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ABSTRACT

Cloud computing offers a variable-cost payment scheme that allows cloud customers to specify
thepricetheyarewillingtopayforrentingspotinstancesatmuchlowercoststhanfixedpayment
schemes,anddependingonthevaryingdemandfromcloudcustomers,cloudplatformscouldrevoke
spotinstancesatanytime.Toalleviatetheeffectofspotinstancerevocations,applicationsoften
employdifferentfault-tolerancemechanismstominimizeoreveneliminatethelostworkforeachspot
instancerevocation.However,thesefault-tolerancemechanismsincuradditionaloverheadrelatedto
applicationcompletiontimeanddeploymentcost.Thisarticleproposesanovelcloudmarket-based
approachforprovisioningspotinstancesusingfeaturesofcloudmarketstoreducethedeployment
costandcompletiontimeofapplications.Thesimulationresultsshowthattheapproachreducesthe
deploymentcostandcompletiontimecomparedtoapproachesbasedonfault-tolerancemechanisms.

KEywoRdS
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INTRodUCTIoN

Inthissection, theauthorsdescribecloudspotmarkets,discussdifferenttypesoffault-tolerance
mechanisms,andpresentourmajorcontributions.

Cloud Spot Markets
Cloudcomputingoffersavariable-costpaymentschemethatallowscloudcustomerstospecifythe
pricetheyarewillingtopayforrentingspotinstancestoruntheirapplicationsatmuchlowercosts
thanfixedpaymentschemes,anddependingonthevaryingdemandfromcloudcustomers,cloud
platformscouldrevokespotinstancesatanytime.Thepriceofaspotinstancecanincreaseifthe
demandincreasesandthenumberofavailableinstancesthatcanbesupportedbyafinitenumber
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ofphysical resources inadatacenterofcloudprovidersdecreases.Conversely, thepriceof this
spotinstancecandecreaseifthedemanddecreasesandthenumberofavailableinstancesincreases.
Therefore,ifthecustomer’spriceisgreaterthanthecloudprovider’spricethatdependsonthedemand,
aspotinstancewillbeprovisionedtocloudcustomers’applicationsatthecustomer’sprice.However,
whenspotinstancesarealreadyprovisionedtocloudcustomerapplicationsandthecloudprovider’s
pricegoesabovethecustomer’sprice,thecloudproviderswillterminatethosespotinstanceswithin
twominutesbysendingterminationnotificationsignals.Asaresult,eventhoughcloudcustomers
sometimesrentspotinstancesat90%lowerpricesthanon-demandprices(Amazon,2022),their
applicationsthatrunonspotinstancescanbeterminatedbasedonpricefluctuationsthathappen
frequently;thus,thoseapplicationsmayincuradditionaloverheadrelatedtoapplicationcompletion
timeanddeploymentcostfromre-executinglostworkforeachspotinstancerevocation.

Fault-Tolerance Mechanisms
Applicationsmaybenefitfromdifferentfault-tolerancemechanismstoalleviatetheworklostfor
eachspotinstancerevocation.However,thesefault-tolerancemechanismsincuradditionaloverhead
relatedtoapplicationcompletiontimeanddeploymentcost.Fault-tolerancemechanismsaretypically
dividedintothreetypes:migration,checkpointing,andreplication.First,migrationmechanismsare
oftenemployedtoreactivelymigratethestateofanapplication(i.e.,memoryandlocaldiskstate)to
anotherinstancepriortoaspotinstancerevocation(Goundaretal.,2018),asillustratedinFigure1.
Theoverheadofamigrationmechanismisdeterminedbasedonthemigrationtimeofanapplication
andthenumberofspotinstancerevocationsduringtheapplicationexecution.Themigrationtimeof
anapplicationmostlydependsontheresourceusageoftheapplication,whereasthenumberofspot
instancerevocationsdependsonthevolatilityofcloudspotmarkets(i.e.,availabilityzonesinAWS
regions).Alargerresourceusageofanapplicationoftenresultsinahigheroverheadofamigration
mechanism.Conversely,asmallerresourceusageofanapplicationoftenresultsinaloweroverhead
ofamigrationmechanism.Asimilarexplanationisapplicableforthevolatilityofcloudspotmarkets;
thus,ahigheroverheadofamigrationmechanismwillleadtoahigheroverheadofanapplication’s
completiontimeanddeploymentcost.

Second,checkpointingmechanismsareoftenemployedtoproactivelycheckpointanapplication’s
statetoremotestorage(e.g.,AWSS3)(Jaswaletal.,2022),asillustratedinFigure2.Theoverhead
ofacheckpointingmechanismisspecifiedbasedonthetimetocheckpointanapplication’sstate
andthenumberofcheckpoints,whichrepresentshowoftenanapplication’sstateisstoredinremote

Figure 1. An overview of a migration mechanism

Figure 2. An overview of a checkpointing mechanism
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storageduringtheapplicationexecution,alongwiththetimetore-executethelostworkfromthe
lastcheckpointforeachspotinstancerevocation.Thecheckpointingtimeofanapplicationrelies
on the resource usage of the application and the number of checkpoints typically specified by
engineerswhomaintainapplicationsdeployedonspotinstances.Ifengineersspecifyalargenumber
ofcheckpoints,theoverheadtimetore-executethelostworkfromthelastcheckpointforeachspot
instancerevocationwill likelydecrease,whereas theoverheadtimetocheckpoint thestateofan
applicationwilllikelyincrease.Conversely,ifengineersspecifyasmallnumberofcheckpoints,the
overheadtimetocheckpointthestateofanapplicationwilllikelydecrease,whereastheoverhead
timetore-executethelostworkfromthelastcheckpointforeachspotinstancerevocationwilllikely
increase.Hence,checkpointingmechanismsrequireanalyzingcloudspotmarketsandtheresource
usageofapplicationstooptimizethetradeoffbetweentheoverheadofactualcheckpointsandthe
overheadofre-executinglostwork.

Third,replicationmechanismsareoftenemployedtoreplicatethecomputationsofanapplication
amongdifferentinstances(Pandaetal.,2018),asillustratedinFigure3.Theoverheadofareplication
mechanismisbasedonthedegreeofreplication(i.e.,thenumberofreplicatedinstances)andthe
number of revocations that depends on the volatility of cloud spot markets and is independent
of the resource usage of an application. As a result, a higher overhead of these fault-tolerance
mechanismsleadstoahigheroverheadrelatedtoapplicationcompletiontimeanddeploymentcost.
Themotivationbehindthisworkisthatspotinstancerevocationsarerareinpractice(Sharmaetal.,
2017).Althoughtheavailabilityofspotinstancescannotbeguaranteed,theauthorsprovisionaspot
instancewithasignificantlylargelifetimeresultinginlowerdeploymentcostscomparedtofault-
tolerancemechanisms.

Major Contributions
Theauthorsaddressachallengingproblemforapplicationsdeployedoncloudspotinstancesthat
resultsfromtheoverheadofemployingfault-tolerancemechanisms.Theauthorsproposeanovel
cloud market-based approach for Provisioning Spot Instances using FEatures of cloud Markets
(P-SIFEM)toreducethedeploymentcostandcompletiontimeofapplications.P-SIFEMiscomposed
oftwokeyideas.(1)Akeyideaisthattheauthorscaneliminatetheadditionaloverheadresulting
fromemployingfault-tolerancemechanismsbyprovisioningaspotinstancewithahighlikelihood
ofcompletingjobsbeforerevocation.(2)Anotherideaisthattheauthorscanreduceconsequent
revocationswhenaspotinstanceisrevokedbyprovisioninganewspotinstancewiththenexthighest
lifetimeandahighrevocationgapwiththerevokedspotinstance.TheauthorsevaluateP-SIFEMin
simulationsanduseAmazonspotinstancesthatcontainjobsinDockercontainersandrealisticprice
tracesfromEC2markets.Oursimulationresultsshowthatourapproachreducesthedeploymentcost
andcompletiontimecomparedtoapproachesbasedonfault-tolerancemechanisms.TheP-SIFEM
codeandoursimulationresultsarepubliclyavailable.

Figure 3. An overview of a replication mechanism
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Thispaperisanextensionofourpaperwiththefollowingnewcontributions:

• TheauthorspresentadditionalexperimentalresultsforevaluatingtheeffectivenessofP-SIFEM
with different settings of a fault-tolerance approach, along with an illustrative example of
P-SIFEM.

• The authors add a formal framework, model, and mathematical description for the overall
deploymenttimeandcostwhenusingP-SIFEMandthefault-toleranceapproach.

• Theauthorsaddaformalframework,model,andmathematicaldescriptionforfeaturesofcloud
spotmarketsusedbyP-SIFEM,suchasthespotinstancelifetime,revocationprobability,and
revocationgapbetweencloudspotmarkets.

• TheauthorsprovideadetailedliteraturereviewandthreatstothevalidityofP-SIFEM,along
withmultipledirectionsforfuturework.

Theremainderofthispaperisorganizedasfollows.Therelatedworksectionpresentsrelatedwork.
Theproblemstatementsectiondefinestheproblemstatement.Inourapproachsection,theauthors
explainourapproachforProvisioningSpotInstancesusingFEaturesofcloudMarkets(P-SIFEM),
describeourkeyideasforP-SIFEM,andexplaintheP-SIFEMalgorithm.Theevaluationsection
providestheevaluation.Theresultssectiondiscussestheresults.Finally,theauthorsconcludethis
workintheconclusionsection.

