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Abstract

Performance prediction of checkpointing systems in the
presence of failures is a well-studied research area. While
the literature abounds with performance models of check-
pointing systems, none address the issue of selecting run-
time parameters other than the optimal checkpointing in-
terval. In particular, the issue of processor allocation is
typically ignored. In this paper, we briefly present a perfor-
mance model for long-running parallel computations that
execute with checkpointing enabled. We then discuss how it
is relevant to today’s parallel computing environments and
software, and present case studies of using the model to se-
lect runtime parameters.

1 Intr oduction

Performanceprediction of checkpointingsystemsis a
well-studiedarea. Most work in this arearevolvesaround
selectingan optimal checkpoint interval. This is the fre-
gueny of checkpointingthat minimizesthe expectedex-
ecutionof an applicationin the presenceof failures. For
uniprocessosystems,selectionof suchan interval is for
the mostpart a solved problem[19, 26]. Therehasbeen
importantresearchin parallelsystemq12, 25, 28], but the
resultsarelessuni ed.

To date, most checkpointingsystemsfor long-running
distributed memorycomputationge.g.[4, 5, 13, 22, 24])
arebasedn coordinated checkpointing [8]. At eachcheck-
point, the global stateof all the processorss de ned and
storedto a highly availablestablestorage.If arny processor
fails, thena replacemenprocessois selectedo takethe
placeof thefailed processqrandthenall processorsestore
the saved stateof the computatiorfrom the checkpoint.

Whenausermustexecutealong-runningapplicationon
a distributedmemorycomputingsystem he or sheis typi-
cally facedwith animportantdecision:How mary proces-
sorsshouldthe applicationuse? Most programsfor such

ervironmentsrequirethe userto choosesucha value be-
fore the computatiorbeggins,andonceunderwaythevalue
may not change. On a systemwith no checkpointing the
applicationtypically employsas mary asare availablefor
the mostparallelismandthe shortestrunningtime. How-
ever, whenasystenis enabledvith checkpointingthenthe
answeiis lessclear If all processorareusedfor theappli-
cationandonefails, thenthe applicationmay not continue
until that processois repairedandthe whole systemmay
recover. If fewer processorare usedfor the application,
thenthe applicationmaytakelongerto completein the ab-
senceof failures,but if a processofails, thentheremaybe
a spare processostandingby to be animmediatereplace-
ment. The applicationwill spendlesstime down dueto
failures. Consequentlyselectingthe numberof processors
onwhichto runtheapplicationis animportantdecision.

In this paper we model the performanceof coordi-
natedcheckpointingsystemsvherethe numberof proces-
sorsdedicatedo theapplication(termeda for “active”) and
the checkpointinterval (termed’) are selectedby the user
beforerunningthe program.We usethemodelto determine
the average availability of the programin the presencef
failures,andwe shav how averageavailability canbeused
to selectvaluesof a and! thatminimizethe expectedrun-
ning time of the program. We then give examplesof pa-
rameteiselectiorusingparallelbenchmarkandfailure data
from avarietyof parallelworkstationervironments.

The signi canceof this work is thatit addresseanim-
portantruntime parameteiselectionproblemthat has not
beenaddressetieretofore.

2 The SystemModel

We are running a parallel applicationon a distributed
memorysystermwith N total processorsProcessorarein-
terchangeableTheapplicationusesexactly « < N proces-
sors,a beingchoserby theuser Processormayfail andbe
repaired.We terma processoasfunctional whenit canbe
usedto executethe application. Otherwiseit is failed and
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Figure 1. The sequence of time between the
recovery of an application from a failure, and
the failure of an active processor .

under repair. We assumehatinteroccurrencéimesof fail-

uresfor eachprocessoareindependenandidenticallydis-
tributed(iid) asexponentiarandomvariableswith thesame
failurerateA > 0. Likewise,repairsareiid asexponential
randomvariableswith repairrated. Occurrencesf failures
or repairsat exactly the sameinstanthave probability O for

theexponentialprobability laws.

