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Abstract

ThePaxospart-timeparliamentprotocol of Lamportprovidesa non trivial but very practical way to implement

fault-tolerant deterministicservicesover a distributedmessage passingsystem.This paperdeconstructsPaxosand

modularlyreconstructsmore resilientand efficient variantsof it, which can furthermore be customisedfor specific

systemconfigurations. Thedeconstructionconsistsin factoring out the key algorithmic principlesof Paxoswithin

threeabstractions:round-basedregister, round-basedconsensus,andweakleaderelection.Our modularisationhelps

betterunderstand,improve and adapt the protocol. We showhow to (1) alleviate the needfor forcedlogs if some

processesremainup for sufficiently long, (2) augmentthe resilienceof the protocol againstunstableprocesses,(3)

enablesingleprocessdecisionwith sharedcommoditydisks,and(4) reducethenumberof communicationstepsduring

stableperiodsof thesystem.
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�
TheIslandof Paxosusedto hostagreatcivilisation,whichwasunfortunatelydestroyedby aforeigninvasion.A famousarchaeologistreported

on interestingpartsof thehistoryof Paxonsandparticularlydescribedtheir sophisticatedpart-timeparliament[13]. Paxoslegislatorsmaintained

consistentcopiesof theparliamentaryrecords,despitetheir frequentforaysfrom thechamberandtheforgetfulnessof their messengers.Although

recentstudiesexploredtheuseof powerful toolsto reasonaboutthecorrectnessof theparliamentprotocol[14, 19], ourdesireto betterunderstand

the Paxoncivilisation motivatedus to revisit the Islandandspendsometime decipheringthe ancientmanuscriptsof the legislative system.We

discoveredthatPaxonshadpreciselycodifiedvariousaspectsof their parliamentprotocolwhich enabledthemeasilyadapttheprotocolto specific

functioningmodesthroughouttheseasons.In particular, duringwinter, theparliamentwasheatedandsomelegislatorsdid never leave thechamber:

their guaranteedpresencehelpedalleviate the needfor expensive writing of decreeson ledgers. This waseasyto obtainpreciselybecausethe

subprotocolusedto “storeandlock” decreeswaspreciselycodified.In spring,andwith thebloomingdayscoming,somelegislatorscouldnotstop

leaving andenteringthe parliamentandtheir indisciplinepreventedprogressin the protocol. However, becausethe electionsubprotocolusedto

choosetheparliamentpresidentwasfactoredout andpreciselycodified,theprotocolcouldeasilybeadaptedto copewith indisciplinedlegislators.

During summer, very few legislatorswere in the parliamentand it washardly possibleto passany decreebecauseof the lack of the necessary

majority. Fortunately, it waseasyto modify thesubprotocolusedto storeandlock decreesanddeviseapowerful techniquewhereasinglelegislator

couldpassdecreesby directly accessingthe ledgersof otherlegislators.Fall wasa protestperiodandcitizenswanteda fasterprocedureto pass

decrees.Paxonsnoticedthat,in mostperiods,messengersdid not loosemessagesandlegislatorsrepliedin time. They coulddeviseavariantof the

protocolthat reducedthenumberof communicationstepsneededto passdecreesduring thoseperiods.This powerful optimisationwasobtained

throughasimplerefinementof thesubprotocolusedto proposenew decrees.�
Thiswork waspartially supportedby theSwissNationalFundgrantNo. 510207.
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1 Intr oduction

The Paxospart-timeparliamentprotocolof Lamport [13] providesa very powerful way to implementa highly-

availabledeterministicserviceover a systemof non-maliciousprocessescommunicatingthroughmessagepassing.

