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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 Introduction

Performanceprediction of checkpointingsystemsis a
well-studiedarea. Most work in this arearevolvesaround
selectingan optimal checkpoint interval. This is the fre-
quency of checkpointingthat minimizesthe expectedex-
ecutionof an applicationin the presenceof failures. For
uniprocessorsystems,selectionof suchan interval is for
the mostpart a solved problem[19, 26]. Therehasbeen
importantresearchin parallelsystems[12, 25, 28], but the
resultsarelessuni�ed.

To date,most checkpointingsystemsfor long-running
distributedmemorycomputations(e.g. [4, 5, 13, 22, 24])
arebasedoncoordinated checkpointing [8]. At eachcheck-
point, the global stateof all the processorsis de�ned and
storedto a highly availablestablestorage.If any processor
fails, thena replacementprocessoris selectedto takethe
placeof thefailedprocessor, andthenall processorsrestore
thesavedstateof thecomputationfrom thecheckpoint.

Whenausermustexecutea long-runningapplicationon
a distributedmemorycomputingsystem,heor sheis typi-
cally facedwith animportantdecision:How many proces-
sorsshouldthe applicationuse? Most programsfor such

environmentsrequirethe userto choosesucha valuebe-
fore thecomputationbegins,andonceunderway, thevalue
may not change.On a systemwith no checkpointing,the
applicationtypically employsasmany asareavailablefor
the mostparallelismandthe shortestrunningtime. How-
ever, whenasystemis enabledwith checkpointing,thenthe
answeris lessclear. If all processorsareusedfor theappli-
cationandonefails, thentheapplicationmaynot continue
until that processoris repairedandthe whole systemmay
recover. If fewer processorsareusedfor the application,
thentheapplicationmaytakelongerto completein theab-
senceof failures,but if a processorfails, thentheremaybe
a spare processorstandingby to bean immediatereplace-
ment. The applicationwill spendlesstime down due to
failures. Consequently, selectingthenumberof processors
onwhich to run theapplicationis animportantdecision.

In this paper, we model the performanceof coordi-
natedcheckpointingsystemswherethenumberof proces-
sorsdedicatedto theapplication(termed� for “active”) and
thecheckpointinterval (termed

�
) areselectedby theuser

beforerunningtheprogram.Weusethemodelto determine
the average availability of the programin the presenceof
failures,andwe show how averageavailability canbeused
to selectvaluesof � and

�
thatminimizetheexpectedrun-

ning time of the program. We thengive examplesof pa-
rameterselectionusingparallelbenchmarksandfailuredata
from a varietyof parallelworkstationenvironments.

Thesigni�canceof this work is that it addressesan im-
portantruntime parameterselectionproblemthat hasnot
beenaddressedheretofore.

2 The System Model

We are running a parallel applicationon a distributed
memorysystemwith � totalprocessors.Processorsarein-
terchangeable.Theapplicationusesexactly ��� � proces-
sors,� beingchosenby theuser. Processorsmayfail andbe
repaired.We terma processorasfunctional 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 assumethatinteroccurrencetimesof fail-
uresfor eachprocessorareindependentandidenticallydis-
tributed(iid) asexponentialrandomvariableswith thesame
failure rate ����� . Likewise,repairsareiid asexponential
randomvariableswith repairrate � . Occurrencesof failures
or repairsat exactly thesameinstanthave probability0 for
theexponentialprobabilitylaws.

Whentheuserinitiatestheapplication,it maystartrun-
ning assoonasthereare � functionalprocessors.If, after�

seconds,noneof the � processorshasfailed, a check-
point is initiated. This checkpointtakes� secondsto com-
plete,andoncecompletedit may be usedfor recovery. �
is termedthe“checkpointlatency.” Thecheckpointadds	
secondsof overheadto therunningtime of theprogram. 	
is termedthe“checkpointoverhead.” Many checkpointing
systemsuseoptimizationssuchas“copy-on-write” so that
	�
 � , which improves performancesigni�cantly [26].
While thereareno failuresamongthe � processors,check-
pointsareinitiatedevery

�
seconds.

�
mustbegreaterthan

or equalto � sothatthesystemis never attemptingto store
multiplecheckpointssimultaneously.