Whenthe userinitiatesthe application,it may startrun-
ning assoonastherearea functionalprocessorslf, after
I secondsnoneof the a processorsiasfailed, a check-
pointis initiated. This checkpointakesZ second¢o com-
plete,andoncecompletedt may be usedfor recovery. L
is termedthe “checkpointlateng.” ThecheckpoiniaddsC
second®f overheado therunningtime of the program.C'
is termedthe “checkpointoverhead. Many checkpointing
systemauseoptimizationssuchas“copy-on-write” so that
C « L, which improves performancesigni cantly [26].
While thereareno failuresamongthe a processors;heck-
pointsareinitiatedevery I seconds] mustbegreaterthan
or equalto L sothatthesystemis never attemptingo store
multiple checkpointsimultaneously

Whenan active processofails, the applicationis halted
andareplacemenis sought. If thereareno replacements,
then the applicationmust standidle until thereare again
a functionalprocessorsWhentherearea functionalpro-
cessorsthe applicationis restartedrom the mostrecently
completedcheckpoint. This takesR secondgtermedthe
“recovery time”), andwhenrecwery is nished, execution
begins at the samepoint aswhen the checkpointwas ini-
tiated. I secondsfterrecovery is complete checkpointing
bgginsanav. Thisprocessontinuesintil theprogramcom-
pletes.To illustratethe systemmodel,seeFigure 1, which
depictsa sggmentof time betweertherecovery of anappli-
cationandthefailure of anactive processor

While the applicationis running,the S=N-a processors
notbeingemployedby the applicationaretermed‘spares.
Theirfailure andsubsequemntepairdoesnot affect the run-
ning of theapplicationwhile theactive processorarefunc-
tional. It is only whenan actie fails thatthe statusof the
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an active processor failure
System System
Recovery Active processor failure, Up
Phase spare available Phase
Repair, resulting in — T X
a functional processors Active processor failure,
no spare available
] . System
Active processor failure Active processor failure Down
within R+I+L ithi
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Figure 2. Phase transition diagram.

sparess important(i.e. thatthenumberof non-failedactive
and spareprocessorsiumbersat leasta, so thatrecoery
may begin immediately).

To helpin theexplanationof the performancenodel,we
partitionthe executionof a checkpointingsysteminto three
phasesThey aredepictedn Figurel.

SystemRecoveryPhase This phasés initiated by re-
coveryfrom acheckpointlt endseitheruponthesuccessful
completionof the rst checkpointfollowing recovery (i.e.
if noactive processofailsin R 4+ I + L seconds)or when
an active processofails within R + I + L secondof the
phasesinception.

SystemUp Phase This phaseis initiated by the com-
pletion of the rst checkpointafterrecovery. It endswhen
anactie processofails.

SystemDown Phase Thisphaseoccurswheneerthere
arefewerthana functionalprocessorsTheapplicationcan-
not executeduringthis phase.lt endsassoonasa proces-
sorsarefunctionalagain.

The phasdransitiondiagramfor this systemis depicted
in Figure2. In this diagram,the only failuresthat cause
transitionsare failuresto active processors. The failure
andsubsequernepairof spareprocessorss only important
whenanactive processofails. Thestatusof the spareghen
determinesvhetherthe next phases a SystemRecwery or
SystemDown phase.

3 Calculating Availability

In the following sections, we introduce a discrete-
parameter nite-state Markov chain[10, 16] M to study
the availability of the distributed memory checkpointing
systemdescribedabose. Availability is de ned to be the
fraction of time that the systemspendsperforminguseful
work, where useful work is time spentperformingcom-
putationon the applicationthat will never be redonedue
to afailure. In otherwords,this is the time spentexecut-



ing the applicationbeforea checkpointcompletes.If time
is spentexecutingthe application,but an active processor
fails beforethe next checkpointcompletesthenthat part
of the applicationmustbe re-executed andis thereforenot
useful. Likewise,recorery time, checkpointoverheadand
time spentin the SystenDown Phaselsodo not contribute
to usefulwork.

Supposethat the running time of an applicationwith
checkpointings U 4+ D seconds.Thisis the sumof time
spentperformingusefulwork (I/) andtime spentnot per
forming usefulwork (D). The availability of the system
duringthattimeis: A = U/(U + D).

Giventheparametersv, a, C, L, R, I, A andf, we use
M to determinethe averageavailability A of the parallel
system. A is an asymptoticvalue for the availability of a
programwhoserunningtime approaches nity . A canbe
usedto approximatehe availability of executinga program
with along runningtime, or of mary executionsof a pro-
gramwith ashorterrunningtime.