RELATEd woRK

Inthissection,theauthorsdiscusstherelatedworkconcerningmodelingspotmarkets,employing
fault-tolerancemechanisms,andoptimizingresourceprovisioning.

Modeling Spot Markets
Thereisa largebodyofworkinmodelingspotmarkets toreducethespot instancecostandthe
performancepenaltythatresultsfromahighnumberofrevocationsbydesigningoptimalbidding
strategies(Khodaketal.,2018;Herzfeldtetal.,2020)anddevelopingpredictionschemes(Mishraet
al.,2019).Khodaketal.(2018)proposedanadaptivebiddingapproachthatleveragesclouddynamics
tooptimizespotinstancebiddingstrategies.Mishraetal.(2019)proposedanapproachbasedon
probabilitybetweenhistoricalpricetransitionsforshorttermpricepredictionofspotinstances.Javadi
etal.(2011)proposedastatisticalapproachtoanalyzechangesinspotpricevariationsandthetime
betweenpricevariationstoexplorethecharacterizationofspotinstancesthatarerequiredtodesign
fault-tolerantalgorithmsforapplicationsdeployedoncloudspotinstances.

Employing Fault-Tolerance Mechanisms
Severalpriorworksfocusedonreducingtheeffectofspotinstancerevocationsusingfault-tolerance
methods(Subramanyaetal.,2015;Goundaretal.,2018),suchasvirtualmachine(VM)migration
(Sharmaetal.,2017;Singhetal.,2022;Shastrietal.,2017;Soltanietal.,2020;Priyankaetal.,2021),
replication(Dharwadkaretal.,2018;Pandaetal.,2018),andcheckpointing(Jaswaletal.,2022;
Subramanyaetal.,2015).Subramanyaetal.(2015)proposedabatchcomputingservicethatchooses
afault-toleranceapproachandacloudspotmarkettoreducetheeffectofspotinstancerevocations
without requiring application change. Sharma et al. (2017) focused on changing applications to
determineandmigratetothelowestcostinstances,leadingtolargedeploymentcostsavingswitha
neglectableimpactoncompletiontime.However,thisworkissubjecttolimitedtypesofapplication
architectures,suchasMapReducearchitecturesnotbeingapplicabletochangingapplications,asspot
priceschangeduetogeographicalconstraints.Shastrietal.(2017)proposedaresourcecontainer
thatenablesapplicationstoself-migratetonewspotVMsinawaythatoptimizescostefficiencyas
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cloudspotpriceschange.Dharwadkaretal.(2018)proposedantaskschedulingapproachbasedon
replicationstrategiestoeconomicallyandefficientlyrunscientificapplications.Jaswaletal.(2022)
proposedacheckpointmechanismthateffectivelyidentifiesmaliciousfaultstoensurethereliability
ofprovidedcloudservices.

optimizing Resource Provisioning
Therehasbeensignificantpriorworkonoptimizingresourceprovisioning,includingpaymentschemes
(Vinothinaetal.,2022;Bishtetal.,2022;Aliyuetal.,2020),resourceelasticity(Ahujaetal.,2020;
Nandaletal.,2021;Sahanaetal.,2020;Gondetal.,2019;Youssefetal.,2018)resourcereclamations
(Sharmaetal.,2019;Funaroetal.,2019;Harrathetal.,2019),testingtheeffectofspotinstance
revocations(Alouranietal.,2020),andoptimizingperformance(Kapgate,2021;Ahammadetal.,
2021;Swarnakaretal.,2021).Sharmaetal.(2019)presentedahybridapproachbasedonpricing
andsystemmodelsthatencouragesself-cappingtoincreasecloudutilization.Aliyuetal.(2020)
presentedahybridmeta-heuristicapproachbasedontheantcolonyoptimizationmodeltoeffectively
provisioncloudcomputingresources.Bishtetal.(2022)proposedaworkflowschedulingalgorithm
basedonResourcesfromheterogeneousenvironmentstoreducemakespan,energyconsumption,load
balancing,anddeploymentcost.Harrathetal.(2019)proposedaresourceprovisioningapproachbased
onamulti-objectivegeneticalgorithmtoprovisionreal-timetaskstocloudcomputingresources.

Critical Analysis
Tothebestofourknowledge,P-SIFEMisthefirstsolutionforprovisioningspotinstanceswithout
employingfault-tolerancemechanisms.Whilemanyofthepriorworksfocusedonreducingtheeffect
ofspotinstancerevocationsbymodelingspotmarketsandusingfault-tolerancemethods,theseworks
aresubjecttoalteringpricingalgorithmsandareexposedtoincurringoverheadrelatedtoapplication
completiontimeanddeploymentcost,respectively.Incontrast,P-SIFEMleveragesfeaturesofcloud
spotmarketstomitigatetheeffectofspotinstancerevocations.Additionally,P-SIFEMisorthogonal
tooptimizingresourceprovisioningapproachestoeconomicallydeployapplicationsinclouds.

PRoBLEM STATEMENT

Inthissection,theauthorsdescribeanillustrativeexampleofP-SIFEMandformulatetheproblem
statement.

An Illustrative Example
AnillustrativeexampleisshowninFigure4.Applicationsdeployedoncloudspotinstancesareoften
exposedtorevocationsbycloudproviders,andasaresult,theseapplicationsoftenemployvarious
fault-tolerancemechanismstoalleviatetheeffectofspotinstancerevocations.However,thesefault-
tolerancemechanismsoftenincuradditionaloverheadrelatedtoapplicationcompletiontimeand
deploymentcost.Ourillustrativeexampleshowsacomparisonofdeploymentcostsforprovisioning
spotinstancesusingafault-toleranceapproachandacloudmarket-basedapproach(i.e.,P-SIFEM).
Sincecloudspotinstancesareoftenusedtorunbatchjobapplications,theauthorsuseabatchjob
applicationthroughouttheillustrativeexampletocomputethedeploymentcostforprovisioningspot
instancesusingtheseapproaches.Asanexample,theauthorsassumeacloudspotmarketcontains
threespotinstances(i.e.,SpotInstance1,SpotInstance2,andSpotInstance3)thatmeettheresource
requirementsforabatchjob(i.e.,ajobof10hoursexecutionlengthand64GBofmemoryfootprint).
Foreaseofcalculation,theauthorsassignafixedpriceperhourforeachspotinstancethroughout
theentirejobruntime.ThepricesofSpotInstance1,SpotInstance2,andSpotInstance3are$1.2,
$1.25,and$1.3,respectively,andthelifetimesofSpotInstance1,SpotInstance2,andSpotInstance
3are4,16,and24hours,respectively,asillustratedinTable1inFigure4.
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First,theauthorsrunthejobusingafault-toleranceapproachthatemploysacheckpointing
mechanismandacost-drivenselectionpolicythatselectsaspotinstancewiththelowestprice.To
employthecheckpointingmechanism,theauthorsneedtospecifythenumberofcheckpointsina
waythatbalancestheoverheadofactualcheckpointingandtheoverheadofre-executingthelost
workfromthelastcheckpointforeachspotinstancerevocation.Sincethedeploymentcostdepends
onthenumberofbillingcycles,theauthorsspecifythenumberofcheckpointsforajobbasedon
thenumberofbillingcycles(i.e.,acheckpointistakenineachbillingcycle).Supposethetimeto
checkpointthestateofajobtoremotestorage(i.e.,T

c
)isfiveminutesandthetimetorestorea

checkpoint fromremote storage (i.e., recovery timeorT
r

) is also fiveminutes. Initially,Spot
Instance1willbeselectedbasedonthecost-drivenselectionpolicytorunthejob(i.e.,T

e
)until

SpotInstance1isrevokedafterfourhoursaccordingtothelifetimeofSpotInstance1.Additionally,
acheckpointwillbetaken/storedineachbillingcycle(i.e.,anhourbasedonthebillingpolicies
ofvariouscloudcomputingplatforms(Amazon,2022)).SpotInstance1willcompleteexecuting
threehoursofthejoband15minutesforstoringthreecheckpointsbeforeSpotInstance1isrevoked
atitsfourthhourofexecutionaccordingtothelifetimeofSpotInstance1,andtherewillbe45
minutesoflostworkthatwasexecutedbutnotsavedintoremotestorage(i.e.,acheckpoint).Thus,
thebillingtimeisfourhours,whereasthecompletedexecutiontimeofthejobisthreehoursand
theoverheadtimeresultingfromcheckpointsandlostworkisonehour,asillustratedinTable2
inFigure4.Toresumethejobexecution,SpotInstance1willagainbeselectedbasedonthecost-
drivenselectionpolicy; then, the lastcheckpointwillberestored,whichtakesfiveminutes, to
resumetheexecutionforanotherthreehoursplus15minutesforstoringthreecheckpointsbefore
thisspotinstanceisrevokedatitsfourthhourofexecution,andtherewillbe40minutesoflost
workthatwasexecutedbutnotsavedinremotestorage.Thus,thebillingtimeincreasesbyfour
hourstobecomeeighthours,whereasthecompletedexecutiontimeofthejobincreasesbythree