Whenanactive processorfails, theapplicationis halted
anda replacementis sought. If thereareno replacements,
then the applicationmust standidle until thereare again
� functionalprocessors.Whenthereare � functionalpro-
cessors,the applicationis restartedfrom themostrecently
completedcheckpoint. This takes � seconds(termedthe
“recovery time”), andwhenrecovery is �nished, execution
begins at the samepoint aswhen the checkpointwas ini-
tiated.

�
secondsafterrecovery is complete,checkpointing

beginsanew. Thisprocesscontinuesuntil theprogramcom-
pletes.To illustratethesystemmodel,seeFigure1, which
depictsa segmentof timebetweentherecovery of anappli-
cationandthefailureof anactive processor.

While theapplicationis running,the 
 = � - � processors
notbeingemployedby theapplicationaretermed“spares.”
Their failureandsubsequentrepairdoesnot affect therun-
ningof theapplicationwhile theactiveprocessorsarefunc-
tional. It is only whenanactive fails that the statusof the
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Figure 2. Phase transition diagram.

sparesis important(i.e. thatthenumberof non-failedactive
andspareprocessorsnumbersat least � , so that recovery
maybegin immediately).

To helpin theexplanationof theperformancemodel,we
partitiontheexecutionof a checkpointingsysteminto three
phases.They aredepictedin Figure1.

SystemRecoveryPhase: This phaseis initiatedby re-
coveryfromacheckpoint.It endseitheruponthesuccessful
completionof the �rst checkpointfollowing recovery (i.e.
if noactive processorfails in ��� � ��� seconds),or when
anactive processorfails within ��� � ��� secondsof the
phase's inception.

SystemUp Phase: This phaseis initiated by the com-
pletionof the �rst checkpointafter recovery. It endswhen
anactive processorfails.

SystemDown Phase: Thisphaseoccurswhenever there
arefewerthan � functionalprocessors.Theapplicationcan-
not executeduringthis phase.It endsassoonas � proces-
sorsarefunctionalagain.

Thephasetransitiondiagramfor this systemis depicted
in Figure2. In this diagram,the only failuresthat cause
transitionsare failures to active processors. The failure
andsubsequentrepairof spareprocessorsis only important
whenanactiveprocessorfails. Thestatusof thesparesthen
determineswhetherthenext phaseis aSystemRecovery or
SystemDown phase.

3 Calculating Availability

In the following sections, we introduce a discrete-
parameter, �nite-state Markov chain [10, 16] � to study
the availability of the distributed memorycheckpointing
systemdescribedabove. Availability is de�ned to be the
fraction of time that the systemspendsperforminguseful
work, whereuseful work is time spentperformingcom-
putationon the applicationthat will never be redonedue
to a failure. In otherwords,this is the time spentexecut-
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ing theapplicationbeforea checkpointcompletes.If time
is spentexecutingthe application,but an active processor
fails beforethe next checkpointcompletes,then that part
of theapplicationmustbere-executed,andis thereforenot
useful. Likewise,recovery time, checkpointoverhead,and
timespentin theSystemDown Phasealsodonotcontribute
to usefulwork.

Supposethat the running time of an applicationwith
checkpointingis

� ��� seconds.This is the sumof time
spentperformingusefulwork (

�
) andtime spentnot per-

forming useful work ( � ). The availability of the system
duringthattime is: ��� �����	� �
��� .

Giventheparameters� , � , 	 , � , � ,
�
, � and � , we use

� to determinethe averageavailability � of the parallel
system. � is an asymptoticvaluefor the availability of a
programwhoserunningtime approachesin�nity . � canbe
usedto approximatetheavailability of executinga program
with a long runningtime, or of many executionsof a pro-
gramwith ashorterrunningtime.