The determinatiorof availability is usefulin the follow-
ing way. Theuserof aparallelcheckpointingsysterris con-
frontedwith animportantquestion:Whatvaluesof « and
I minimize the expectedrunningtime of the application?
Using large valuesof a canlower the runningtime of the
programdueto moreparallelism.However, it alsoexposes
theprogramto a greaterrisk of notbeingableto rundueto
too few functionalprocessorsSimilarly, increasing/ im-
provesthe performanceof the programwhenthereare no
failures,sincecheckpointingoverheads minimized. How-
ever, it alsoexposesthe programto a greaterecomputing
penaltyfollowing a failure. Thus,we look for an optimal
combinationof « and 7 to minimize the expectedrunning
time of a programin the presencef failuresandrepairs.

Supposehe usercan estimatethe failure-freerunning
time RT, of his or her programwhenemployinga actve
processorsand no checkpointing. Moreover, supposehe
usercanestimateC,, L, and R,. Additionally, suppose
thatA andé areknown. Thenthe usercanselectary value
of @ and 7, and computethe averageavailability A, ; of
thesystem.Thevalue RT, /A, ; is thenanestimateof the
programsexpectedunningtimein the presencef failures.
Thus,theusers questiormaybeansweredby choosingval-
uesof ¢ and! thatminimize RT, /A, 1.

In Section6, we shawv nine examplesof this kind of pa-
rameterselection.

4 Realismof the Model

This calculationis only usefulif the underlyingmodel
hasbasisin reality. The modelof the checkpointingsystem
with parameters”, L, R and/ mirrors mostcoordinated
checkpointingsystemghatstoretheircheckpointgo acen-
tralized storage.Examplesof thesearethe public-domain

checkpointersVIST [4], CoCheck]22, 24], and Fail-Safe
PVM [13], aswell asseveral unnamedcheckpointerghat
have beenemployedor researctprojects[9, 17].

A priori selectionof / anda is arequiremenall all the
above systems. Moreover, parallel programssuchasthe
NAS Parallelbenchmarkg1], andall programsbasedon
the MPI standard15] have beenwritten so that the user
selectsaa x ednumberof processorg onwhichto execute.

The modelingof failuresandrepairsasiid exponential
randomvariableshaslessgroundingin reality. Although
suchrandomvariableshave beenusedn mary researclpa-
person the performanceof uniprocessoand multiproces-
sor checkpointingsystemgsee[19, 26] for citations),the
studiesthat obsere processofailureshave shavn thatthe
time-to-failure and time-to-repairintervals are extremely
unlikely to belongto anexponentialdistribution[19].

Nonethelessthere are threereasonswhy performance
evaluationsbasedon exponentialrandomvariableshave
utility. First, whenfailuresandrepairsarerare,indepen-
dentevents,their countsmay be approximatedy Poisson
processef?]. Poissorcountsareequivalentto exponential
interoccurrencéimes[10], meaningthatif failuresandre-
pairsarerare (with respecto 7, C, R, L, etc),their TTF
distributionsmaybe approximatedy anexponential.Sec-
ond, if thetruefailure distribution hasanincreasindailure
rate (like the workstationfailure datain [14]) ratherthan
theconstanfailurerateof theexponentialdistribution,then
the resultsof this paperprovide a conserative (i.e. lower
bound)approximatiorof the availability. Third, simulation
resultson real failure data[19] have shawvn in the unipro-
cessorcasethat the determinatiorof the optimal value of
I usingan exponentialfailure rate givesa good rst-order
approximatiorof the optimalvalueof I determinedy the
simulation.

Thus,in the absencef ary otherinformationbesidesa
meantime to failure and a meantime to recovery for pro-
cessorsthe availability calculationin this papercanbe a
reasonablendicatorfor selectingoptimalvaluesof @ and!.

5 The Mark ov Chain M

In this following sections, we de ne a discrete-
parameter nite-state Markov chain[10, 16] M to study
the availability of parallelcheckpointingsystems.A more
detaileddescriptionof M (with examples)s in [21].