Figure 4. An illustrative example of P-SIFEM. T
c

 designates the checkpoint time, T
e

 designates the execution time, T
l

 designates 

the lost work time, and T
r

 designates the restoring time. The overhead time includes the checkpoint time, the restoring time, 
and the re-execution time of the lost work. Table 1 includes an overview of cloud spot markets: the names of spot instances 
followed by their lifetimes and their costs per hour rate (i.e., a single billing cycle in cloud platforms (Amazon, 2022)). The other 
tables represent the deployment information at certain points of execution.
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hourstobecomesixhoursintotalandtheoverheadtimeincreasesbyonehourtobecometwo
hoursintotal,asillustratedinTable3inFigure4.Similarly,thenextrunwillcompleteexecuting
anotherthreehours,20minutesforstoring/restoringcheckpoints,and40minutesoflostwork.At
thispoint,thebillingtimeis12hours,whereasthecompletedexecutiontimeofthejobisnine
hours, and theoverhead time is threehours, as illustrated inTable4 inFigure4.Again,Spot
Instance 1 will be selected, and the last checkpoint will be restored to resume the remaining
executionofthejobforthelasthour;then,SpotInstance1willberevokedduetothecompletion
ofthejobexecution.Sincethelastexecutiontimeisonehourandfiveminutes,thebillingtime
willberoundeduptotwohoursbasedonthebillingpolicythatchargesarecountedperbilling
cycle(i.e.,acompletehour).Thebillingtimeis14hours,whereasthecompletedexecutiontime
ofthejobis10hours,andtheoverheadtimeisfourhours,asillustratedinTable5inFigure4.As
aresult,thetotalcostofexecutingthisjobusingthefault-toleranceapproachwillbe$16.8,which
isthebillingtime(i.e.,14hours)multipliedbythepriceofselectedspotinstancesthroughoutthe
entirejobruntime(i.e.,thepriceofSpotInstance1,whichis$1.2).

Second,theauthorsrunthejobusingacloudmarket-basedapproachthatusesthespotinstance
lifetimeandalifetime-drivenselectionpolicythatselectsthespotinstancewiththehighestlifetime.
Toreducetherevocationriskofthispolicy,theauthorslimittheselectionofspotinstancesto
instanceswhoselifetimesaresignificantlyhigherthanthejob’sexecutionlength.Whenusingthe
cloudmarket-basedapproach,ifaspotinstanceisrevoked,thejobwillbere-executedfromthe
beginning,andtheworkbeforetherevocationwillbelost.Whenthejobisexecutedusingthecloud
market-basedapproach,SpotInstance3willbeselectedbasedonthe lifetime-drivenselection
policytoexecutethejobuntilthejobexecutioniscompletedorSpotInstance3isrevokedafter24
hoursaccordingtothelifetimeofSpotInstance3.SpotInstance3willcomplete10hoursofthe
jobexecutionandwillbeterminatedbeforeitisrevokedaccordingtothelifetimeofSpotInstance
3,asillustratedinTable6inFigure4.Thus,thetotalcostofexecutingthisjobusingthecloud
market-basedapproachwillbe$13,whichisthebillingtime(i.e.,10hours)multipliedbytheprice
ofselectedspotinstancesthroughouttheentirejobruntime(i.e.,thepriceofSpotInstance3,which
is$1.3).Insummary,eventhoughthefault-toleranceapproachselectsthemostinexpensivespot
instanceinthecloudspotmarkettorunthejob,thisapproachleadstoahigherdeploymentcost
resultingfromtheoverheadofthefault-toleranceapproach(i.e.,thecheckpointingmechanism).
Ontheotherhand,thecloudmarket-basedapproachselectsthemostexpensivespotinstancein
thecloudspotmarketbutresultsinalowerdeploymentcostsincethisapproachdoesnotincur
anyadditionaloverheadresultingfromemployingfault-tolerancemechanisms.Asaresult, the
cloudmarket-basedapproachenablescloudcustomerstoavoidunnecessaryoverheadresulting
fromemployingfault-tolerancemechanismswhilebenefitingfromspotinstances’extraordinarily
lowerpricescomparedtoon-demandinstances’prices.

Finally,althoughcloudmarket-basedapproachescouldreducedeploymentcostscompared
tofault-toleranceapproaches,cloudmarket-basedapproachescannotguaranteetheavailabilityof
spotinstancesthatdependonthevaryingdemandsofmanycloudcustomers,leadingtohigher
deploymentcostsandcompletiontimesthanthefault-toleranceapproaches.Forexample,when
thejobisexecutedusingthecloudmarket-basedapproach,SpotInstance3willbeselectedbased
onthelifetime-drivenselectionpolicytoexecutethejobuntilthejobexecutioniscompletedor
SpotInstance3isrevokedafter24hoursaccordingtothelifetimeofSpotInstance3.However,
suppose thatSpot Instance3 is revokedrightbefore thecompletionof the jobexecution(e.g.,
after9hours)asapartofthenormalbehaviorofspotinstances.Then,thejobwillbere-executed
fromthebeginning,andtheworkbeforetherevocationwillbelost.Toresumejobexecution,Spot
Instance3willagainbeselectedbasedonthelifetime-drivenselectionpolicy.SpotInstance3
willcomplete10hoursofjobexecutionandwillbeterminatedbeforeitisrevokedaccordingto
itslifetime.Thus,thebillingtimeincreasesby10hourstobecome20hours,andthetotalcostof
executingthisjobusingthecloudmarket-basedapproachwillbe$26,whichisthebillingtime
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(i.e.,20hours)multipliedbythepriceofselectedspotinstancesthroughouttheentirejobruntime
(i.e.,thepriceofSpotInstance3,whichis$1.3).Inthiscase,thecloudmarket-basedapproach
leadstomuchhigherdeploymentcostsandcompletiontimethanthefault-toleranceapproach.As
aresult,thevolatilityofcloudmarketshasahighimpactontheeffectivenessofcloudmarket-
basedapproaches.

The Problem Statement
Cloudcomputingoffersavariable-costpaymentschemethatallowscloudcustomerstospecify
thepricetheyarewillingtopayforrentingspotinstancestoruntheirapplicationsatmuchlower
costs than fixed payment schemes. In exchange, applications deployed on spot instances are
oftenexposedtorevocationsbycloudproviders,andasaresult,theseapplicationsoftenemploy
differentfault-tolerancemechanismstominimizeoreveneliminatethelostworkforeachspot
instancerevocation.However,thesefault-tolerancemechanismsincuradditionaloverheadrelated
toapplicationcompletiontimeanddeploymentcost.Inthispaper,theauthorsaddressachallenging
problem for applications deployed on cloud spot instances that results from the overhead of
employingfault-tolerancemechanisms—determininghowtoeffectivelydeployapplicationsonspot
instancesusingfeaturesofcloudmarketstoreducethedeploymentcostandcompletiontimeof
applications.Therootofthisproblemisthatapplicationsoftenemployfault-tolerancemechanisms
tominimizethelostworkforeachspotinstancerevocationwithouttakingintoconsiderationthe
overhead of fault-tolerance mechanisms, leading to significantly larger deployment costs and
completiontimesofapplications,andasaresult,theadvantagesofcloudspotinstancescouldbe
significantlyminimizedorevencompletelyeliminated:
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oUR APPRoACH

Inthissection,theauthorsstateourkeyideasforP-SIFEM,outlinethearchitectureofP-SIFEM,
andexplaintheP-SIFEMalgorithm.

Key Ideas
Agoalofourapproachistoautomaticallyprovisionspotinstanceswithoutemployingfault-tolerance
mechanisms to reduce the deployment cost and completion time of applications. Our approach
leveragesfeaturesofcloudspotmarketssuchasthespotinstancelifetime,revocationprobability,
andrevocationcorrelationbetweencloudspotmarketsandprovisionspotinstancesforapplications.
Thespotinstancelifetime(i.e.,meantimetorevocation(MTTR))describedbyEq.(1)represents
theaveragetimeuntilaspotinstance’spricerisesabovethecorrespondingon-demandinstanceprice
becausecloudcustomersareoftennotwillingtopaymorethantheon-demandpricetorentspot
instances.Theauthorsusethecorrespondingon-demandpricesinsteadofcustomerbidstocompute
thelifetimeofspotinstances.SinceAmazonrecentlychangeditspricingpolicy(NewSpotInstance
Pricing,2022),suchthatcustomersarenolongerrequiredtoplacebids,andsincespotpricesare
basedonsupplyanddemand,revocationsarenolongercorrelatedtocustomerbids.Therevocation
probabilityofeachspot instancedescribedbyEq.(2)represents theestimatedlifetimeofaspot
instanceduringajobexecutionandiscalculatedbydividingthejob’sexecutionlengthbythelifetime
oftheprovisionedspotinstance.Therevocationcorrelationbetweencloudspotinstancesdescribed
byEq.(3)representshowoftenthesespotinstanceswererevokedatthesametime(i.e.,thesame
hourrepresentingasinglebillingcycleincloudplatforms(Amazon,2022))overthreemonthsfrom
June2019toSeptember2019.