Thedeterminationof availability is usefulin thefollow-
ing way. Theuserof aparallelcheckpointingsystemis con-
frontedwith an importantquestion:Whatvaluesof � and�

minimize the expectedrunningtime of the application?
Using large valuesof � canlower the runningtime of the
programdueto moreparallelism.However, it alsoexposes
theprogramto a greaterrisk of not beingableto rundueto
too few functionalprocessors.Similarly, increasing

�
im-

provesthe performanceof the programwhenthereareno
failures,sincecheckpointingoverheadis minimized.How-
ever, it alsoexposesthe programto a greaterrecomputing
penaltyfollowing a failure. Thus,we look for an optimal
combinationof � and

�
to minimize the expectedrunning

timeof a programin thepresenceof failuresandrepairs.
Supposethe usercan estimatethe failure-freerunning

time ��
�� of his or herprogramwhenemploying � active
processorsand no checkpointing. Moreover, supposethe
usercan estimate	�� , ��� and ��� . Additionally, suppose
that � and � areknown. Thentheusercanselectany value
of � and

�
, andcomputethe averageavailability ����� � of

thesystem.Thevalue ��
 � � � ��� � is thenanestimateof the
program'sexpectedrunningtimein thepresenceof failures.
Thus,theuser'squestionmaybeansweredby choosingval-
uesof � and

�
thatminimize ��
 � � � ��� � .

In Section6, we show nineexamplesof this kind of pa-
rameterselection.

4 Realism of the Model

This calculationis only useful if the underlyingmodel
hasbasisin reality. Themodelof thecheckpointingsystem
with parameters	 , � , � and

�
mirrors mostcoordinated

checkpointingsystemsthatstoretheircheckpointsto acen-
tralizedstorage.Examplesof thesearethe public-domain

checkpointersMIST [4], CoCheck[22, 24], andFail-Safe
PVM [13], aswell asseveral unnamedcheckpointersthat
have beenemployedfor researchprojects[9, 17].

A priori selectionof
�

and � is a requirementall all the
above systems. Moreover, parallel programssuchas the
NAS Parallel benchmarks[1], andall programsbasedon
the MPI standard[15] have beenwritten so that the user
selectsa �x ednumberof processors� onwhich to execute.

The modelingof failuresandrepairsas iid exponential
randomvariableshaslessgroundingin reality. Although
suchrandomvariableshave beenusedin many researchpa-
person the performanceof uniprocessorandmultiproces-
sor checkpointingsystems(see[19, 26] for citations),the
studiesthatobserve processorfailureshave shown that the
time-to-failureand time-to-repairintervals are extremely
unlikely to belongto anexponentialdistribution[19].

Nonetheless,thereare threereasonswhy performance
evaluationsbasedon exponential randomvariableshave
utility. First, when failuresandrepairsare rare, indepen-
dentevents,their countsmaybeapproximatedby Poisson
processes[2]. Poissoncountsareequivalentto exponential
interoccurrencetimes[10], meaningthat if failuresandre-
pairsarerare(with respectto

�
, 	 , � , � , etc), their TTF

distributionsmaybeapproximatedby anexponential.Sec-
ond,if thetruefailuredistributionhasanincreasingfailure
rate (like the workstationfailure datain [14]) ratherthan
theconstantfailurerateof theexponentialdistribution,then
the resultsof this paperprovide a conservative (i.e. lower
bound)approximationof theavailability. Third, simulation
resultson real failure data[19] have shown in the unipro-
cessorcasethat the determinationof the optimal valueof�

usingan exponentialfailure rategivesa good�rst-order
approximationof theoptimalvalueof

�
determinedby the

simulation.
Thus,in theabsenceof any otherinformationbesidesa

meantime to failure anda meantime to recovery for pro-
cessors,the availability calculationin this papercanbe a
reasonableindicatorfor selectingoptimalvaluesof � and

�
.

5 The Markov Chain �

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

Givenvaluesof � and � (and 
�� ��� � ), � consists
of � � 
 ��� states,partitionedinto threegroupsbased
on the threephasesde�ned above. Statesareenteredand
exited whenany of theeventsdepictedin Figure2 occur.