Givenvaluesof N anda (andS = N — a), M consists
of N + S + 2 states,partitionedinto threegroupsbased
on the threephasedle ned abore. Statesare enteredand
exited whenary of theeventsdepictedn Figure2 occur

SystemRecoveryStates ThereareS + 1 SystemRe-
covery StatesJabeled[R : s] for 0 < s < S. Eachstate
[R : s] is enteredollowing a failure which leavesa func-
tional processord¢o performthe applicationand s spares.



State[R : 0] may alsobe enteredfrom the SystemDown

State[D : a — 1] whena processorbecomefunctional.
Oncea SystemRecwery Stateis enteredit is notexited un-
til eitherR+ I + L second$iave passedvith no active pro-
cessoffailure, or anactive processofails beforeR + 7 + L

second$ave passedThe numberof functionalsparesiur-

ing thistime is immaterial. It is only at the instantthatthe
stateis exited thatthe numberof functionalsparess impor-

tant. Notethatif NV > a, thereareno transitionsinto state
[R : S], andit maybeomitted. If N equalsa, thenthereis

oneSystemRecwery State:[R : 0].

SystemUp States Thereare S + 1 SystemUp States,
labeled[U : s] for 0 < s < S. Eachstate[U : s] is entered
from aSystemRecwery StatewhenR+ 7/ + L. second$fiave
passedwith no active processoffailures. The value of s
depend®nthenumberof functionalspareprocessoratthe
time the stateis entered SystemUp Statesareexited when
an active processofails. At thattime, the total numberof
functional processorg determineghe next state. If p >
a, then SystemRecwery State[R : p — a] is entered. If
p = a — 1 (nofunctionalsparesat thetime of failure), then
SystemDown State[D : a — 1] is entered.

SystemDown States Therearea SystemDown States,
labeled[D : p] for 0 < p < a. State[D : p] is entered
wheneer a failure or repairleavesthe systemwith exactly
p functionalprocessorsNo computatiormaybeperformed
in a SystemDown State,sincethereare not enoughpro-
cessors.SystemDown Statesare exited when&er thereis
a processofailure or repair If theresultingtotal number
of functionalprocessorg’ is lessthana, thenthetransition
isto [D : p']. Otherwisep’ = a, andthe transitionis to
[R:0].

5.1 Birth-Death Mark ov Chain &*7

In orderto de ne the transitionprobabilitiesout of the
SystemRecwery and SystemUp states,we needto have
somenotion of the numberof functionalsparesat thetime
of thetransition. For this determinationwe employa sec-
ondMarkov chainS*7.

The solutionof Markov chainS*” yieldsa (s + 1) x
(s + 1) matrix@* " of probabilities.Supposéhatthereare
s processorsand at a certaintime, exactly i of themare
functional. Entry ¢;"/ of @*7 is the probability that ex-
actly j of thoses processorarefunctionalr seconddater.
Obwiously 3~ _ q;’/ = 1 for eachi. WeuseQ*” to de ne
the transitionprobabilitiesfrom the SystemRecwery and
SystemUp states.

For brevity, we do not give an exact description of
8*7. Sucha description,completewith examples,may
be found in [21]. In generalMarkov chaintheory S*7
is a continuous-parameter, finite-state, birth-death Markov
chain [7, 16], and Q* " is easyto calculatewith standard

matrix operations.
We usethreevaluesof 7 in the calculationgelow:

7. themeantime to the rst failure (MTTF) amonga ac-
tive processorwith iid exponentiaffailures: 7, = -4

=

79 thelengthof time duringwhich theremustbe no fail-
urein orderto leave the SystemRecwery Phasesuc-
cessfully:rs = R+ T+ L.

73 the conditionalMTTF, given a failure within the rst
R+ I + L secondsn the SystemRecwery Phase:

1 e—a)\(m) e—a)\7'2
T =T —

73 = ar ( ~) 1 _ e—ax(r2)

T pmarms
5.2 Transition Probabilities

In this section we de ne thetransitionprobabilitiesbe-
tweenstatesof M. Thesumof all probabilitiesemanating
from a statemustequalone.

SystemRecovery States Transitionsout of a System
Recwery State[R : ] arebasednthetimer, = R+7+ L.
Theprobabilityof theevent“no active processofailuredur-
ing interval 75" is e~ 2272, Thus,the probability of a transi-
tionto aSystemJp Stateis e ~**72. Thespeci ¢ SystermJp
Statedepend®nthe numberof functionalsparesattheend
of theinterval. This probabilityis givenby Q2. In par
ticular, theprobabilityof atransitionfrom [R : ¢] to [U : j]
is (e—a)\Tg ) (qi‘yjﬁ ) .