In general, cloud spot markets show a broad range of characteristics. These important
characteristicsareatthecoreofourapproach.First,revocationsrarelyoccurinsomecloudspot
markets, so the lifetimeof thesemarkets is veryhigh (i.e.,>600hours) (Sharmaet al., 2017).
Althoughtheavailabilityofspotinstancescannotbeguaranteed,theauthorsprovisionaspotinstance
withasignificantlylargelifetime,resultinginlowerdeploymentcostscomparedtofault-tolerance
mechanisms.Second,employingfault-tolerancemechanismsoften results inadditionaloverhead
relatedtoapplicationcompletiontimeanddeploymentcost(Subramanyaetal.,2015).Third,cloud
spotmarketsexhibitvariationsinpricecharacteristicsforasimilartypeofspotinstanceacrossvarious
cloudspotmarkets(i.e.,availabilityzonesinAWSregions).Thus,aspotinstanceinacloudmarket
isoftenindependentofaspotinstanceinanothercloudmarket,whichsuggeststhataspotinstance’s
revocation in a cloudmarket is oftenuncorrelatedwith a spot instance in another cloudmarket
(Sharmaetal.,2017).Basedonthesecharacteristics,ourkeyideaisthattheauthorscaneliminate
theadditionaloverheadresultingfromemployingfault-tolerancemechanismsbyprovisioningaspot
instancewithahighlikelihoodofcompletingjobsbeforerevocation.

Another idea is that the authors can reduce consequent revocationswhena spot instance is
revokedbyprovisioninganewspotinstancewiththenexthighestlifetimeandahighrevocationgap
withtherevokedspotinstance.Whentheauthorsprovisionaspotinstancethatisuncorrelatedwith
therevokedspotinstance,itismoreunlikelythatthenewspotinstancewillberevokedagainthan
anotherspotinstancethatishighlycorrelatedwiththerevokedspotinstance.Asaresult,thesekey
ideasenablecloudcustomerstoavoidunnecessaryoverheadresultingfromemployingfault-tolerance
mechanisms;hence,cloudcustomerscanexecutejobswithacompletiontimenearthatofon-demand
instancesbutatacostofonlyspotinstances.

overview of P-SIFEM
ThearchitectureofP-SIFEMisillustratedinFigure5.CloudmarketfeaturesareatthecoreofP-SIFEM
toprovisionspotinstancesforapplications.Provisioningspotinstancesforapplicationsbasedon
cloudmarketfeaturesreducesthedeploymentcostofjobscomparedtothedeploymentcostofjobs
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usingafault-toleranceapproachoron-demandinstances,inadditiontomaintainingacompletion
timenearthatofon-demandinstances.TherearefourmainphasesinP-SIFEM.1)Collectingcloud
marketpricesandtheresourcerequirementsforajob.Initially,P-SIFEMusesEC2’sRESTAPIto
collectcloudmarketpricesforallinstances(i.e.,servers)acrossallmarkets(i.e.,availabilityzones
andregions)overthreemonths.P-SIFEMsupportsapredefinedresourceusageofajobtoguidethe
selectionofspotinstancesandassumesajob’sresourceusagedoesnotchangesignificantly(i.e.,
unphased jobs)overruntime.2)Analyzingcloudspotmarket features to identifyasuitablespot
instancefora job.P-SIFEMfirstfilterscloudspotmarkets toidentifyspot instancesthatsatisfy
the job’s resourceusagerequirementsand thencomputes the lifetimeforeachspot instance, the
revocationprobabilityforthejobandacertainspotinstance,andtherevocationcorrelationbetween
cloudspotinstances.P-SIFEMsortsthespotinstances’lifetimesindescendingordertoprovision
thespotinstancewiththehighestlifetimeaslongasthelifetimeofthespotinstanceissignificantly
higherthanthejob’sexecutionlength.P-SIFEMusestherevocationprobabilitytodeterminewhen
aspotinstancemightberevokedduringitsexecution.

Additionally,P-SIFEMusestherevocationcorrelationbetweenapairofcloudspotinstances
whentheprovisionedspotinstanceisrevokedtoprovisionanewspotinstancethatislesscorrelated
orevenuncorrelatedwiththerevokedspotinstancetoreducethelikelihoodthatthenewspotinstance
willagainberevokedoverthejob’sruntime.3)Provisioningasuitablespotinstanceforthejob.
P-SIFEMusesthefeaturesofcloudspotmarketsandtheresourcerequirementsofspotinstancesto
provisionasuitablespotinstanceforajob.4)Monitoringcloudmarketpricesandthejobexecution
progressoverthejob’sexecution.P-SIFEMmonitorscloudmarketpricestodeterminewhenaspot
instanceisrevokedbasedontherevocationprobabilityoftheprovisionedspotinstance.Whenthe
provisionedspotinstanceisrevoked,P-SIFEMprovidesanewspotinstancewiththenexthighest
lifetimeandalowrevocationcorrelationwiththerevokedspotinstance.P-SIFEMalsomonitorsthe

Figure 5. The architecture of P-SIFEM
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progressofthejobexecutiontodeterminewhenthejobexecutioniscompleted.Finally,ourhypothesis
isthatleveragingcloudmarketfeatureswithoutemployingfault-tolerancemechanismstoprovision
spotinstancesforapplicationsreducesthedeploymentcostcomparedtothedeploymentcostusing
fault-toleranceapproachesoron-demandinstancesandmaintainsthecompletiontimenearthatof
on-demandinstances.

Algorithm1.P-SIFEM’salgorithmforprovisioningspotinstancesusingfeaturesofcloudmarkets

1: Inputs: Jobs J , Cloud Markets M , Resources R
2: U  ← FindSuitableServers(J , R )
3: L  ← ComputeLifeTime(M , U )
4: for each j  in J  do
5:      S

j
 ← ServerBasedLifeTime ( j , M , L )

6:      while j  ← Completed do
7:           s

j
 ← Highest(S

j
)

8:           if length(s
j
) >> length( j ) then

9:                v
sj
 ← RevocationProbability ( j , s

j
)

10:                ProvisionHighestLifeTime ( j , s
j
)

11:                if s
j
 encounters v

sj
 then

12:                     C
j
, T

j
 ← C

j
∪ {c

sj
}, T

j
∪ { t

sj
}

13:                     G
sj
 ← FindLowCorrelation ( j , s

j
)

14:                     S
j
 ← (S

j
 \ {s

j
}) ∩ G

sj

15:                end if
16:           end if
17:      end while
18:      C

j
, T

j
 ← C

j
∪ {c

sj
}, T

j
∪ { t

sj
}

19:      C , T  ← ComputeCostExeTime (C
j
, T

j
)

20: end for
21: return C , T

P-SIFEM Algorithm
P-SIFEMisillustratedinAlgorithm1thattakesinthebatchjobsetJ ;theresourcerequirementset
R ;andtheentiresetofcloudmarketsM ,containingon-demandinstancetypes,pricesofon-demand
instances,spotinstancetypes,theiravailabilityzones,theirregions,andspotinstancepricesover
threemonths.StartingfromStep2,thealgorithmfindsasuitablesetofspotinstancesU thatmeet
theresourcerequirements,whichareprovidedbyengineerswhocreateandmaintaincloud-based
applications(e.g.,batchjobs).InP-SIFEM,theauthorsusethememorysizetodeterminesuitable
sizesofspot instances thataresupportedbyEC2markets (Amazon,2022).Theauthorsuse the
memorysizetodeterminesuitablespotinstances,asthememorymaintainsthestateofarunning
application,whichhasasignificantinfluenceontheoverheadrelatedtoapplicationcompletiontime
(i.e.,theapplication’scheckpointingtime).P-SIFEMselectsspotinstancesthatexactlymatchthe
requiredsizeofthememorytoensurethatapplicationcompletiontimedoesnotvarywhenalarger
memorysizeispermitted.InStep3,foreachsuitablespotinstance,thespotinstancelifetime(i.e.,
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thespotinstance’sMTTR)iscomputedbasedonthecorrespondingon-demandinstanceprice.L is
thesetofsuchlifetimes.

InSteps4-20,foreachjob,thealgorithmisexecuteduntilthejobsinthejobsetarecompleted.
InStep5,thecloudspotmarketsarefirstfilteredtoincludeonlyasetofsuitablespotinstancesS

j


forthejob j accordingtotheirlifetimesL ,andthenthesespotinstancesaresortedindescending
orderbasedontheirlifetimes.InSteps6–17,job j isexecuteduntilthejob’sexecutioniscompleted.
InStep7,thealgorithmselectsaspotinstance s

j
withthehighestlifetime.InStep8,theauthors

ensure that thehighest lifetime for the spot instance s
j
 is significantlyhigher than the job j s' 

executionlengthtoreducetherevocationprobabilityoftheprovisionedspotinstanceduringthejob
execution.InStep9,thealgorithmcomputestherevocationprobabilityofjob j scheduledoninstance
s ,calledv

sj
,bydividingthejob j s' executionlengthbythelifetimeoftheprovisionedspotinstance

s
j
,asdescribedbyEq.(2).InStep10,thespotinstances

j
withthehighestlifetimeisprovisioned

to(re)startexecutingjob j :

T st et rt
P

s

n

s s s
= + +( )