Replicasfollow the state-machinepattern(alsocalledactivereplication) [23]. Eachcorrectreplicacomputesevery

requestandreturnstheresultto thecorrespondingclientwhichselectsthefirst returnedresult.Paxosmaintainsreplica

consistency by ensuringtotal orderdelivery of requests.It doessoevenduringunstableperiodsof thesystem,e.g.,

even if messagesaredelayedor lost andprocessescrashandrecover. During stableperiods,Paxosrapidly achieves

progress.1 As pointedout in [14, 19] however, Paxosis verycomplicatedandit is difficult to factorout theabstractions

that comprisethe protocol. Deconstructingthe protocolandidentifying thoseabstractionsis an appealingobjective

towardsapracticalimplementationof it.

We would oftenlike variantsof theprotocolthatareoptimised,evenmoreresilient,or particularlycustomisedfor

specificsystemconfigurations.Incorporatingthoseadaptationsseemsverydifficult unlessPaxosis “modularised”.In

particular:

1. The original protocol copeswith a temporarytotal crashof the system,andensuresconsistency amongthe

processesthatrecoverby usingforcedlogson stablestorage(typical sourcesof overhead).Onewould imagine

acheaperprotocolthatdoesnot rely on any forcedlog in asystemmodelwhereasubsetof theprocessesnever

crash.This would intuitively reflectthepracticalassumptionthatonly partof thetotal systemcanbedown at

any point in time,or indirectly, thatthesystemconfigurationhasa “large” numberof replicas.2

2. Theprotocolmightnotachieveprogressif someprocesskeepscrashingandrecoveringindefinitely, i.e.,“unsta-

ble” process.It is very temptingto explorethefeasibility of a moreresilientvariantof theprotocolthatcopes

with suchprocesses.

3. The progressof the protocolalsorelieson the assumptionthat a majority of the processeseventuallyremain

up (for sufficiently long). A closerlook at this requirementrevealsthatonly anaccessto a majority of disksis

actuallyneeded[6]. That is, in a systemarchitecturethatoffersshared(commodity)disks,progresscouldbe

ensuredwith asinglecorrectprocessanda majorityof correctdisks.3

4. In stableperiodsof the system(where“enough” processescommunicatein a timely manner),the original

protocolrequirestwo round-tripcommunicationstepsamongthereplicasto agreeonagivenorderfor arequest.

In fact,theprotocolcouldbeoptimisedin suchaway thatonly oneround-tripcommunicationwouldbeneeded

in stableperiods.

Ratherthanmodify the protocolasa monolithicentity for every specificsituation,we would like to modify it in

a modularway. This goesthroughidentifying the adequateabstractionsunderlyingthe protocol (deconstruction),
1In fact,thelivenessof theprotocolreliesonpartialsynchrony assumptionswhereassafetydoesnot: Paxosis “indulgent” in thesenseof [7].
2Notethatsucha configurationdoesnot precludethepossibilityof processcrash-recovery. Thereis herea trade-off thatreflectsthereal-world

setting:fewer processes+ forcedlogsvs moreprocesseswithout forcedlogs.
3This typically makessenseif wehavesharedSCSIdisks(someparalleldatabasesystemsusethisapproachfor fail-over whenthey mounteach

othersdisks)or if wehave somenotionof network-attachedstorage.
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andusingthoseabstractionsasmodularbuilding blocksto obtainvariantsof the protocol(reconstruction). This is

very challengingif the aim is indeedto comeout with a protocol that is both modularandpractical. As we will

discussin Section7, previous consensus-basedmodularisationtentatives [14, 19] were not faithful to the original

protocol (performancewise), andhencenot adequatefor practicalimplementationsandoptimisations. This paper

presentsthreeabstractionsunderlyingPaxos:round-basedregister, weakleaderelection, andround-basedconsensus.