The probabilityof anactive processofailure duringthe
interval 7, is 1 — e~ 272, Sucha failure causes transition
eitherto a SystemRecwery Stateor to SystemDown State
[D : a—1]. Again,theexactstatedepend®nthenumberof
sparesatthetime of thefailure. We calculatethetransition
probabilitieswith Q 72, basednthetheconditionalMTTF
givenafailurein theinterval .. Theprobabilityof atransi-
tionto state[R : j] is (1 — e“‘“?)(qffjl). Theprobability
of atransitionto state[ D : a — 1] is (1 — e~ **72) (¢ 7?).

SystemUp States Transitionsout of aSysterrUfo State
[U : i] arebasedon 1, the MTTF of the rst processoin
a setof a processors This failure causesa transitionei-
therto [D : @ — 1] (whenthereareno sparesat thetime of
failure),orto[R : j] (whentherearej + 1 spares)Thetran-
sition probabilitiesarede ned by Q7. Theprobabilityof
atransitionto state[D : a — 1] is (quﬁ). The probability
of atransitionto state[R : j] is (qfﬁl).

SystemDown States Transitionoutof a SystenDown
Stateoccurwheneerthereis afailureor repair In statg D :

INote that the “memoryless”propertyof iid exponentialsneansthat
the MTTF is independenbf how long the processorhiave alreadybeen
functional. Therefore eventhoughat the beginningof state[U : 1], the
processorbavealreadybeenfunctionalfor R+ 7+ I. secondstheirMTTF
remainsr; .



p], therearep < a functionalprocessor¢hataresubjectto

failurerate A, and N — p failed processorshataresubject
to repairrate#. Their cumulatie distribution functionis

F(t) = 1 — e~ (PA+(N=2)#)t ' A propertyof this form of the
exponentialcdf is that whenerer an event doesoccur the
probabilitythatit is arepairis (N — p)8/(pA + (N — p)b)

andthatit is afailureis pA/(pA+ (N —p)6) [7]. Thesawo

ratiosareindependenof the time the eventoccurs. Thus,
the transitionprobability to state[D : p + 1] (or to state
[R:0]ifp=a—1)is(N —p)f/(pA+ (N — p)f), andthe
transitionprobabilityto state[D : p — 1] ispA/(pA + (N —

p)o).

5.3 Transition Weightings

We labeleachtransition7 with two weightings,l/+ and
Dy. Ur istheaverageamouniof usefulwork performedn
the statewhich the transitionis leaving, and D is the av-
erageamountof non-usefulwork. Our descriptions based
onthestatesvhichthetransitionsareleaving:

SystemRecoveryStates A transition7x_, g from state
[R: ] to[R : j] indicateshata failure hasoccurredbefore
the rst checkpoinicompletesThereforel/r,,_ , = 0, and
D7, = m3. Thetransitionsfrom [R : :]to [D : a — 1]
have the sameweightings. A transition7x_,y from state
[R : i to[U : j] indicatesthat no failure hasoccurredin
the rst R + I 4+ L seconds.ThereforelUr,_,, = I, and
Dry,o =R+ L.

SystemUp States Let 7y beary transitionfrom a Sys-
tem Up State. The valuesof Uy,, and Dr;, arecomputed
with referenceto the checkpointinterval 7. The proba-
bility of the event“no active processofailure in aninter-
val I is e~2M and the probability of its complements
1—e~ %M Thesewo eventsaretheoutcome®f aBernoulli
trial [10] fo_ra\ivjhichthe meannumberof trials until afailure
is M = ;%—47. Inotherwords, M is themeannumberof
intervals I completeduntil the rst active processofailure
occurs.

ThereforeJr,, = M (I —C'). Theamoun®f non-useful
workis Dy, = MC + (1 — IM). ThisincludesM C for
theoverheadf all thesuccessfutheckpointplusthemean
durationof the last,unsuccessfuhterval.