=
∑

1

 (4)

wheren designatesthetotalnumberofprovisionedspotinstancestoexecuteacertainjob.st
s
,et

s
,

andrt
s

arethestartuptime,theexecutiontime,andthere-executiontime,respectively,ofaprovisioned
spotinstancesduringthejobexecutionwhenusingP-SIFEM:
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wheren designatesthetotalnumberofprovisionedspotinstancestoexecuteacertainjob.st
s
,et

s
,

rt
s

,bt
s
,and p

s
arethestartuptime,theexecutiontime,there-executiontime,thebuffertime,and

theprice,respectively,ofaprovisionedspotinstances duringjobexecutionwhenusingP-SIFEM.
InSteps11–15,thealgorithmcheckswhethertheprovisionedspotinstances

j
isrevokedbased

onitsrevocationprobability v
sj

duringjobexecution j .Whenaspotinstance s
j
isrevoked,the

deploymenttime t
sj

andcost c
sj

areaddedtothetotaldeploymenttimesetT
j
andcostsetC

j
,

respectively,inStep12.InP-SIFEM,thedeploymenttimerepresentsthejob’sexecutiontimeuntil
the spot instance is revoked, the deployment cost of a spot instance represents the price of the
provisionedspotinstanceatacertainexecutionpoint,andthecostiscomputedataperhourrate
(i.e.,asinglebillingcycleincloudplatforms(Amazon,2022)).InStep13,thehighrevocationgap
setG

sj
withtherevokedspot instanceiscomputedusingtherevocationgapbetweencloudspot

instances.InStep14,therevokedspotinstanceisremovedfromthesetofsuitablespotinstances
S
j
,andthesetofsuitablespotinstancesS

j
isfilteredbasedonahighrevocationgapsetG

sj
.The

cycleofSteps6–17repeatsuntilthejob j s' executioniscompleted.Whenthejob j s' execution
iscompleted,thedeploymenttimet

sj
andcostc

sj
areaddedtothetotaldeploymenttimesetT

j
and

costsetC
j
,respectively,inStep18.InStep19,thetotaldeploymenttimesetT

j
andcostsetC

j


arecomputedandthenaddedtotheoveralldeploymenttimeT (i.e.,T
p

)describedbyEq.(4)and
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costC (i.e.,C
p

)describedbyEq.(5),respectively.ThecycleofSteps4–20repeatsuntilthejobs
inthejobsetarecompleted.Finally,thetotaldeploymenttimeT andcostC arereturnedinStep
21asthealgorithmends.

EVALUATIoN

Inthissection,theauthorsdescribethedesignofthestudytoevaluateP-SIFEMandstatethreatsto
itsvalidity.Theauthorsposethefollowingresearchquestions(RQs):

RQ1:HowefficientisP-SIFEMcomparedtoafault-toleranceapproachinexecutingapplications?
RQ2:HoweffectiveisP-SIFEMcomparedtoafault-toleranceapproachinreducingthedeployment

costofapplications?
RQ3: Does optimizing the settings of a fault-tolerance approach eliminate the effectiveness of

P-SIFEM?

Subject Applications
The authors evaluate P-SIFEM in simulations and use Amazon spot instances that contain jobs
in Docker containers and realistic price traces from EC2 markets, which contain approximately
7,600independentspotpricesfordifferenttypesofinstancesamong44availabilityzones(i.e.,data
centers)in16regions.P-SIFEMpackagesjobsinDockercontainershelpstosimplifyrestorationand
checkpointing.TheauthorsuseAmazonspotinstancessincetheirlifetimesoftenexceedhundredsof
hours,unlikethelifetimesforGooglepreemptibleinstances,whicharelessthan24hours(Sharma
etal.,2019).Additionally,theauthorsuseDockercontainerssincetheysupportcheckpointingand
restoringcontainerimages.TheauthorsusealoadgeneratorcalledLookbusy(Carraway,2022)to
createsyntheticjobswithdifferentamountsofresourceusage.Inaddition,P-SIFEMusesEC2’s
RESTAPItocollectrealisticpricetracesforallspotinstancesacrossallmarkets(i.e.,availability
zonesandregions)forthreemonthsfromJune2019toSeptember2019.

Theauthorsconductsomeanalysisonthecollectedcloudmarketpricestocomputeaspot
instance’slifetimetoidentifythespotinstance’slifetimebasedonitsrevocationsoverthreemonths
andtoseedourP-SIFEMforprovisioningspotinstances(i.e.,P-SIFEMlooksforthespotinstance
withthehighestlifetimetoprovisionitforajobaslongasthelifetimeofthisspotinstanceis
significantlyhigherthanthejob’sexecutionlength).Theauthorsalsousethecollectedcloudmarket
pricestocomputetherevocationcorrelationbetweencloudspotinstancestoidentifyhowoften
apairofspotinstanceswererevokedatthesametime(i.e.,thesamehourrepresentingasingle
billingcycle (Amazon,2022))over threemonthsand to seedourP-SIFEMfor reprovisioning
spotinstances,i.e.,P-SIFEMlooksforaspotinstancethathasalowrevocationcorrelationwith
therevokedspot instance toreduce therevocationprobabilityof theprovisionedspot instance
overthejob’sexecution.Inotherwords,whentheauthorsprovisionaspotinstancethatisless
correlatedwiththerevokedspotinstance,itismoreunlikelythatthenewspotinstancewillbe
revokedagainthananotherspotinstancethatishighlycorrelatedwiththerevokedspotinstance.
Asaresult,ourP-SIFEMsimulatorutilizestheseanalysesofcloudmarketsto(re)provisionspot
instanceswithoutemployingfault-tolerancemechanismsandhencereducesthedeploymentcost
andcompletiontimeofapplications:

T st et vt ct rt
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s

n

s s s s s
= + + + +( )

=
∑
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wheren designatesthetotalnumberofprovisionedspotinstancestoexecuteacertainjob.st
s
,et

s
,

vt
s

,ct
s

,andrt
s

arethestartuptime,theexecutiontime,therecoverytime,thecheckpointingtime,
andthere-executiontime,respectively,ofaprovisionedspotinstances duringjobexecutionwhen
usingthecheckpointing-basedapproach:
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arethestartuptime,theexecutiontime,therecoverytime,thecheckpointing

time,there-executiontime,thebuffertimeofbillingcycles,andtheprice,respectively,ofaprovisioned
spotinstances duringthejobexecutionwhenusingthecheckpointing-basedapproach.

Theauthorsuseacheckpointing-basedfault-toleranceapproachasthebaseline.Theauthorsset
thefrequencyofcheckpointstobeineverybillingcycle(i.e.,eachhour)basedonjoblength.The
authorsusedifferentnumbersofcheckpointsduringajob’sexecutiontoidentifyanoptimalsetting
ofthischeckpointing-basedapproach.Moreover,theauthorscomputethetotaldeploymenttime(i.e.,
T
F

)andcost (i.e.,C
F

) for thecheckpointing-basedapproach,asdescribedbyEqs. (6)and (7),
respectively.

Methodology
Some objectives of the experiments are to demonstrate that P-SIFEM can efficiently execute
applicationsandcaneffectivelydecreasethedeploymentcostofapplicationscomparedtoafault-
toleranceapproach.Fortheseobjectives, theauthorsusedifferentcombinationsofjobexecution
length,jobmemoryfootprint,andnumberofrevocationstoshowtheimpactonthecompletiontime
andthedeploymentcostwhenaspot instanceisprovisionedfor thejobusingP-SIFEMandthe
fault-toleranceapproach.Thejobexecutionlengthsvarybetween13and101hours.Thejobmemory
footprintsvarybetween4and64GB.Thenumberofrevocationsperdayof the job’sexecution
lengthvariesbetween1and16times.Theauthorsdefinetworevocationruleswithdifferentranges
forP-SIFEMandthefault-toleranceapproachtoshowtheimpactonthecompletiontimeandthe
deploymentcostfordifferentnumbersofrevocationsduringajob’sexecution.Whenaspotinstance
isprovisionedforajobusingthefault-toleranceapproach,theauthorsrandomlysendafixednumber
ofrevocationsperdayofthejob’sexecutionlength,assuggestedbypriorwork(Subramanyaetal.,
2015).Conversely,whenaspotinstanceisprovisionedforajobusingP-SIFEM,theauthorsuse
therevocationprobabilityofaspotinstancethatreliesonrealisticpricetracesfromtheAmazon
cloudtorevoketheprovisionedspotinstance.Thedeploymentcost/completiontimeforP-SIFEM
isderivedfromtheprice/executiontimeofspotinstancesduringthestartupofaspotinstance,the
job’sexecution,andthejob’sre-executionafter theprovisionedspot instanceisrevoked.Onthe
otherhand,thedeploymentcost/completiontimeforthefault-toleranceapproachisderivedfrom
theprice/executiontimeofspotinstancesduringthestartupofaspotinstance,thejob’sexecution,
thejob’sre-execution,thejob’scheckpointing,andthejob’srecovery(i.e.,checkpointrestoration).
EvaluatingP-SIFEMwithdifferentcombinationsofjobsettings(i.e.,jobexecutionlengthandjob
memoryfootprint)enablesustoanswerRQ1andRQ2.

