhy suchanassignmentannotbe doneis be-
causeof the presencef a third checkpointC; ,, suchthat

Ciz Z Ch,. forcing C; .cl > Ci ;.cl andCj Z Ciz
forcing Cj,y.cl > C; ,.cl. For thetransitvity of theZigZag
relationthis would alsoimply: C; Z, C;,», thatcontra-

dictstheassumption.
Proof of suficiency(IF part): If for ary pair of check-

pointssuchthatCj , N Ci,e wehave Cj y.cl < C;4.cl,
the presencedf a checkpointCy, . involvedin a ZigZag-

cycle, i.e., Ci,, 2, Ch,~, would alsoimply Cy,..cl >
Ch,z-cl, whichis impossible.

3. Checkpoint Algorithms

The above theoremis a powerful frameawork for the de-
signandtheimplementatiorof on-line algorithmsto avoid
roll-backpropagationn parallel/distritutedapplicationslf
analgorithmis capableof grantingan orderingrelationon
logical clocksfor all the checkpointsnvolvedin a ZigZag-
path,it will alsograntthatno ZigZag-gscleswill everform
and,then,thateverylocal checkpoinwill beuseful.

To grantthe above property an algorithmmuston-line
monitor the evolution of an applicationexecutionand, on
the basisof the availableinformation, detectwhether’un-
safe” ZigZag-path,i.e., ZigZag-pathbetweencheckpoints
whoselogical clocks are not ordered,can possibly occur
and,then,preventthemto beformed.

The algorithms presentedin the paperare fully dis-
tributed(decisionahctivity is localto eachprocess)anddo
not requireadditionalmessageto be exchangedbetween
processebut the oneintrinsic to theapplicationgthe algo-
rithms exchangeinformationbetweenprocesse$y piggy-
backingit into theapplicationmessages)n additionto the
piggybacled information, the algorithmscanlocally store
informationaboutthe stateof the computation.Depending
ontheamountof exploitedinformation,eitherlocally stored
or piggybacled,severalalgorithmscanbeconceved.

The triggering event of the algorithmsis the reception
of a message.When a messagéds going to be receved
by one processthe algorithms,beforeeffectively deliver
ing the messagéo the processanalyzethe locally stored
informationandtheinformationpiggybacledwith themes-
sage.Theaim is to detectwhetherdeliveringthe message
to the processvould possiblycreateanunsafeZigZag-path
and, then, it would be likely to make somelocal check-
point useless.In this case,to preventthe formationof the
unsafeZigZag-path the algorithmsforce the recever pro-
cessto take an additionalcheckpointbeforedeliveringthe
messageT hereceiptof piggybacledinformationmayalso
malke it necessaryo updatethelocally storedinformation.

Summarizingthe generalschemeof the algorithmscan
be sketchedasfollows:

nsg=recei ve();

i f(possibly_unsafe(nsg.info,local _info))
take additional |ocal checkpoint;
fi



update_ | ocal _i nfo(nsg.info,local info);

del i ver nsg;
wheremsginfo indicatesgheinformationpiggybacledwith
the messagensg andthe possiblyunsafefunction detects
whethertheincomingmessagés likely to createanunsafe
ZigZag-path.

The following of this section details several algo-
rithms with different amountsof locally storedand pig-
gybacled information (from non-informedalgorithmsto
highly-informed ones) and, consequentlywith different
conditionsfor detectingpossibly unsafeZigZag-pathand
differentmethodsor updatingthelocal information. Most
of the algorithmshave beenalreadypresentedn the liter-
ature,thoughneitherintegratedwithin a singleframework
nor evaluated.

3.1. A send-based Algorithm

If noinformationat all aboutthe stateof the execution
is either storedor piggybacled, the only way to grantall
checkpointgo beusefulis to checkpoineitherbeforeevery
receve or afterevery sendevent,to fully avoid thepresence
of ZigZag-path.However, the schemes impracticablebe-
causeof the too high overheadt imposeson applications.
Neverthelessstill without piggybackingany information, it
is possibleto locally storewithin eachprocesssomeinfor-
mationin orderto reducethe numberof additionalforced
checkpoints.