SystemDown States Let 7[p.,) beary transitionfrom
SystemDown State[D : p]. Obviously, Uz, . = 0.
D, is the meantime of occupang in state[D : pl:

1/(pA+ (N —p)b).
5.4 Calculating A, r

Thetransitionprobabilitiesof M mayberepresenteth
a squarematrix P. Eachstateof M is given a row of P
suchthat P;; is the probability of the transitionfrom state:
to statej. Similarly, the weightingsmay be representeth

thematricedU andD. We usethelong-runpropertiesof M
to computeA. M is arecurrentchainwith well-de ned,
asymptoticpropertieq11, 16]. In particular the long-run,
unconditionalprobability of occupang of state: in terms
of numberof transitionds entry; in theuniquesolutionof
thematrix equatioril = IIP where) ", m; = 1, m; > 0.

Oncell is obtainedtheavailablility A, ; maybe calcu-
lated asthe ratio of the meanusefultime per transitionto
themeantotal time pertransition:

A, = Zz] Uijmi Py .
" i ;Uij + Dij)mi Py

Aq 1 may then be usedto obtain optimal valuesof a
and I as detailedin Section3. Greaterdetail on this
process,completewith example calculations,is available
in [21]. We have encapsulatedhe processin the form
of Matlab scripts, which are available on the web at
http://www.cs.utk.edu/"plank/plank/avail/.

6 CaseStudies

In the following sectionswe detail nine casestudiesof
parameteselectionin checkpointingsystemsWe selected
three long-running parallel applicationsfrom the NASA
Ames NAS Parallel Benchmarkq1]. Theseare the BT
(block tridiagonalsolver), LU (linearequatiorsolver),and
EP (randomnumbergeneratorppplications.

Name r z
BT (Matrix Size) (Matrix Size)?
LU (Matrix Size)® (Matrix Size)?

EP W 1 (constant)

Table 1. Basic application data

For the purposesf parameteselection,RT,, C,, L4,
and R, mustbe functionsof a. Amdahl's law hasbeen
shavn to characterizehe NAS Benchmarksrery well ac-
cordingto numberof processorg anda performancenet-
ric » basedon theinputsize[23]. Thus,we calculateRT),
usingaslightly enhancedtatemenof Amdahl'slaw:

b b
RT, = 25 4 22 4 har + by,
a a

We assumehatC,, L,, and R, areproportionalto the
total globalcheckpoinsizeC'S,, andthattheglobalcheck-
pointis composedf global datapartitionedamongall the
processorgsuchasthe matrix in BT and LU), andrepli-
cated/pwatedatafor eachprocessorThus,C'S, is afunc-
tion of ¢ anda sizemetricz:

CS, =ciza+ coa + e3z + 4.



The rst two termsarefor the replicated/pwate dataand
the secondtwo are for the shareddata. The BT, LU and
EPapplicationshave clearde nitions of r, andz whichare
includedin Tablel.

For eachapplicationwe usediming andcheckpoinsize
datafrom a performancestudyof the NAS benchmark®n
a networkof SparcUltra workstationd3]. Fromthesewe
usedMatlab's regressiontools to calculatethe coefcients

b; andc;. Thesearelistedin Table2.

Coef. BT LU EP
b1 1.551e-02| 9.400e-03| 1.059e+02
bo -3.788e+01| -3.441e+01| 1.980e+02
ba 3.643e-04| 1.560e-04| 5.767e+00
by -6.425e-01| -6.989e+00| -4.122e+01
c1 1.875e-04| 5.650e-04 0
ca 1.952e+00| 4.594e-01| 1.700e+00
cs3 8.345e-02| 1.882e-02 0
C4 -2.790e+01| -1.838e+01 0

Table 2. The coef cients b; and c;.

We constructedhree processingervironmentsfor our
casestudies.All threearebasedon publishedcheckpoint-
ing andfailure/repaidata.Weassumehatall arecomposed
of 32 processorsindexhibit the sameprocessingapacity
asthe Ultra Sparcnetworkin [3]. However, they differ in
failurerate,repairrateandcheckpointingperformanceThe
ervironmentsaredetailedin Table3 andbelow.

HIGH is a high-performancesnvironment character
ized by low failure ratesand excellentcheckpointingper
formance. The failure and repair rates come from the
PRINCETON datasetin [19], wherefailures are infre-
guent,andthe checkpointingperformancelatacomesrom
CLIP [5], a checkpointeffor the Intel Paragon,which has
an extremelyfast le system.In HIGH, C, L. andR are
equalbecauseCLIP cannotimplementthe copy-on-write
optimization.