SystemRecoveryStates: Thereare 
 ��� SystemRe-
covery States,labeled  �"!$#&% for � � # � 
 . Eachstate
 �'!�#(% is enteredfollowing a failure which leaves � func-
tional processorsto performthe applicationand # spares.
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State  � ! ��% may alsobe enteredfrom the SystemDown
State  � ! � � �(% when � processorsbecomefunctional.
OnceaSystemRecoveryStateis entered,it is notexitedun-
til either � � � � � secondshave passedwith noactivepro-
cessorfailure,or anactive processorfailsbefore� � � � �
secondshave passed.Thenumberof functionalsparesdur-
ing this time is immaterial. It is only at the instantthat the
stateis exitedthatthenumberof functionalsparesis impor-
tant. Notethat if � � � , thereareno transitionsinto state
 � ! 
�% , andit maybeomitted. If � equals� , thenthereis
oneSystemRecovery State:  ��! ��% .

SystemUp States: Thereare 
 ��� SystemUp States,
labeled  � ! #(% for � � # � 
 . Eachstate  � ! #&% is entered
fromaSystemRecoveryStatewhen � � � � � secondshave
passedwith no active processorfailures. The value of #
dependsonthenumberof functionalspareprocessorsat the
timethestateis entered.SystemUp Statesareexited when
anactive processorfails. At that time, the total numberof
functionalprocessors� determinesthe next state. If ���
� , thenSystemRecovery State  � ! � � � % is entered. If� � � � � (no functionalsparesat thetimeof failure),then
SystemDown State  � ! � � �(% is entered.

SystemDown States: Thereare � SystemDown States,
labeled  � ! � % for � ����� � . State  � ! � % is entered
whenever a failure or repairleavesthesystemwith exactly� functionalprocessors.Nocomputationmaybeperformed
in a SystemDown State,sincetherearenot enoughpro-
cessors.SystemDown Statesareexited whenever thereis
a processorfailure or repair. If the resultingtotal number
of functionalprocessors��� is lessthan � , thenthetransition
is to  � ! ��� % . Otherwise,��� � � , andthe transitionis to
 � ! ��% .

5.1 Birth­Death Mark ov Chain 	�
 � �

In order to de�ne the transitionprobabilitiesout of the
SystemRecovery andSystemUp states,we needto have
somenotionof thenumberof functionalsparesat thetime
of thetransition.For this determination,we employa sec-
ondMarkov chain 	

 � � .

The solutionof Markov chain 	 
 � � yields a
� # � ������ # � � � matrix ��
 � � of probabilities.Supposethatthereare

# processors,andat a certaintime, exactly � of themare
functional. Entry � 
 � �� � � of ��
 � � is the probability that ex-
actly � of those# processorsarefunctional � secondslater.
Obviously � 
����� � 
 � �� � � ��� for each� . Weuse��
 � � to de�ne
the transitionprobabilitiesfrom the SystemRecovery and
SystemUp states.

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

matrixoperations.
Weusethreevaluesof � in thecalculationsbelow:

� � : themeantime to the�rst failure (MTTF) among� ac-
tiveprocessorswith iid exponentialfailures: �!��� ��#"%$

�'& : thelengthof time duringwhich theremustbeno fail-
ure in orderto leave theSystemRecovery Phasesuc-
cessfully: �'& � � � � ��� $

�)( : the conditionalMTTF, givena failure within the �rst
� � � ��� secondsin theSystemRecovery Phase:

� ( � �
� � �

� � & �+*-,
�#"/.0�2143

� � * ,
�#"/.0�2153 �6� � �7� & *-,

�#"-�21
� � * ,

�#"-� 1 $

5.2 Transition Probabilities

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

SystemRecoveryStates: Transitionsout of a System
RecoveryState ��!!� % arebasedonthetime ��& � � � � � � .
Theprobabilityof theevent“no activeprocessorfailuredur-
ing interval � & ” is *8,

�'"-�21 . Thus,theprobabilityof a transi-
tion toaSystemUpStateis */,

�#"-�21 . Thespeci�c SystemUp
Statedependsonthenumberof functionalsparesat theend
of the interval. This probability is givenby �:9 � �21 . In par-
ticular, theprobabilityof a transitionfrom  ��!;� % to  � !8� %
is
�
*8,
�'"-�21 � � � 9 � �21� � � � .