An incomingmessagss likely to make therecever pro-
cessinvolved in someZigZag-pathonly if it hasalready
sentother messagesluring the samecheckpointinterval.
Then,eachprocessP; canlocally storea booleaninforma-
tion (sent;) to keeptrack of the occurrenceof sendevents
duringcheckpoinintervals: sent; is setto F ALSFE ateach
new local checkpointand setto TRUE at the first send
event. A messaggoingto be recevedby a procesgossi-
bly formsanunsafeZigZag-pathand,then,hasto forcean
additionalcheckpointeforeits deliver, only if

sent; = TRUFE

A similar checkpointingschemehasbeenproposedn

[17].
3.2. A clock-based Algorithm

By permittingto piggybackat leastone scalarinforma-
tion with eachmessagéi.e., thelogical clock of thesender)
eachprocesxan,at the receiptof a messageanalyzeit to
detectin amoreaccuratevay whetherthemessagés likely
to createsomeunsafeZigZag-path.
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Figure 2. Unsafe ZigZag-path in an execution

Whenonemessagen is recevedby oneprocess’;, the
piggybacledlogical clockis checledagainsthelocallogi-
calclock. A checkpoinis forcedbeforedeliveringthemes-
sageif:

m.cl > cl;

In fact,thelogical clock of theincomingmessag@rovides
theinformationthat somecheckpointexists, sayin process
Py, with a clock greaterthanthe currentclock of P;. Be-
causeP; may have senta messageo a process(say P;)
in the samecheckpointintenal, this is likely to createa
ZigZag-g/cle betweena checkpointz in P, anda check-
pointy in P; suchthatCy, ,.cl>Cj y.cl.

With referenceto figure 2, when P, receves message
m?2 with m2.cl = 2, its logical clocksis already2. Then,
thereceiptof m2 cannoftcreateary unsafeZigZag-pathIn-
stead,when messagen3 is receved with m3.cl = 3 >
cla = 2, thisis likely to causegto the knowledgeof P,) an
unsafezigZag-path.In thefigure, this unsafezigZag-path
is effectively formedbetweerC'; » andCj . Thealgorithm
preventsit by forcing an additionalcheckpointbeforethe
deliverof m3, independentipf m1.

Thealgorithmproposedn [9] follows a similar scheme,
thoughtheclockinformationis substitutedby messageol-
oring: both internal processeventsand computationmes-
sagesare "colored”; a processis forced to take a local
checkpointif it recevesa messagavith a color different
from its currentone.

3.3. A clock + send-based Algorithm

The above two algorithmscanbe integratedin a single
schemeto preventin a moreinformedway the formation
of unsafeZigZag-pathandto reducethe numberof addi-
tional forced checkpoints. Let ary processlocally store
the booleaninformationaboutmessagesentto otherpro-
cesseslet ary messag@iggybackthe logical clock infor-
mation. Then,amessagen incomingto aprocess; makes
it necessaryo forcea checkpoinbnly if somemessagéas
beenpreviouslysentby P; in its currentcheckpoinintenal



andthe clock of the incomingmessagés greaterthanthe
currentclock of therecever. Formally:

(sent; = TRUE)A(m.cl > cl;)

With referenceo figure 2, the algorithmforcesa check-

pointonly atthereceiptof m3, becausef boththemessage

m1 sentin thesamecheckpoinintenal andthegreateitog-
ical clock of theincomingmessagen3.

Similar checkpointingschemesspecializedor particu-
lar applicationareasarepresentedh [4] and[11].

3.4. A Full Informed Algorithm

The above describedalgorithmsdo not still exploit all
thepossiblanformationaboutthe stateof theexecutionthat
couldbemadeon-lineavailableto aprocess.

When a processP; receves a messagen such that
(m.cl > cl;)A(sent; = TRUE), aforcedcheckpointmay
not be necessaryf P; hasa way to detectthat the logi-
cal clocksof the processe$o which it haspreviously sent
messages the currentcheckpointinterval werealready—
in the checkpointinterval duringwhich theseprocessese-
ceived the abore messages greaterthan or equalto the
logical clock of theincomingmessagen. In this casethe
incomingmessageloesnot createary unsafeZigZag-path,
becauséhe checkpointdnvolvedin it arealreadyordered
w.r.t. theirlogical clocks.