Anotherobjectiveistodeterminewhetheroptimizingthesettingsofthefault-toleranceapproach
eliminatestheeffectivenessofP-SIFEM.Thatis,theauthorsusedifferentnumbersofcheckpoints
duringajob’sexecutiontomeasuretheimpactontheoverheadrelatedtothecompletiontimeand
deployment cost fordifferent combinationsof job length, jobmemory footprint, andnumberof
revocations.Ingeneral,thetime/costoverheadmainlyfallsintofourcategories:1)thestartuptime/cost
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overheadthatrepresentsadditionalstartuptime/cost,whichoccurswhenstartinganewspotinstance
aftereachrevocation;2)there-executiontime/costoverheadthatrepresentsthelostworkforeach
revocation(i.e.,lostworkusingP-SIFEMreferstounsavedandexecutedworkfromthebeginning
ofajob,whereaslostworkusingthefault-toleranceapproachreferstounsavedandexecutedwork
fromthelastcheckpoint);3)thecheckpointingtime/costoverheadthatrepresentsthetime/costto
checkpointajob’scontainerintoremotestorage(i.e.,AWSS3);and4)therecoverytime/costoverhead
thatrepresentsthetime/costtorestoreacheckpointofajob’scontainerfromremotestorage(i.e.,AWS
S3)intoacontainerdeployedonaspotinstanceforeachrevocation.Furthermore,thetimeoverhead
isdividedintothestartuptime,thejob’sre-executiontime,thejob’scheckpointingtime,andthejob’s
recoverytime(i.e.,checkpointrestoringtime).Thecostoverheadisdividedintothestartupcost,the
jobre-executioncost,thejobcheckpointingcost,andthejobrecoverycost(i.e.,checkpointrestoring
cost).BoththeP-SIFEMandthefault-toleranceapproachencounterthetime/costofstartupoverhead
andthetime/costofre-executionoverhead,whereasthetime/costofcheckpointingoverheadandthe
time/costofrecoveryoverheadareonlyencounteredbythefault-toleranceapproach.Understanding
whether theoptimizednumberofcheckpoints reduces thedeploymentcostandcompletion time
comparedtoarandomnumberofcheckpointsandP-SIFEMenablesustoanswerRQ3.

TheauthorsevaluateP-SIFEMinsimulationsanduseAmazonspotinstancesthatcontainjobs
inDockercontainers(DockerHub,2022)andrealisticpricetracesfromEC2markets(EC2markets,
2022).TheexperimentsforthesubjectapplicationswereperformedusingspotinstancesfromAmazon
EC2(EC2SpotInstances,2022)calledr5.2xlargewithan8GHzCPUand64GBofmemory.The
authorsuseAmazonspotinstancessincetheirlifetimeoftenexceedhundredsofhours,unlikethe
lifetimeforGooglepreemptibleinstancesthatarelessthan24hours(Sharmaetal.,2019).P-SIFEM
usesEC2’sRESTAPI(AmazonEC2API,2022)tocollectrealisticpricetracesforallspotinstances
acrossallmarkets(i.e.,availabilityzonesandregions)forthreemonthsfromJune2019toSeptember
2019.Also,theauthorsusealoadgeneratorcalledLookbusy(Carraway,2022)tocreatesynthetic
jobswithdifferentamountsofresourceusage.Theauthorsusethememorysizetodeterminesuitable
sizesofspotinstancesthataresupportedbyEC2markets(EC2markets,2022).Theauthorsusethe
memorysizetodeterminesuitablespotinstancesasthememorymaintainsthestateofarunning
application,whichhasasignificantinfluenceontheoverheadrelatedtoapplicationcompletiontime
(i.e.,application’scheckpointingtime).Then,theauthorspackagejobsinDockercontainersthatrun
onUbuntu18.04LTSwithalimitedCPUandmemorycapacityfortheprovisionedspotinstancesto
assesstheeffectivenessofP-SIFEMfordifferentjobmemoryfootprintsandjobexecutionlengths.
TheauthorsuseDockercontainerssincetheysupportcheckpointingandrestoringcontainerimages
andfacilitatetakingcheckpointsataperiodicinterval.P-SIFEMproactivelycheckpoints/restores
theimageofajob’scontainerdeployedonaspotinstanceto/fromanAWSS3storage(AmazonS3,
2022).Inaddition,theauthorscarriedouteachexperiment100timesandpickedthemedianvalues
forthecompletiontimeandthedeploymentcostsforthesubjectapplications,usingP-SIFEMand
thefault-toleranceapproach.Allexperimentswereperformedonthesameexperimentalplatformto
ensureafaircomparisonbetweenP-SIFEMandthefault-toleranceapproach.Theauthorsusedthe
followingcheckpointingsettings:thenumberofcheckpointsisequaltothenumberofbillingcycles
ofajob’sexecutionlengthbecausethedeploymentcostreliesonthenumberofbillingcyclesinstead
oftheactualcompletiontimeofthejob.

Threats to Validity
Amazonrecentlychangeditspricingpolicy,suchthatcustomersarenotrequiredtoplacebidsand
thatspotpricesarebasedonsupplyanddemand,andasaresult,revocationsarenolongercorrelated
tocustomerbids.Whilethisseemsapotentialthreat,itisunlikelyamajoronesinceP-SIFEMuses
thecorrespondingon-demandpricesinsteadofcustomerbidstocomputelifetimes.Indeed,users
arenotwillingtopayabovethecorrespondingon-demandpriceforrentingaspotinstancetorun
theirapplications.
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Anotherpotentialthreattoourempiricalevaluationisthatourexperimentswereconductedonly
onbatchjobapplications,whichmaymakeitdifficulttogeneralizetheresultsoftheexperimentsto
othertypesofapplications(e.g.,interactivejobapplications)thatmayhavevariousworkflowsand
behaviors.However,cloudspotinstancesareoftenusedtorunbatchjobapplications.Asaresult,
theauthorsexpecttheresultsoftheexperimentstobegeneralizable.

Theauthorsexperimentedwithonlyacheckpointing-basedfault-tolerantapproach,whereasother
typesoffault-tolerantapproaches(e.g.,livemigration)couldalsoresultindifferenteffectsonthe
deploymentcostandcompletiontimeofjobs.However,alivemigrationrequiresalimitedsizeofan
application’smemoryfootprint(i.e.,4GB)tocompleteamigrationwithinthetwo-minuterevocation
noticetime(Subramanyaetal.,2015).P-SIFEMprocessesjobsinasinglespotinstanceatatime;
hence,evaluatingP-SIFEMusinghomogeneous/heterogeneousinstancesinaclusterforprocessing
jobsisbeyondthescopeofthisworkandwillbeconsideredinfuturework.

Anotherthreattovalidityisthatourexperimentswereperformedinasimulationenvironment.
Whilethisisapotentialthreat,itisunlikelyamajoronesincetheaveragerevocationtimeofspot
instancesinacloudenvironment(e.g.,AmazonEC2)oftenexceedshundredsofhours(Sharmaet
al.,2017),whichmakesitdifficulttoassesstheeffectivenessofP-SIFEMforsmallerjobexecution
lengthsthatoftenreflectthoseinproduction(Google,2022).Thatis,theauthorsuserealisticprice
traces from theAmazoncloud todefine the revocationprobabilityof spot instances for all spot
instancesacrossallmarkets(i.e.,availabilityzonesandregions)overthreemonths.Additionally,the
authorsusearealistictimetorestore/checkpointaDockercontainerdeployedonaspotinstancein
AmazonEC2toseedourP-SIFEM.Forexample,theauthorsmeasurethetimetorestore/checkpoint
aDockercontainerthatpackagesjobswithdifferentjobexecutionlengthsandjobmemoryfootprints
in/fromS3storageinAmazonEC2.

Additionally,ourexperimentswereperformedonlyonDockercontainers.Whilethisisapotential
threat,itisunlikelyamajoronesinceP-SIFEMisperfectlyapplicabletoothertypesofcontainers,
suchasLinuxContainers,aslongasthosecontainerssupportcheckpointingandcontainerimage
restoration.Theauthorsexperimentedwithonlyconstantjobs,whereasphasedjobsinwhichthe
utilization of resources varies significantly during various execution phases could also result in
differenteffectsonthedeploymentcostandcompletiontimeofjobs.Incontrast,understandingthe
effectofphasedjobsonthedeploymentcostandcompletiontimeisbeyondthescopeofthisstudy
andshouldbeconsideredinfuturestudies.

Theauthors experimentedwith a certainprice ratiobetween spot andon-demand instances
thatisbasedonrealisticpricetracesfromEC2markets,whereasotherratiosbetweenspotandon-
demandinstancescouldresultindifferenteffectsonthedeploymentcostandcompletiontimeof
jobswhenspotinstancesareprovisionedusingP-SIFEMandthefault-toleranceapproach.However,
understandingtheeffectofvariouspriceratiosbetweenspotinstancesandon-demandinstancesis
beyondthescopeofthisstudyandshouldbeconsideredinfuturestudies.

RESULTS

Inthissection,theauthorsdescribeandanalyzetheresultsoftheexperimentstoanswertheRQs
listedintheEvaluationsection.