Roughlyspeaking,round-basedconsensusencapsulatesthesub-protocolusedin Paxosto “agree”on theorder(it is

strictly weaker thantheoriginalnotionof consensus[5]); theround-basedregisterencapsulatesthesub-protocolused

to “storeandlock” theagreementvalue,andtheweakleaderelectionencapsulatesthesub-protocolusedto eventually

choosea unique“leader” thatwill succeedin storingandlocking a decisionvaluein theregister(it is strictly weaker

thantheoriginal notionof leaderelection[22]). Decouplingtheseabstractionsandgiving their specificationis at the

heartof our faithful deconstructionof Paxos,andour subsequentmodularreconstructions.

� Faithful deconstruction. We describea modular replicationprotocol that is faithful to the original Paxos

protocol. While it helpsbetterunderstandthe subtlealgorithmic principlesof Paxos,our modularisationis

not achieved at the expensesof efficiency or resilience. Our modularprotocol hasthe sameefficiency and

resiliencepropertiesasthe original Paxosprotocol. For presentationsimplicity, we first presenta crash-stop

versionof Paxos,andthenweobtainamodularversionof the“real” (crash-recoveryresilient)Paxosmainlyby

reconfiguringtheimplementationof our round-basedregisterabstraction.4

� Modular reconstructions. We show how to build interestingvariantsof Paxosfrom our abstractions.In fact,

weobtainthefour variantsmentionedearliersimply by modifying specificabstractionimplementationsor sub-

typing theseabstractions.Thefirst variantalleviatestheneedfor stablestorage,andmainly requireschanging

the implementationof the round-basedregisterabstraction.Thesecondvariantdealswith unstableprocesses,

andmainly requireschangingthe weakleaderelectionabstractionimplementation.The third variantensures

progresswith a singleprocessanda majority of disks,andonly requiresthe modificationof the round-based

registerimplementation.5 Our fourthvariantoptimisestheprotocolfor stableperiodssuchthatonly oneround-

trip communicationis neededamongreplicas.We obtainthis variantby sub-typinground-basedconsensusand

round-basedregister.6 Interestingly, except the first andthe third variant(which make contradictingassump-

tions),all othervariantpairsareorthogonalandcanbecombined.In particular, variants2 and4 cangenerally

beappliedto theprotocol,independentlyof theunderlyingsystemconfiguration.

� Concisespecifications. Wegiveprecisespecificationsof ourabstractions,andprovecorrectnessof ourmodular

protocolin termsof thesespecifications.Thus,not only do we modularisePaxos,we alsomodulariseits cor-

rectnessproofs.Interestingly, ourdeconstructionhelpsseparatekey assumptionsthatunderlythecorrectnessof

Paxos.The“correctmajority” assumptionis encapsulatedwithin theround-basedregisterwhereasthe“eventual

synchrony” (or failuredetector)assumptionis encapsulatedwithin theweakleaderelection. Furthermore,we

introduceaspecificationof totalorderbroadcastthatfaithfully capturesthepropertiesof Paxos.
4Thiscanbeviewedasageneralway to transformacrash-stopresilientalgorithminto acrash-recovery resilientalgorithm.
5Whatweactuallyshow hereis thatthe(rathercomplicated)Disk Paxosprotocol[6] canbeviewedasaspecificvariantof ourmodularprotocol.
6Lamportpointedout informally this optimisationin [13], without however describinghow it doesapply to Paxos. Our modularisationhelps

factorout theactualmodulesto which this optimisationapplies.
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� Framework implementation. Identifying thebasicabstractionsunderlyingPaxosnaturallyleadsto a frame-

work implementationof the protocol [12]. We obtainspecificvariantsof the protocolsimply by composing

basicclasses.We giveanddiscusssomeperformancemeasuresof our implementation.

Therestof thepaperis organisedasfollows.Section2 describesthemodelandtheproblemspecification.Section3

givesthespecificationof our abstractions.We show how to implementthesespecificationsin a crash-stopmodelin

Section4, andhow to transposethe implementationin a moregeneralcrash–recoverymodelin Section5. Section6

describesfour interestingvariantsof theprotocol.Section7 discussesrelatedwork andconcludesthepaperwith some

final remarks.AppendixA givessomeperformancemeasurementsof our framework implementation.AppendixB

givesanimplementationof thefailuredetector� in acrash-recoverymodelwith partialasynchrony assumptions.