With referenceto figure 2, when P, recevesm3, it has
to forcea checkpointbecausét doesnotknow whetherthe
logicalclock of P; (to whichit previously sentthemessage
m1 with a smallerlogical clock) were either equalto or
lessthanthe logical clock of m3 atthetime it receved (or
will receve)ml. Figure3 reportsa similarcommunication
patternin which the logical clock of Ps, in the checkpoint
interval duringwhichit recevesthemessagé&om P, is al-
readyequalto the oneof the messagen3: in this casethe
ZigZag pathis safeanda forced checkpointis not neces-
sary Theinformationaboutthelogical clock of theprocess
P;3 couldhave beenmadeavailableto P, by a causalpath
startedrom P; andarriving at P, viam3. In figure3, mes-
sagem, — representetdy a dashedine — realizesthis kind
of causapath.

To keeptrackof theaboveidentifiedcondition,eachpro-
cessmuststoreand piggybacka booleanvectorof size N
(whereN is the numberof applicationprocesses)The j**
componentof the vector (called increased) keepstrack
of whetherthecurrentlogical clock of theprocesghatstore
thevector(or of themessagéhatpiggybackst) isincreased
with respecto the lastknown valueof thelogical clock of
processP;. Furthermorefo permitoneprocesgo exploit
theinformationprovidedby theincreased vector it is nec-
essanyto detailin eachprocesgheidentity of theprocesses
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Figure 3. A safe ZigZag-path detected by the
full informed algorithm

towhichmessagelave beersentduringacheckpoininter-
val, i.e.,eachprocessnuststorenolongerasimpleboolean
sent; but, instead,a booleanvectorof size N, whose;*"
componentakesinto accountwhethera messagéasbeen
sentto processP; in thecurrentinterval.
Theaboveintroducednformationleadsto thefollowing
sufficient condition(C1) for forcing a checkpoint:

Vk#i3k : (sent;[k] = TRUE)A

A(m.cl > cl;)AN(m.increased[k] = TRUE)

The conditionC1 appliesonly in casethe causalinfor-
mationm.increased[k] arriving at a processP; (that has
sentamessagenl to processP; in the currentcheckpoint
interval) startedfrom P, duringthe samecheckpoininter-
val in which P, recevedml or in a previousone. Let us
supposeinsteadthatthe informationstartedfrom Py, in a
later checkpoininterval thanthe oneincludingthereceve
eventof m1. In this case,independentlyof the value of
m.increased[k], the receiptof m would male uselessll
the checkpointsof P, includedbetweerthe receiptof m1
andthe momentwhenthe causalpath, endingat P; with
m, startsfrom P,. In fact, the receiptof m would com-
pletea ZigZag-pathfrom a checkpointof P, to a previous
checkpoinbf Py that,by constructionhasasmallerlogical
clock.

With referenceto figure 1, the paththat startsfrom P,
with messagen4 and completesbackto P, in the same
checkpointinterval (via messagen6) involvesC » in a
ZigZag-g/cle (thoughm6.increased[l] = FALSE and,
then,conditionC1 is FALSE atthereceiptof m6).

To avoid thesepatterns,additionalinformation hasto
be storedand piggybacled. In particular it is necessary
for eachprocessto storeand piggybackoneinteger vec-
tor of size N (calledckpt), updatedon a componenivise
maximumschemeat a receiptof a messageasa vectorof
logical clocks[2]. This vectorpermitsto detectall causal
path. In addition,to detectwhethera causalpathincludes



Program Execution Exchanged Avg. Message
Time (sec) | Data (Mbytes) Size (bytes)

matrix determinant 48.3 43.1 3183

fast fourier transform 417.0 243.2 23233

finite differences 199.4 19.0 1241

circuit test generator 144.0 35.2 1641

Table 1. Description of the test programs

atleastonecheckpointanadditionalboolearvector(called
include) hasto be storedandpiggybacled. The j** com-
ponentof the vectorin processP; (include;[j]) takesinto
accountwhethera causalpathfrom P; to P; existsthatin-
cludesatleastonecheckpoint.

On the basisof the above information,a messagen re-
ceivedby a processP; hasto force a checkpointif (condi-
tion C2):

(include;[i] = TRU E)\(ckpt;[i] = m.ckpt[i])

i.e.,themessagen derivesfrom a causalpathstartedfrom
P; during the samecheckpointinterval and including at
leastonecheckpointthusleadingto a ZigZag-gy/cle.