Completion Time
The experimental results that summarize the completion time for the subject applications using
P-SIFEM,thefault-toleranceapproach,andon-demandinstancesfordifferentjobexecutionlengths
areshowninthestackedbarplotsinFigure6.Theauthorsobservethatthecompletiontimeusing
P-SIFEMisconsistentlyshorterthanthecompletiontimeusingthefault-toleranceapproach,and
the completion timeusingP-SIFEM is consistentlynear thatofon-demand instances,whichdo
notincuranyadditionaloverhead(Amazon,2022).Thisresultshowsthatalongerjoblengthleads
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toasteadilyhigheroverheadofcompletiontimeresultingfromthejob’scheckpointing,recovery,
andre-executiontimes,aswellasthestartuptimeofaspotinstancewhenusingthefault-tolerance
approach.However,alongerjoblengthleadstoaslightlyhigheroverheadofthecompletiontimeas
aresultofthejob’sre-executiontimeandthestartuptimeofaspotinstancewhenusingP-SIFEM.
OurexplanationisthatP-SIFEMdoesnotincurfrequentjobre-executiontime,andthestartuptime
ofaspotinstanceusingP-SIFEMdoesnotincreasewiththeincreaseinjobexecutionlength.This
isexpectedbasedonthewayP-SIFEMprovisionsaspotinstancewithahighlifetime.

The experimental results that summarize the completion time for the subject applications
usingP-SIFEM,thefault-toleranceapproach,andon-demandinstancesfordifferentjobmemory
footprintsareshowninthestackedbarplotsinFigure7.Theauthorsobservethatthecompletion
timeforP-SIFEMisconsistentlyshorterthanthecompletiontimeforthefault-toleranceapproach,
andthecompletiontimeforP-SIFEMisconsistentlynearthatofon-demandinstances,whichdonot
incuranyadditionaloverhead(Amazon,2022).Thisresultshowsthatalargerjobmemoryfootprint
leadstoahigheroverheadofthecompletiontimeresultingfromthejob’scheckpointingtimeand
recoverytimewhenusingthefault-toleranceapproach.Incontrast,theoverheadofthecompletion
timeresultingfromthejob’sre-executiontimeandthestartuptimeofaspotinstancewhenusing
thefault-toleranceapproachstaysapproximatelythesameacrossvariousjobmemoryfootprints,
whichsuggeststhattheoverheadresultingfromthejob’sre-executiontimeandthestartuptimeofa
spotinstanceforthefault-toleranceapproachisindependentofthejobresourceusage.Additionally,
theoverheadofanapplication’scompletiontimeresultingfromthejob’sre-executiontimeandthe
startuptimeofaspotinstancewhenusingP-SIFEMstaysapproximatelythesameacrossvariousjob
memoryfootprints,whichsuggeststhatthecompletiontimeforthesubjectapplicationswhenusing
P-SIFEMisalsoindependentoftheresourceusage.

The experimental results that summarize the completion time for the subject applications
usingP-SIFEM, the fault-toleranceapproach, andon-demand instances fordifferentnumbersof
revocationsareshowninthestackedbarplotsinFigure8.Theauthorsobservethatthecompletion
timeforP-SIFEM—exceptforwhenthenumberofrevocationsequalsone—isconsistentlyshorter
thanthecompletiontimeforthefault-toleranceapproach,andthecompletiontimeforP-SIFEMis
consistentlynearthatofon-demandinstances,whichdonotincuranyadditionaloverhead(Amazon,
2022).Whenthenumberofrevocationsequalsone,thejob’scheckpointingtimeforthefault-tolerance

Figure 6. Comparing the completion time for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different job execution lengths while keeping other job features constant
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approachbalancesthejob’sre-executionforP-SIFEM.Thisresultsuggeststhatthefault-tolerance
approachincursadditionaloverheadduenotonlytothenumberofrevocationsbutalsotothenumber
ofcheckpoints.ItalsosuggeststhattheeffectivenessofP-SIFEMmaydecreasewhenthenumber
ofrevocationsdecreases,anditisverydifficulttoguaranteethatthenumberofrevocationsissmall
(Shastrietal.,2017).Thejob’srecoverytime,thejob’sre-executiontime,andthestartuptimeofa
spotinstance—exceptforthejob’scheckpointingtime—allincreasesteadilywhenusingthefault-
toleranceapproach,whereasinP-SIFEM,thejob’sre-executiontimeandthestartuptimeofaspot
instanceremainapproximatelythesame.Thisobservationsuggeststhatthejob’scheckpointingtime
forthefault-toleranceapproachaswellasthejob’sre-executiontimeandthestartuptimeofaspot
instanceforP-SIFEMareindependentofthenumberofrevocations.Insummary,theseexperimental

Figure 8. Comparing the completion time for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different revocation numbers while keeping other job features constant

Figure 7. Comparing the completion time for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different memory footprints while keeping other job features constant
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resultsallowustoconcludethatP-SIFEMismoreefficientinexecutingapplicationsfordifferent
jobexecutionlengths,jobmemoryfootprints,andnumbersofrevocationsthanthefault-tolerance
approach,thuspositivelyaddressingRQ1.

deployment Costs
Theexperimental results thatsummarize thedeploymentcosts for thesubjectapplicationsusing
P-SIFEM,thefault-toleranceapproach,andon-demandinstancesfordifferentjobexecutionlengths
areshowninthestackedbarplotsinFigure9.Theauthorsobservethatthedeploymentcostsusing
P-SIFEMareconsistentlylowerthanthedeploymentcostsusingthefault-toleranceapproachorthose
ofon-demandinstances.Thisresultidentifiesthesteadyriseinoverheadrelatedtodeploymentcosts
thatresultfromthejob’scheckpointingcosts,itsrecoverycosts,itsre-executioncosts,thestartup
costsofspotinstances,andthebuffercostsofbillingcycleswhenusingthefault-toleranceapproach
withtheincreasedjoblength.However,thisresultalsoidentifiesaslightriseintheoverheadof
deploymentcoststhatresultfromthejob’sre-executioncost,thestartupcostsofspotinstances,and
thebuffercostsofbillingcycleswhenusingP-SIFEMwiththeincreasedlength.Ourexplanation
isthatP-SIFEMdoesnotfrequentlyincurthejob’sre-executioncostsandthestartupcostsofspot
instancessincethestartupcostsofspotinstancesusingP-SIFEMdonotincreasewiththeincrease
ofthejobexecutionlength,whichisexpectedbasedonthewaythatP-SIFEMprovisionsaspot
instancewithahighlifetime.Interestingly,theauthorsobservethatunlikeP-SIFEM,thebuffercosts
ofbillingcyclessignificantlyincreasecomparedtotheothertypesofoverheadcostswhenusingthe
fault-toleranceapproachwiththeincreaseofthejoblength,whichsuggeststhatthefault-tolerance
approachincursnotonlyoverheadrelatedtothesettingsofthefaulttoleranceapproach(e.g.,the
job’scheckpointingcost)butalsoadditionaloverheadrelatedtothecloudbillingpolicies(i.e.,the
buffercostsofbillingcycles).Additionally,theauthorsobservethatthedeploymentcostsofthe
fault-toleranceapproachacrossalljoblengthsareequaltoorhigherthanthedeploymentcostsof
on-demandinstances(Amazon,2022),whichsuggeststhatusingon-demandforlargerjoblengths
mayreducedeploymentcostsandthecompletiontimewhencomparedtothefault-toleranceapproach.

Theexperimentalresultsthatsummarizethedeploymentcostsforthesubjectapplicationsusing
P-SIFEM,thefault-toleranceapproach,andon-demandinstancesfordifferentjobmemoryfootprints
areshowninthestackedbarplotsinFigure10.Theauthorsobservethatthedeploymentcostsusing

Figure 9. Comparing the deployment costs for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different job execution lengths while keeping other job features constant
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P-SIFEMareconsistentlylowerthanthedeploymentcostsusingthefault-toleranceapproachandon-
demandinstances.Thisresultdemonstratesthesteadyriseoftheoverheadrelatedtodeploymentcosts
resultingfromthejob’scheckpointing,recovery,re-execution,andstartupcostsofspotinstances,as
wellasthebuffercostsofbillingcycleswhenusingthefault-toleranceapproachwiththeincreaseof
jobmemoryfootprint.However,thisresultdemonstratesaslightriseintheoverheadofdeployment
costsresultingfromthejob’sre-executionandstartupcostsofspotinstancesandthebuffercostsof
billingcycleswhenusingP-SIFEMwiththeincreaseinthejobmemoryfootprint.Ourexplanation
isthatP-SIFEMdoesnotincurthejob’sre-executionandstartupcostsofspotinstances,sincethe
startupcostsofspotinstancesusingP-SIFEMdonotincreasewiththeincreaseofthejobmemory
footprint,whichisexpectedbasedonthewaythatP-SIFEMprovisionsaspotinstancewithahigh
lifetime.Theauthorsobservethat,unlikethebuffercostsofbillingcyclesforP-SIFEM,thebuffercosts
ofbillingcyclesforthefault-toleranceapproachsignificantlyincreasewiththehigherjobmemory
footprints(i.e.,32and64GB),suggestingthatthebuffercostsincreasewhenthereisasignificant
changeindeploymenttimebetweenconsecutivejobmemoryfootprints(i.e.,exceedstheperiodfor
abillingcycle).Additionally,theauthorsobservethatthedeploymentcostsofthefault-tolerance
approachacrossalljobmemoryfootprintsareequaltoorhigherthanthedeploymentcostsofon-
demandinstances(Amazon,2022),whichsuggeststhatprovisioningon-demandforlargejobmemory
footprintsmayresultinlowerdeploymentcostsandcompletiontimethanthefault-toleranceapproach.