Theprobabilityof anactive processorfailureduringthe
interval �'& is � � *-,

�#"-�21 . Sucha failurecausesa transition
eitherto a SystemRecovery Stateor to SystemDown State
 � ! � � �&% . Again,theexactstatedependsonthenumberof
sparesat thetime of thefailure. We calculatethetransition
probabilitieswith �<9 � �2= , basedonthetheconditionalMTTF
givenafailurein theinterval ��& . Theprobabilityof a transi-
tion to state � !>� % is � � � *!,

�#"-� 1 � � � 9 � �2=� � ��?@� � . Theprobability

of a transitionto state ��! � � �(% is � � � */,
�#"-�21 � � � 9 � � =� � � � .

SystemUp States: Transitionsoutof aSystemUp State
 � !�� % arebasedon � � , theMTTF of the �rst processorin
a setof � processors1. This failure causesa transitionei-
therto  � ! � ���(% (whenthereareno sparesat thetime of
failure),or to  ��!>��% (whenthereare� � � spares).Thetran-
sitionprobabilitiesarede�nedby �:9 � �5A . Theprobabilityof
a transitionto state  � ! � ���(% is

� � 9 � �5A� � � � . Theprobability

of a transitionto state ��!>��% is � � 9 � �5A� � �>?@� � .
SystemDownStates: Transitionsoutof aSystemDown

Stateoccurwheneverthereis afailureor repair. In state ��!
1Note that the “memoryless”propertyof iid exponentialsmeansthat

the MTTF is independentof how long the processorshave alreadybeen
functional. Therefore,even thoughat the beginningof state B CEDGFIH , the
processorshavealreadybeenfunctionalfor J�KML>K%N seconds,theirMTTF
remainsO#P .
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� % , thereare � � � functionalprocessorsthataresubjectto
failure rate � , and ��� � failed processorsthataresubject
to repair rate � . Their cumulative distribution function is����� � � ��� *-,

. �-"-?@.��
,
�-3�� 3�� . A propertyof this form of the

exponentialcdf is that whenever an event doesoccur, the
probabilitythatit is arepairis

�
� � � � � ��� � � � � � � � � � �

andthatit is a failureis � � ��� � � � � � � � � � � [7]. Thesetwo
ratiosareindependentof the time the event occurs. Thus,
the transitionprobability to state  � ! � � �(% (or to state
 � ! ��% if � � � �
� ) is

�
� � � � � ��� � � � � � � � � � � , andthe

transitionprobabilityto state � ! � ���(% is � � � � � � � � � �� � � � .

5.3 Transition Weightings

Welabeleachtransition	 with two weightings,
��


and
� 


.
��


is theaverageamountof usefulwork performedin
thestatewhich the transitionis leaving, and � 


is theav-
erageamountof non-usefulwork. Our descriptionis based
on thestateswhich thetransitionsareleaving:

SystemRecoveryStates: A transition	�
���
 from state
 � !!� % to  � !>� % indicatesthata failurehasoccurredbefore
the�rst checkpointcompletes.Therefore,

��
������ � � , and
� 
������ � �)( . The transitionsfrom  �'!�� % to  � ! � � �(%
have the sameweightings. A transition 	 
���� from state
 �"!%� % to  � ! � % indicatesthat no failure hasoccurredin
the �rst ��� � � � seconds.Therefore

� 
 ����� � � , and
� 
 ����� � � � � .

SystemUp States: Let 	�� beany transitionfrom aSys-
tem Up State. The valuesof

� 
 �
and � 
 �

arecomputed
with referenceto the checkpointinterval

�
. The proba-

bility of the event “no active processorfailure in an inter-
val
�
” is *8,

�'"�� and the probability of its complementis
� � *8,

�'"�� $ Thesetwoeventsaretheoutcomesof aBernoulli
trial [10] for which themeannumberof trials until a failure
is � � � �"! #%$�

, � ��!
#%$ $ In otherwords, � is themeannumberof

intervals
�

completeduntil the �rst active processorfailure
occurs.

Therefore,
� 
 � �&� � � � 	�� . Theamountof non-useful

work is � 
�� �'� 	�� � � ��� � ��� . This includes� 	 for
theoverheadof all thesuccessfulcheckpointsplusthemean
durationof thelast,unsuccessfulinterval.