MEDIUM is a medium-performanc&orkstationnet-
work suchasthe Ultra Sparcnetworkfrom [3]. We use
workstationfailure datafrom a study on workstationfail-
ureson the Internet[14], and checkpointingperformance
datafrom aPVM checkpointeonasimilarworkstatiomet-
work [17].

Ervironment A 6 o Lo e
M';IEI)(E’)EE 32.71days 1.301da,ys 2418:2\2[8 2418:2\2[8
13.0 days 2.02 days 2.04 MB 0.120 MB

LOW 70 i}in 75 1nin 1.éob?\f[B 0.2108el(\:/[]3

Table 3. Failure, repair and checkpointing
data for the three processing environments.
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Figure 3. (a): Running time (RT,) of the appli-
cations as a function of the number of proces-
sors. (b): Checkpoint size (C'S,) as a function
of the number of processor s.

Finally, LOW is basedon an idle-workstationenviron-
ment such as the one supportedby CosMiC [6], where
workstationsareavailablefor computation®nly whenthey
arenotin useby their owners. Failure andrepairdatawas
obtainedy theauthor=of [6], andthecheckpointingperfor
mancedatawasgleanedrom performanceesultsof Cos-
MiC' stransparentheckpointetibckp [27]. It is assumed
thatthecopy-on-writeoptimizationyieldsan80%improve-
mentin checkpoinbverhead18]. Thefailurerateof LOW
is extremelyhigh, whichis typical of theseervironments.

For eachapplication,we selecteda problem size that
causeshecomputatiorio runbetweeri4 and20 hoursona
singleworkstationwith no checkpointingor failures.These
arematrixsizesof 160and175for BT andLU respectiely,
and 23> randomnumbersfor EP We thencalculatevalues
of RT, for 1 < a < 32. Theseareplottedin Figure3(a)
(usinga log-log plot, meaningperfectspeedups a straight
line). As displayedby this graph,EP shaws the bestscal-
ability asa increasesBT andLU scalein aroughlyequal
manner In theseinstancesBT takesa little longerthan
LU. We assumehatthe programmingsubstrateecognizes
processofailures(asdoesPVM).

Thetotal checkpointsizeC'S, for eachapplicationand
valueof a is calculatedusingthe datain Table2, andthen
plottedin Figure3(b). BT hasvery large checkpointgover
2 GB). Thecheckpointsn LU aresmaller but grow faster
with a. EP's checkpointsarevery small (1.7 MB per pro-
cessor).

7 Experiment

For eachvalueof a from 1 to 32, we determinghevalue
I,pe Of I thatminimizesA, ;. Thisis doneusingMatlab,
with a straightforwar¢parametesweepanditerativere ne-
mentof valuesfor I,,;, makingsurethat{,,; > L,. We
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Figure 4. Optimal expected running times of
all case studies in the presence of failures as
a function of a.

thencalculateRT, /A, 1,,,, whichis the optimal expected
runningtime of the applicationin the presencef failures.
Theseareplottedusingthe solid linesin Figure4. Arrows
indicatewhenthesevaluesgo beyond the extent of the Y-

axes. In the MEDIUM casesthe valuesfor a = 32 are
noted. Dottedlines plot RT,, to compareRT, /A, 1,,, tO

thefailure-freerunningtimes. The optimalvaluesof a and
I areshavnin Table4.

The rst thingto noteaboutFigure4 andTable4 is that
the optimal value of a varieswidely over all cases.In the
HIGH processingrvironmenttheoptimala in all casess
31, meaningthatit is bestto alwayshave a spareprocessor
availablein caseof failure. If nospards available,thenthe
applicationspends signi cant amountof idle timewaiting
for failed processorso berepaired.

In the MEDIUM processingervironment, the optimal
a rangesfrom 13 to 29. The optimal a is smallerthanin
HIGH becausef morefrequentfailuresandmuchlarger
latencies,overheadsandrecorery times. Of the applica-
tions, EP hasthe highestvalueof a,,; andthebestrunning
times. Thisis mainly becausef its smallercheckpoints.