By composingconditionsC1 andC2, a messagen re-
ceivedby a processP; hasto forceacheckpoinif andonly
if:

(C1)v(C2)

Thealgorithmpresentedh [6] is equivalentto theabove
presentedne, thoughrequiring a larger amountof infor-
mationto be storedandpiggybacled.

4. PerformanceEvaluation

To evaluatetheeffectivenes®f thepresentedlgorithms,
measuredby the percentagef forcedcheckpointghey in-
ducein applicationsn additionto thelocal checkpointsau-
tonomouslytaken by the applicationprocessesl|, adopted
several message-passingrograms(developedon a 16-
nodedntel i PC'S860 hypercubepstestbedsindsimulated
theexecutionof thealgorithmsfrom messagéracesof their
executions.

Thefirstapplicationcomputeshedeterminanof a600 x
600 matrix. The secondperformsthe fastfourier transform
on a group of randomlygeneratedetof datapoints. The
third computedinite differencesover a 900 x 900 grid to
solvweadifferentialequation.Thelastapplicationis acircuit
testgeneratiorprogramto detectfaulty circuits.

Theprogramsareheterogeneous termsof bothexecu-
tiontimesandamountof dataexchangedetweerprocesses
(seetablel). In addition,the communicatiorpatternshey
exhibitin executionsareverydifferentandrepresentatie of
alargerclassof parallelanddistributedprograms.

200 T T T T T T
Clock-based —+—
Send-based ---x---

Clock+Send-based ------
Full informed &

i
a
o
T
X
!

% of Forced Checkpoints
=
o
o
T
X
X

50 - x N / 4

Checkpoint period (%)

Figure 4. Percentage of forced checkpoints in
the matrix determinant application
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Figure 5. Percentage of forced checkpoints in
the fast fourier transform application

To testthebehavior of thecheckpointlgorithms| intro-
ducedartificial localcheckpointsn themessagé&aces Dif-
ferenttraceshave thenbeenproducedwith differentcheck-
point periods,from a 1% to a 35% of the applicationtotal
executiontime. To my opinion, this rangecoversall prac-
ticle cases:from very shortcheckpointgeriods(of a few
seconds)o checkpointperiodsthat causeapplicationsto
checkpointonly two or threetimes. To simulatethe beha-
ior of un-coordinated@heckpointinglocalcheckpointhave
beeninsertedin the traceswith a smallrandomskew from
their basictime period.

4.1. Results

Figure4 showvstheresultsfor thematrixdeterminantp-
plication. Thesend-basedlgorithmbehaesbadly, by forc-
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Figure 7. Percentage of forced checkpoints in
the circuit test application

ing a high numberof additionalcheckpointgfrom 45%to
160%). This limited effectivenesds easyto explain: once
a processhassenta messagen a checkpointintenal, all
furtherreceve eventsin the sameinterval inducea forced
checkpoint.Theotheralgorithmsworksbetterandthenum-
berof forcedcheckpointss highly reducedfrom 5% up to
24%). The clock+send-basedlgorithm doesnot signifi-
cantlyimprove the simplerclock-basedlgorithm: the few
checkpointghat are saved w.r.t. to the clock-basedalgo-
rithm correspondo thosefew receve eventsthatfollow no
sendeventsin the samecheckpoininterval.

Surprisingly the full informed algorithm does not
achieve ary improvementover the clock+sendbasedone
(thecorrespondinglotsin figure4 fully overlap). Thisre-

sultis justified by thefactthatthe communicatiorpatterns

expressedn theapplicationarevery simpleandregular(ba-

sically, divide andconquertrees). Then,the additionalin-
formation potentially available to the algorithm cannotbe
exploitedin any way to reducethe numberof forcedcheck-
points.