SystemDown States: Let 	�( )+* �-, beany transitionfrom
SystemDown State  � ! � % . Obviously,

� 
�. /10 243 � � .
� 
 . /10 243

is the meantime of occupancy in state  � ! � % :
� ��� � � � � ��� � � � � .

5.4 Calculating ����� �

Thetransitionprobabilitiesof � mayberepresentedin
a squarematrix P. Eachstateof � is given a row of P
suchthat 5 � � is theprobabilityof thetransitionfrom state�
to state� . Similarly, theweightingsmayberepresentedin

thematricesU andD. Weusethelong-runpropertiesof �
to compute� . � is a recurrentchainwith well-de�ned,
asymptoticproperties[11, 16]. In particular, the long-run,
unconditionalprobability of occupancy of state � in terms
of numberof transitionsis entry 6 � in theuniquesolutionof
thematrixequation7��&798 where � � 6 � � ��:%6 � ��� $

Once7 is obtained,theavailablility ����� � maybecalcu-
latedasthe ratio of the meanuseful time per transitionto
themeantotal timepertransition:

����� � � � � � � � � ��6 � 5 � �
� � � � � � � � � � � � �;6 � 5 � � $

� ��� � may then be usedto obtain optimal valuesof �
and

�
as detailed in Section 3. Greaterdetail on this

process,completewith examplecalculations,is available
in [21]. We have encapsulatedthe processin the form
of Matlab scripts, which are available on the web at
http://www.cs.utk.edu/˜plank/plank/avail/.

6 Case Studies

In the following sections,we detailninecasestudiesof
parameterselectionin checkpointingsystems.We selected
three long-runningparallel applicationsfrom the NASA
Ames NAS Parallel Benchmarks[1]. Theseare the BT
(block tridiagonalsolver),LU (linearequationsolver),and
EP(randomnumbergenerator)applications.

Name < =
BT >�?A@CBED4F�G�H�F�I%JLKEM >�?A@LBED4F�G�H�F�INJCKEO
LU >�?A@LBED4F�G�H�F�INJCK M >�?A@LBED4F�G�H�F�INJCK O
EP PRQ�S4T%UNV4WXTZY%W\[^]EQ�_O 1a` b (constant)

Table 1. Basic application data

For the purposesof parameterselection,��
 � , 	 � , � � ,
and � � must be functionsof � . Amdahl's law hasbeen
shown to characterizethe NAS Benchmarksvery well ac-
cordingto numberof processors� anda performancemet-
ric c basedon the input size[23]. Thus,we calculate��
 �
usinga slightly enhancedstatementof Amdahl's law:

� 
�� �
d �^c
� �

d &
� �

d (�c � d e $
We assumethat 	 � , � � , and � � areproportionalto the

totalglobalcheckpointsize 	 
 � , andthattheglobalcheck-
point is composedof globaldatapartitionedamongall the
processors(suchas the matrix in BT andLU), andrepli-
cated/privatedatafor eachprocessor. Thus, 	 
 � is a func-
tion of � anda sizemetric f :

	 
 � �hg � f � �ig & � �jg ( f �kg e $
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The �rst two termsarefor the replicated/privatedataand
the secondtwo are for the shareddata. The BT, LU and
EPapplicationshave clearde�nitions of c , and f whichare
includedin Table1.

For eachapplication,weusedtimingandcheckpointsize
datafrom a performancestudyof theNAS benchmarkson
a networkof SparcUltra workstations[3]. Fromthese,we
usedMatlab's regressiontools to calculatethe coef�cientsd � and g � . Thesearelistedin Table2.

Coef. BT LU EP� P 1.551e-02 9.400e-03 1.059e+02� O -3.788e+01 -3.441e+01 1.980e+02� M 3.643e-04 1.560e-04 5.767e+00���
-6.425e-01 -6.989e+00 -4.122e+01� P 1.875e-04 5.650e-04 0� O 1.952e+00 4.594e-01 1.700e+00� M 8.345e-02 1.882e-02 0� � -2.790e+01 -1.838e+01 0

Table 2. The coef�cients
d � and g � .