2 Model

2.1 Processes

We considera setof processes	�
��������������������������� . At any giventime,a processis eitherup or down. Whenit is

up, aprocessprogressesatits own speedbehaving accordingto its specification(i.e., it correctlyexecutesits program).

Notethatwe do not make hereany assumptionon therelative speedof processes.While beingup, a processcanfail

by crashing;it thenstopsexecutingits programandbecomesdown. A processthat is down canlater recover; it then

becomesup againandrestartsby executinga recovery procedure.Theoccurrenceof a crash(resp. recovery) event

makesa processtransitfrom up to down (resp.from down to up). A process�� is unstableif it crashesandrecovers

infinitely many times. We definean always-upprocessasa processthat never crashes.We saythat a process�  is

correct if thereis a time afterwhich theprocessis permanentlyup.7 A processis faulty if it is not correct, i.e.,either

eventuallyalways-downor unstable.

A processis equippedwith two local memories:a volatile memoryanda stablestorage.Theprimitivesstore and

retrieve allow a processthat is up to accessits stablestorage.Whenit crashes,a processloosesthe contentof its

volatile memory; the contentof its stablestorageis however not affectedby the crashandcanbe retrieved by the

processuponrecovery.

2.2 Link Properties

Processesexchangeinformationandsynchroniseby sendingandreceivingmessagesthroughchannels.Weassume

theexistenceof abidirectionalchannelbetweeneverypairof processes.Weassumethateverymessage! includesthe

following fields: theidentityof its sender, denotedsender(m), anda local identificationnumber, denotedid(m). These

fields make every messageunique. Channelscanlooseor drop messagesandthereis no upperboundon message

transmissiondelays.Weassumethesamechanneldefinitionsasin [1], whichensurethefollowing propertiesbetween

everypair of processes�� and�#" :
Nocreation: If ��" receivesa message! from �� at time $ , then�# sent! to �#" beforetime $ .
7In practice,aprocessis requiredto stayup longenoughfor thecomputationto terminate.In asynchronoussystemshowever, characterisingthe

notionof “long enough”is impossible.
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Finite duplication: If �  sendsa message! to � " only a finite numberof times,then � " receives ! only a finite

numberof times.

Fair loss: If �� sendsa message! to ��" aninfinite numberof timesand ��" is correct,then �#" receives! from �# 
aninfinite numberof times.

Thesepropertiescharacterisethe links betweenprocessesandare independentof the processfailure patternoc-

curring in theexecution.Thelast two propertiesaresometimescalled,respectively, finite duplicationandweakloss,

e.g., in [16]. They reflect the usefulnessof the communicationchannel. Without theseproperties,any interesting

distributedproblemwould betrivially impossibleto solve. By introducingthenotionof correctprocessinto the fair

lossproperty, wedefinetheconditionsunderwhichamessageis deliveredto its recipientprocess.Indeed,thedelivery

of a messagerequirestherecipientprocessto berunningat thetime thechannelattemptsto deliver it, andtherefore

dependson thefailurepatternoccurringin theexecution.The fair losspropertyindicatesthata messagecanbelost,

eitherbecausethechannelmaynotattemptto deliverthemessageor becausetherecipientprocessmaybedown when

thechannelattemptsto deliver themessageto it. In bothcases,thechannelis saidto commitanomissionfailure.

We assumethepresenceof a discreteglobalclock whoserangeticks % is thesetof naturalnumbers.This clock

is usedto simplify presentationandnot to introducetime synchrony, sinceprocessescannotaccesstheglobalclock.

We will indeedintroducesomepartialsynchrony assumptions(otherwise,fault-tolerantagreementandtotal orderare

impossible[5]), but theseassumptionswill beencapsulatedinsideour weakleaderelectionabstractionandusedonly

to ensureprogress(liveness).