Theexperimentalresultsthatsummarizethedeploymentcostsforthesubjectapplicationsusing
P-SIFEM,thefault-toleranceapproach,andon-demandinstancesfordifferentnumbersofrevocations
areshowninthestackedbarplotsinFigure11.Theauthorsobservethatthedeploymentcostsusing
P-SIFEMandthatofon-demandinstancesareconsistentlylowerthanthedeploymentcostsusing
the fault-toleranceapproach.The job’s recoveryandre-executioncosts, thestartupcostsofspot
instances,andthebuffercostsofbillingcycles,exceptforthejob’scheckpointingcosts,increase
steadilywhenusingthefault-toleranceapproach,whereasforP-SIFEM,thejob’sre-executioncosts,
thestartupcostsofspotinstances,andthebuffercostsofbillingcyclesremainapproximatelythe
same.Thisobservationsuggeststhatthejob’srecoverytimeandre-executioncosts,thestartupcosts
ofspotinstances,andthebuffercostsofbillingcyclesdependonthenumberofrevocationswhen
usingthefault-toleranceapproach.However, thejob’scheckpointingcostsfor thefault-tolerance
approachandthejob’sre-executioncosts,thestartupcostsofspotinstances,andthebuffercostsof

Figure 10. Comparing the deployment costs for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different memory footprints while keeping other job features constant
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billingcyclesforP-SIFEMareindependentofthenumberofrevocations.Ourexplanationisthat
P-SIFEMdoesnot incur thejob’sre-executioncostsandthestartupcostsofspot instances.The
authorsobservethatunlikethebuffercostsofbillingcyclesforP-SIFEM,thebuffercostsofbilling
cyclesforthefault-toleranceapproachsignificantlyincreasewiththehighernumbersofrevocations
(i.e.,8and16),whichsuggeststhatthebuffercostsincreasewhenthereisasignificantchangein
deploymenttimebetweenconsecutivenumbersofrevocations(i.e.,exceedstheperiodforabilling
cycle).Interestingly,theauthorsobservethatthedeploymentcostsforthefault-toleranceapproach
whenthenumberofrevocationsishigh(i.e.,8and16)aresignificantlyhigherthanthedeployment
costsforon-demandinstances(Amazon,2022),whichconfirmsthatprovisioningon-demandfor
alargenumberofrevocationsmayresultinlowerdeploymentcostsandcompletiontimethanthe
fault-toleranceapproach.Insummary,theseexperimentalresultsallowustoconcludethatP-SIFEM
ismoreeffectiveinreducingthedeploymentcostsofapplicationsfordifferentjobexecutionlengths,
jobmemoryfootprints,andnumbersofrevocationsthanthefault-toleranceapproach,thuspositively
addressingRQ2.

Impact on different Numbers of Checkpoints
Theexperimentalresultsthatsummarizethecompletiontimeanddeploymentcostforthesubject
applicationsusingP-SIFEM,thefault-toleranceapproach,andon-demandinstancesfordifferent
numbersofcheckpointsareshowninthestackedbarplotsinFigure12andFigure13,respectively.
TheauthorsobservethatthecompletiontimeanddeploymentcostusingP-SIFEMareconsistently
lowerthanthecompletiontimeanddeploymentcostusingthefault-toleranceapproach.Thecompletion
timeusingP-SIFEMisconsistentlynearthatoftheon-demandinstance,andthedeploymentcost
usingP-SIFEMisconsistentlylowerthanthedeploymentcostusingon-demandinstances.Thisresult
showsthatahighernumberofcheckpointsleadstoasteadilyhigheroverheadrelatedtoapplication
completiontimeanddeploymentcostresultingfromthejob’scheckpointingtimeandcost,which
isexpectedbecausethejob’scheckpointingtimeandcostdependonthenumberofcheckpoints.
Interestingly,theauthorsobservethatthecompletiontimeanddeploymentcostforthelowestnumber
ofcheckpointsisalmostequaltothecompletiontimeanddeploymentcostforthehighestnumber
ofcheckpoints.Ourexplanationisthatthejob’sre-executiontimeandcostforthelowestnumber
ofcheckpointsbalancethejob’scheckpointingtimeandcostforthehighestnumberofcheckpoints.

Figure 11. Comparing the deployment costs for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different revocation numbers while keeping other job features constant
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Thisresultsuggeststhatthefault-toleranceapproachincursadditionaloverheadduetonotonlya
highnumberofcheckpointsbutalsoalownumberofcheckpoints.Theauthorsobservethelowest
completiontimeanddeploymentcostwhenthenumberofcheckpointsis26,whichsuggeststhatthe
optimaltradeoffbetweentheoverheadofactualcheckpointingandtheoverheadofre-executingthe
lostworkfromthelastcheckpointoneachspotinstancerevocationwhenthenumberofcheckpoints
is26.Althoughthisoptimalnumberofcheckpointsreducesthecompletiontimeanddeploymentcost
comparedtotheothernumberofcheckpoints,thisoptimalnumberofcheckpoints(i.e.,thesettings
ofthefault-toleranceapproach)doesnotreducethecompletiontimeanddeploymentcostcompared
toP-SIFEM.Thisresultconfirmsthatoptimizingthesettingsofafault-toleranceapproachdoesnot
eliminatetheeffectivenessofP-SIFEM,thuspositivelyaddressingRQ3.

Figure 13. Comparing the deployment costs for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different numbers of checkpoints while keeping other job features constant

Figure 12. Comparing the completion time for the subject applications using P-SIFEM (P), the fault-tolerance approach (F), and 
on-demand instances (O) for different numbers of checkpoints while keeping other job features constant
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discussion
Theauthorsaddressachallengingproblemforapplicationsdeployedoncloudspotinstancesthat
resultsfromtheoverheadofemployingfault-tolerancemechanisms.Theauthorsproposeanovel
cloud market-based approach for Provisioning Spot Instances using FEatures of cloud Markets
(P-SIFEM)toreducethedeploymentcostandcompletiontimeofapplications.Toassessthebenefit
ofourapproach,theauthorsevaluateP-SIFEMwithdifferentcombinationsofjobsettings(i.e.,job
executionlengthandjobmemoryfootprint),thusenablingustoanswerRQ1andRQ2.Ourresults
inthecompletiontimesectionallowustoconcludethatP-SIFEMismoreefficientinexecuting
applicationsfordifferentjobexecutionlengths,jobmemoryfootprints,andnumbersofrevocations
thanthefault-toleranceapproach,thuspositivelyaddressingRQ1.Ourresultsinthedeploymentcost
sectionallowustoconcludethatP-SIFEMismoreeffectiveinreducingthedeploymentcostsof
applicationsfordifferentjobexecutionlengths,jobmemoryfootprints,andnumbersofrevocations
than the fault-tolerance approach, thus positively addressing RQ2. Also, the authors determine
whetheroptimizingthenumberofcheckpointsreducesthedeploymentcostandcompletiontime
comparedtoarandomnumberofcheckpoints,thusenablingustoanswerRQ3.Ourresultsinthe
sectionof impactondifferentnumbersof checkpoints confirm that optimizing the settingsof a
fault-toleranceapproachdoesnoteliminatetheeffectivenessofP-SIFEM,thuspositivelyaddressing
RQ3.Ingeneral,ourresultsshowthatP-SIFEMreducesthedeploymentcostandcompletiontime
comparedtoapproachesbasedonfault-tolerancemechanisms.Asaresult,ourresultsconfirmthat
ourhypothesisofleveragingcloudmarketfeatureswithoutemployingfault-tolerancemechanisms
toprovisionspotinstancesforapplicationsreducesthedeploymentcostcomparedtothedeployment
costusingfault-toleranceapproachesoron-demandinstancesandmaintainsthecompletiontimenear
thatofon-demandinstances.

Inthefuture,theauthorsplantobuildanavailability-drivenmodeltocontrolthelackofresources
forapplicationsdeployedoncloudspotinstancesbasedonnoncooperativegametheoreticapproaches
(e.g.,Nashequilibriumgametheory),whichincorporatespotpricetraces(e.g.,historicalbids)and
propertiesofusersandapplications.Thepurposeistopredictuserdemandbestintermsofbothspot
priceandapplicationexecutiontomaximizetherevenueforcloudprovidersandusers.Theauthors
alsoplantostudytherelationships/dependenciesbetweenthesepropertiesandtheirimpactsonthe
spotprice tobuildabiddingstrategymodel thatoptimizes theutilizationofspot instances.The
authorscouldalsotakeadvantageoftheMonteCarlosimulation,staterepresentationmethodology,
andVMallocationschemetobuildanoptimalbiddingmodel.

CoNCLUSIoN

Theauthorsaddressedachallengingproblemforapplicationsdeployedoncloudspotinstancesthat
resultsfromtheoverheadofemployingfault-tolerancemechanisms.Theauthorsproposedanovel
cloud market-based approach for Provisioning Spot Instances using FEatures of cloud Markets
(P-SIFEM)toreducethedeploymentcostandcompletiontimeofapplications.Theauthorsevaluated
P-SIFEMinsimulationsandusedAmazonspotinstancesthatcontainjobsinDockercontainersand
realisticpricetracesfromEC2markets.Oursimulationresultsshowthatourapproachreducesthe
deploymentcostandcompletiontimecomparedtoapproachesbasedonfault-tolerancemechanisms.
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