We constructedthreeprocessingenvironmentsfor our
casestudies.All threearebasedon publishedcheckpoint-
ingandfailure/repairdata.Weassumethatall arecomposed
of 32 processorsandexhibit the sameprocessingcapacity
astheUltra Sparcnetworkin [3]. However, they differ in
failurerate,repairrateandcheckpointingperformance.The
environmentsaredetailedin Table3 andbelow.

HIGH is a high-performanceenvironment character-
ized by low failure ratesandexcellentcheckpointingper-
formance. The failure and repair rates come from the
PRINCETON data set in [19], where failures are infre-
quent,andthecheckpointingperformancedatacomesfrom
CLIP [5], a checkpointerfor the Intel Paragon,which has
an extremely fast �le system. In HIGH , 	 , � and � are
equalbecauseCLIP cannotimplementthe copy-on-write
optimization.

MEDIUM is a medium-performanceworkstationnet-
work suchas the Ultra Sparcnetwork from [3]. We use
workstationfailure datafrom a studyon workstationfail-
ureson the Internet[14], and checkpointingperformance
datafrom aPVM checkpointeronasimilarworkstationnet-
work [17].

Environment � � �
!���
!

	
! 
 � !���

!HIGH P
M4O
� � UNS��Z_

PP � M�� U%S��;_
P _�]��O � � � ��� P _�]��O � � � ���

MIDDLE PP M
� � UNS��Z_
P

O
� �4O U%S��;_
P _�]��O
� � � ��� P _�]���
� P O�� ���

LOW P� � W � T
P��� W � T

P _�]��P � ��� ��� P _�]���
� O���� ���

Table 3. Failure, repair and checkpointing
data for the three processing envir onments.
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Figure 3. (a): Running time ( ��
 � ) of the appli­
cations as a function of the number of proces­
sors. (b): Checkpoint size ( 	 
 � ) 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 computationsonly whenthey
arenot in useby their owners.Failureandrepairdatawas
obtainedby theauthorsof [6], andthecheckpointingperfor-
mancedatawasgleanedfrom performanceresultsof Cos-
MiC' s transparentcheckpointerlibckp [27]. It is assumed
thatthecopy-on-writeoptimizationyieldsan80%improve-
mentin checkpointoverhead[18]. Thefailurerateof LOW
is extremelyhigh,which is typical of theseenvironments.

For eachapplication,we selecteda problemsize that
causesthecomputationto runbetween14and20hoursona
singleworkstationwith nocheckpointingor failures.These
arematrixsizesof 160and175for BT andLU respectively,
and � (�� randomnumbersfor EP. We thencalculatevalues
of ��
 � for � � � ��� � . Theseareplottedin Figure3(a)
(usinga log-logplot, meaningperfectspeedupis a straight
line). As displayedby this graph,EPshows the bestscal-
ability as � increases.BT andLU scalein a roughlyequal
manner. In theseinstances,BT takesa little longer than
LU. We assumethattheprogrammingsubstraterecognizes
processorfailures(asdoesPVM).

Thetotal checkpointsize 	 
 � for eachapplicationand
valueof � is calculatedusingthedatain Table2, andthen
plottedin Figure3(b). BT hasvery largecheckpoints(over
2 GB). Thecheckpointsin LU aresmaller, but grow faster
with � . EP's checkpointsarevery small (1.7 MB perpro-
cessor).

7 Experiment

For eachvalueof � from 1 to 32,wedeterminethevalue��� �C� of
�

that minimizes � ��� � . This is doneusingMatlab,
with astraightforwardparametersweepanditerativere�ne-
mentof valuesfor

� � �C� , makingsurethat
�!� �C� � � � . We
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Figure 4. Optimal expected running times of
all case studies in the presence of failures as
a function of � .

thencalculate��
 � � ����� � �

2
� , which is theoptimalexpected

runningtime of the applicationin the presenceof failures.
Theseareplottedusingthesolid linesin Figure4. Arrows
indicatewhenthesevaluesgo beyond the extent of the Y-
axes. In the MEDIUM cases,the valuesfor � � � � are
noted. Dotted lines plot ��
 � to compare��
�� � � ��� � �

2
� to

thefailure-freerunningtimes.Theoptimalvaluesof � and�
areshown in Table4.
The�rst thing to noteaboutFigure4 andTable4 is that

the optimalvalueof � varieswidely over all cases.In the
HIGH processingenvironment,theoptimal � in all casesis
31,meaningthatit is bestto alwayshave a spareprocessor
availablein caseof failure. If nospareis available,thenthe
applicationspendsasigni�cant amountof idle timewaiting
for failedprocessorsto berepaired.