In the fastfourier transformapplication(seefigure 5),
thehighercompleity of thecommunicatiompatternsmakes
the percentagef forcedcheckpointgrow for all the algo-
rithms. For thesend-basedlgorithm,this percentaggrows
over 6000%. For the otheralgorithms,it is betweenl80%
and 400%. Again, asin the caseof the matrix determi-
nantapplication,the increaseof the information available
to algorithmsdoesnot lead to an analogousdecreaseof
the numberof forced checkpoints:the clock+send-based
algorithmimprovesthe clock-basedf only a 5%-10%;the
full informedalgorithmachievesonly aminimal furtherim-
provement. Very similar comparatre resultsapply for the
finite differencesapplication(seeFigure6). Theseresults
stemfrom thefactthat, thoughthe communicatiorpatterns
aresomeha morecomple in thesetwo applicationsthey
arestill very regularanddo not exhibits the peculiarcausal
paththatwould permitto exploit the additionalinformation
availableto thefull informedalgorithm.

The only applicationin which the full informed algo-
rithm performssignificantlybetterthantheotheronesis the
circuit testerone(seefigure 7). Thoughthe overallnumber
of forcedcheckpointss very highfor all thealgorithmsthe
fully informedalgorithmtakesabout50%lesscheckpoints
thantheclock+send-basealgorithm.Thiscanbeexplained
by thefactthat,in this applicationthe communicatiorpat-
ternsarevery complex (ary processommunicatesvith all
otheronesin anirregularway) and,then,thefull informed
algorithmcaneffectively exploit its additionalinformation.

As ageneralremark,onecannotethatthe performance
of thealgorithmsaremostlyindependentnthelocalcheck-
pointingperiod(apartin the caseof the matrix determinant
application,n which aslightdependengis evident).

4.2. Discussion

Theabove considerationsanbe summarizedn thefol-
lowing points:

¢ the send-basedlgorithmis absolutelynot capableof
limiting the numberof forcedcheckpoints;

e the clock- andthe clock+send-basedlgorithmsper
form similarly and significantly decreaséhe number
of forced checkpointsw.r.t. to the send-basealgo-
rithm;

o the full informedalgorithmimprovesthe simpler al-
gorithmsonly in caseof very comple< andirregular
communicatiorpatterns;



e thenumberof additionalcheckpoint$orcedby theal-
gorithmsis generallyhighw.r.t. to thenumberof local
(non-forced)checkpoints,independentiyof the local
checkpoinfperiod.

The above resultssuggesto limit the use of the pre-
sentedalgorithmsto exceptionalcases. In fact, the very
high number of checkpointsforced in applicationsmay
causeintolerableoverheadand slow down the application
execution. Coordinateccheckpointingschemesave to be
preferred: thoughthey have to pay the costof additional
control messagef applicationsto coordinatethe check-
point actiity, they inducea controllablenumberof check-
points while guaranteeingheir usefulness.Uncordinated
checkpointingschemeshouldbe adoptedonly whencoor
dinatedoneswould benotapplicablej.e.,whenapplication
processeseedto checkpointindependentlyto eachother
In thesecasesunlesgshecommunicatiorpatternsexpressed
in theapplicationareveryirregular, theadoptionof thesim-
ple clock + send-basedalgorithmwould be enough.

5. Conclusionsand Futur e Work

The paper presentsseveral distributed algorithms to
grant domino-freerecovery in message-passingpplica-
tionsbasedn un-coordinategheckpointingschemesThis
is doneby forcing, whennecessaryadditionallocal check-
pointsin processes.

The paperevaluatesand compareghe effectivenessof
thesealgorithmsfor several message-passirapplications.
Themainresultis thatall algorithms evenhighly-informed
ones force a large numberof additionalcheckpoints.This
may causeintolerable overheadon applicationsand can
malke, in mostcasescoordinatedschemepreferred.

I am currently investigatingheuristic checkpointalgo-
rithmsthat,evenif they cannofgrantthatall thelocal check-
points are useful, can effectively limit the domino effect
while forcing a very limited numberof additionalcheck-
points[13]. In addition,| am evaluatingwhetherthe pre-
sentedcheckpointalgorithmscan be exploited to support
— togetherwith messagéogging algorithms— efficient in-
crementakeplayof distributedapplicationg15]. Boththe
above researchtopics are likely to benefitsfrom recent
works on roll-back dependeng tractability, aimedat bet-
ter formalizing the characteristioof checkpointedexecu-
tionsin dependencef the expresseccommunicatiorpat-
terns[3, 18].
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