In the LOW processingernvironment,BT andLU have
poor expectedrunningtimes. The optimal valuesof a are
one,andthe expectedrunningtimesare 12791hours(533
days)and89 hours(3.7 days)respectiely. The reasorfor
thesearge runningtimesis that R + L is 5.9 hoursfor BT
andl1.6hoursfor LU. Bothof thesearelargerthanthesingle

processoMTTF of 1.2hours.Thus,evenwhen! equalsL,
mostof time of theseapplicationds spentexecutingcode
thatwill notbecheckpointedThe EPapplicationhasmuch
smallercheckpointgits largestR + L valueis 0.15hours),
andthereforespendsmoretime performingusefulwork. It
achievesan acceptableptimal runningtime of 3.85hours
with Qopt = 10.

As showvn by the dottedlinesin Figure4 andthe right-
most column of Table 4, checkpointingand failures add
very little overheadn the HIGH processingervironment.
In the MEDIUM ervironment,the smallercheckpointsof
EP lead to good performancen the presenceof failures,
while LU andBT performlesswell. In the LOW erviron-
ment,BT is basicallyunrunnable.Giventhe natureof the
ervironmentand the size of the application,LU's perfor
manceis barely passableand EP's is decent. It is worth
noting that althoughcheckpointingand processmigration
ervironmentshave beenbuilt for idle workstationerviron-
ments[4, 6, 22], thisis the rst pieceof work thatattempts
to characterizehe performanceof large parallel applica-
tionson suchervironments.

8 RelatedWork

As statedabove, therehasbeenmuchwork on check-
pointing performanceredictionin the presencef failures
for uniprocessoand multi-processor(again, see[19, 26|
for citations).However, thisis the rst paperthatconsiders
theuseof spareprocessorto taketheplaceof failed active
processorsOf noteis thework of WongandFranklin[28],
whichassumeshattheprogrammayrecon gureitself dur-
ing executionto usea variablenumberof processorsHow-
ever, as statedin Section4, the majority of parallel pro-
gramsandcheckpointingervironmentsdo not allow recon-
guration (e.g.[1, 4,9, 13,17, 20, 22, 24]).

9 Conclusion

We have presentec methodfor estimatingthe average
runningtime of a long-runningparallel program,enabled
with coordinatedcheckpointingjn the presencef failures
andrepairs. This methodallows a userto performan op-
timal selectionof the checkpointinginterval and number
of active processorsWe have shavn casestudiesof three
applicationsfrom the NAS parallelbenchmarksxecuting
on threedifferentbut realistic parallelprocessingnviron-
ments. Our resultsshav that the optimal numberof ac-
tive processorsanvarywidely, andthatthe selectiorof the
numberof active processorsanhave a signi cant effecton
theaveragerunningtime. We expectthis methodto beuse-
ful for thoseexecutinglong-runningprogramson parallel
processingrvironmentshatareproneto failure.



Application | Processing || aop: Topt AdvopiTopt || BTaops | RTayp [Aaopi 1., | Overheaddf failures
Environment (hours) (hours) (hours) andcheckpointing
BT HIGH 31 1.16 0.947 0.98 1.04 6.1%
BT MEDIUM 13 5.07 0.458 1.77 3.87 119%
BT LOW 1 2.94 0.00141 18.1 12791 70756%
LU HIGH 31 0.80 0.961 0.68 0.71 4.4%
LU MEDIUM 22 2.19 0.557 0.87 1.56 80%
LU LOW 1 0.80 0.159 14.2 89.4 529%
EP HIGH 31 0.17 0.986 0.65 0.66 1.5%
EP MEDIUM 29 0.33 0.923 0.70 0.75 7.1%
EP LOW 10 0.033 0.515 1.98 3.85 94%

Table 4. Optimal « and [ for all tests.

Therearethreedirectionsin which to extendthis work.
First,we canattempto illuminatethemethodwith stochas-
tic simulationbasedniid exponentiaffailure andrepairin-
tenals. This canboth validatethe model,asin [12], and
point to interestingareasof research.Secondwe canex-
plore the impactof the assumptiorof iid exponentialfail-
uresandrepairs,by performingsimulationbasedon real
failure data, asin [19]. Third, we can attemptto study
a wider variety of checkpointingsystems,such as two-
level [25] anddisklesscheckpointingsystemg20].
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