In the MEDIUM processingenvironment,the optimal
� rangesfrom 13 to 29. The optimal � is smallerthan in
HIGH becauseof morefrequentfailuresandmuchlarger
latencies,overheads,andrecovery times. Of the applica-
tions,EPhasthehighestvalueof �

� �C� andthebestrunning
times.This is mainlybecauseof its smallercheckpoints.

In the LOW processingenvironment,BT andLU have
poorexpectedrunningtimes. The optimalvaluesof � are
one,andtheexpectedrunningtimesare12791hours(533
days)and89 hours(3.7 days)respectively. Thereasonfor
theselargerunningtimesis that � ��� is 5.9hoursfor BT
and1.6hoursfor LU. Bothof thesearelargerthanthesingle

processorMTTF of 1.2hours.Thus,evenwhen
�

equals� ,
mostof time of theseapplicationsis spentexecutingcode
thatwill notbecheckpointed.TheEPapplicationhasmuch
smallercheckpoints(its largest � � � valueis 0.15hours),
andthereforespendsmoretime performingusefulwork. It
achievesanacceptableoptimalrunningtime of 3.85hours
with �

� �L��� � � .
As shown by thedottedlines in Figure4 andthe right-

most column of Table 4, checkpointingand failures add
very little overheadin the HIGH processingenvironment.
In theMEDIUM environment,the smallercheckpointsof
EP lead to good performancein the presenceof failures,
while LU andBT performlesswell. In theLOW environ-
ment,BT is basicallyunrunnable.Giventhe natureof the
environmentand the sizeof the application,LU' s perfor-
manceis barelypassable,andEP's is decent. It is worth
noting that althoughcheckpointingandprocessmigration
environmentshave beenbuilt for idle workstationenviron-
ments[4, 6, 22], this is the�rst pieceof work thatattempts
to characterizethe performanceof large parallel applica-
tionsonsuchenvironments.

8 Related Work

As statedabove, therehasbeenmuchwork on check-
pointingperformancepredictionin thepresenceof failures
for uniprocessorand multi-processor(again,see[19, 26]
for citations).However, this is the�rst paperthatconsiders
theuseof spareprocessorsto taketheplaceof failedactive
processors.Of noteis thework of WongandFranklin[28],
whichassumesthattheprogrammayrecon�gureitself dur-
ing executionto usea variablenumberof processors.How-
ever, as statedin Section4, the majority of parallel pro-
gramsandcheckpointingenvironmentsdonotallow recon-
�guration (e.g.[1, 4, 9, 13,17, 20, 22,24]).

9 Conclusion

We have presenteda methodfor estimatingthe average
runningtime of a long-runningparallel program,enabled
with coordinatedcheckpointing,in thepresenceof failures
andrepairs. This methodallows a userto performan op-
timal selectionof the checkpointinginterval and number
of active processors.We have shown casestudiesof three
applicationsfrom the NAS parallelbenchmarksexecuting
on threedifferentbut realisticparallelprocessingenviron-
ments. Our resultsshow that the optimal numberof ac-
tiveprocessorscanvarywidely, andthattheselectionof the
numberof active processorscanhave a signi�cant effecton
theaveragerunningtime. We expectthismethodto beuse-
ful for thoseexecutinglong-runningprogramson parallel
processingenvironmentsthatareproneto failure.
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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,wecanattemptto illuminatethemethodwith stochas-
tic simulationbasedon iid exponentialfailureandrepairin-
tervals. This canboth validatethe model,as in [12], and
point to interestingareasof research.Second,we canex-
plore the impactof the assumptionof iid exponentialfail-
uresand repairs,by performingsimulationbasedon real
failure data, as in [19]. Third, we can attemptto study
a wider variety of checkpointingsystems,such as two-
level [25] anddisklesscheckpointingsystems[20].
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