3 Abstractions: Specifications

Our deconstructionof Paxosis basedon threeabstractions:a round-basedregister, a weakleaderelectionand

a round-basedconsensus. These“sharedmemory” abstractionsexport operationsthat areinvokedby the processes

implementingthereplicatedservice.8

Roughlyspeaking,Paxosensuresthatall processesdelivermessagesin thesameorder. Theround-basedconsensus

encapsulatesthe subprotocolusedto “agree” on the order; the round-basedregister encapsulatesthe subprotocol

used(within round-basedconsensus)to “store” and“lock” theagreementvalue(i.e., theorder);andtheweakleader

electionencapsulatesthesubprotocolusedto eventuallychooseauniqueleaderthatsucceedsin storingandlockinga

final decisionvaluein theregister. Wegiveherethespecificationsof theseabstractions,togetherwith thespecification

of the problemwe solve usingtheseabstractions,i.e., total orderdelivery. (Implementationsaregiven in the next

sections.)Thespecificationsrely on thenotionof processcorrectness:weassumethatprocessesfail only by crashing,

anda processis correctif thereis a time afterwhich theprocessis always-up(i.e., not crashed).9 (Detailsaboutour

systemmodelarealsogivenin optionalAppendixA.)
8As in [11], wesaythatanoperationinvocation&('*),+ follows(is subsequentto) anoperationinvocation&('*)�- , if &('.),+ wascalledafter &('*)�- has

returned.Otherwise,theinvocationsareconcurrent.
9Notethatthevalidity periodof thisdefinitionis thedurationof aprotocolexecution,i.e., in practice,aprocessis correctif it eventuallyremains

up long enoughfor theprotocolto terminate.
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3.1 Round-BasedRegister

Like a standardregister, a round-basedregister hastwo operations:/#021�3�465 and 78/29:$;0<4=5 . Theseoperationsare

invokedby theprocessesin thesystem.Unlikeastandardregister, theoperationinvocationsof a round-basedregister

(1) take asa parameteran integer (i.e., a roundnumber),and(2) maycommit or abort. Thecommit/abortoutcome

reflectsthesuccessor thefailureof theoperation.More precisely:

� The /#021�3�465 operationtakesasinput an integer > . It returnsa pair 4�?6$;1�$�@A?B��C�5 where ?6$;1�$�@A?EDF��G�02?2��HJI<� and

CKDML representsthesetof possiblevaluesfor theregister; NODML is theinitial valueof theregister. If /#0B1�3�4�>P5
returns4�G�02?2��CQ5 (resp. 4�HJIR��CQ5 ), wesaythat /#021�3�4�>P5 commits(resp.aborts) with C .

� The 78/29S$;0<465 operationtakes as input an integer > and a value CTDUL . It returns ?6$;1;$�@A?VDW��G�02?2��HJI<� . If

78/29S$;0<4�>#��CQ5 returnsG�0B? (resp.HJI ), wesaythat 7X/B9:$;0<4�>Y��CQ5 commits(resp.aborts).10

In the following, we describethe propertiesof the round-basedregister. Thesepropertiesdefinethe conditions

underwhich the operationscan abortor commit. Indirectly, theseconditionsrelatethe valuesreadandwritten on

the register. We first describethe conditionunderwhich an invocationcan abort. Roughlyspeaking,an operation

invocationabortsonly if thereis aconflictinginvocation.Like in [13], thenotionof “conflict” is definedherein terms

of round-numbersassociatedwith theoperations.Thefollowing conditioncapturesthe intuition thata /#021*3�4=5 (resp.

a 78/29:$;0R465 ) conflictswith any otheroperation(/#021*3�4=5 or 7X/B9:$;0<4=5 ) madewith a strictly higherroundnumber. More

precisely:

� Read-write-abort: If /#021*3�4�>Z5 or 78/29:$;0<4�>#� � 5 aborts,thensomeoperation/#021�3�4�><[�5 or 78/29:$;0R4�><[:� � 5 wasinvoked

with > [Q\ > .
We describebelow the conditionsunderwhich the operationscan commit. Intuitively, a /#021�3�465 that commits

returnsthevaluewritten by a “previous” 78/29S$;0<465 , or the initial value N if no 78/29:$;0<4=5 hasbeeninvoked. A 7X/B9:$;0<4=5
that commitsforcesa subsequent/#021*3�4=5 to returnthe valuewritten, unlessthis valuehasbeenoverwritten. More

precisely:

� Read-write-commit: If /#0B1�3�4�>P5 or 78/29:$;0<4�>#� � 5 commits,then no subsequent/�021�3�4�> [ 5 or 78/29S$;0<4�> [ � � 5 can

commitwith > [^] > .11

� Read-commit: If /#021�3�4�>P5 commitswith C`_
aN , thensome78/29:$;0<4�> [ ��CQ5 with > [Qb > wasinvoked.

� Write-commit: If 78/29S$;0<4�>#��CQ5 commitsand no subsequent78/29:$;0<4�> [ � � 5 is invoked with > [dc > , then any

/�021�3�4�> [ [ 5 thatcommits,commitswith C if > [ [�\ > .
Theread-writecommitconditionexpressesthefactthat,tocommitanoperation,aprocessmustusearound-number

that is higherthanany round-numberof an alreadycommittedinvocation. The read-commitconditioncapturesthe
10Notethatevenif a e^f�&(gih2jlk aborts,its valuemightbesubsequentlyread,i.e., the emf�&(gihBjnk operationis not atomic.
11Note that we deliberatelydo not restrict the casewheredifferentprocessesperforminvocationswith the sameroundnumber. Paxosindeed

assumesroundnumberuniquenessaswewill seein Section4.
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intuition thatnovaluecanbereadunlessit hasbeen“previously” written. If therehasnotbeenany suchwrite, thenthe

initial value N is returned.Thewrite-commitconditioncapturestheintuition that,if a valueis (successfully)written,

then,unlessthereis asubsequentwrite, everysubsequentsuccessfullyreadmustreturnthatvalue.Informally, thetwo

conditionsensurethatthevaluereadis the“last” valuewritten.

To illustratethebehaviour of a round-basedregister, considertheexampleof Figure1. Threeprocesses� � , � � and

�*o accessthesameround-basedregister. Process��� invokes78/29:$;0<4=p<��qr5 beforeany processinvokesany operationon

theregister: operation7X/B9:$;0<4=p<��qr5 commitsandthevalueof the registeris q : �s� getsG�02? asa returnvalue. Later,

�*� invokes/#021�3�4utZ5 on theregister: theoperationcommitsand �*� gets 4�G�02?B��qr5 asa returnvalue. If �*o later invokes

78/29:$;0<4=pR��vw5 , thentheoperationaborts:the returnvalueis HJI (because��� hasinvoked /#021�3�4utZ5 ). The registervalue

remainsq . If ��o laterinvokes78/29S$;0<4uxY�;vE5 , thentheoperationcommits:thenew registervalueis v .

p1

p2

p3

write(1,X)y,zl{
 read(2)y,zl{(| }

write(1,Y)~=� write(3,Y)y,zu{
Figure 1. Round-basedregisterexample

3.2 Round-BasedConsensus

We introducebelow our round-basedconsensusabstraction. This abstractioncapturesthe subprotocolusedin

Paxosto agreeon a total order. We representour consensusnotionin theform of a sharedobjectwith oneoperation:

��/#I���IR?B0<465 [10]. Thisoperationtakesasinputaninteger(i.e.,a roundnumber)andaninitial valuein adomain L (i.e.,

a propositionfor theconsensus).It returnsa ?6$;1�$�@�? in �,G�0B?2��HJI<� anda valuein L . We saythata process�� proposes

a value9SHs9:$� for round > when�� invokesfunction �./#I��ZIR?20<4=5 with > and 9:Hs9S$� asparameters.We saythat �� decides

v in round > (or commitsround > ) when �� returnsfrom thefunction ��/#I���IR?B0<465 with G�02? and C . If theinvocationof

��/#I���IR?B0<4�>#��CQ5 returnsHJI at �� , we saythat �# abortsround > . Round-basedconsensushasthefollowing properties:

� Validity: If a processdecidesa valueC , thenC wasproposedby someprocess.

� Agreement:No two processesdecidedifferently.

� Termination: If aprocessabortsround > , thensomeprocesshasproposed(somevalue)in a round > [�\ > ; if a

process�  commitsround > , thenno processcansubsequentlycommitround > [Q] > .

Theagreementandvalidity propertiesof our round-basedconsensusabstractionaresimilar to thoseof thetraditional

consensusabstraction[10]. Our terminationproperty is however strictly weaker. If processeskeepconcurrently

proposingvalueswith increasingroundnumbers,thenno processmight beableto decideany value. In a sense,our

notionof consensushasaconditionalterminationproperty. In therestof thepaper, whennoambiguityis possible,we

shallsimplyusethetermconsensusinsteadof round-basedconsensus.
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In Figure2,process�*� commitsconsensuswith valueY for round2. Process��� thentriggersconsensusby invoking

��/#I���IR?B0<46pR��q�5 but abortsbecauseprocess� � proposedwith ahigherroundnumberandprevents� � from committing.

Process� � thenproposeswith vlaueX for round4, andthis time � � commits.Process� o abortswhenit proposeswith

valueZ for round3.

p1

p2

p3

propose(1,X)~6�
propose(2,Y)y,zu{

propose(4,X)y,zl{

propose(3,Z)~6�
Figure 2. Round-basedconsensusexample

3.3 Weak Leader Election

Intuitively, a weakleaderelectionabstractionis a sharedobjectthat electsa leaderamonga setof processes.It

encapsulatesthesubprotocolusedin Paxosto choosea processthatdecideson theorderingof messages.Theweak

leaderelectionobjecthasoneoperation,namedleader(), whichreturnsaprocessidentifier, denotingthecurrentleader.

Whentheoperationreturns��" at time $ andprocess�� , we saythat �#" is leaderfor �� at time $ (or �# elects��" at time

$ ). We saythat a process�  is an eventualperpetualleader if (1) �  is correct,and(2) eventuallyevery invocation

of leader()returns�  . Weakleaderelectionsatisfiesthe following property: Someprocessis an eventualperpetual

leader.

It is importantto noticethat the propertyabove doesnot prevent the casewhere,for an arbitraryperiodof time,

variousprocessesaresimultaneouslyleaders.12 However, theremustbe a time after which the processesagreeon

someuniquecorrectleader. Figure3 depictsa scenariowhereevery processelectsprocess� � , andthen � � crashes;

eventuallyeveryprocesselectsthenprocess� � . Whentheleaderdoesnot changeandthereis amajority of processes

thatremainsup,wesaythatthesystemis in astableperiod.Otherwise,wesaythatthesystemis in aunstableperiod.

p1

p2

p3
 leader()���

 leader()���
 leader()���

 leader()���
 leader()���

 leader()���
 leader()���
 leader()���

 leader()���
 leader()���

crash

Figure 3. Weakleaderelectionexample

3.4 Total Order Delivery

Themainproblemsolvedby theactualPaxosprotocolis to ensuretotal orderdelivery of messages(i.e., requests

broadcastto replicas).13 Total orderbroadcastis definedby two primitives:TO-BroadcastandTO-Deliver. We say
12In this senseourweakleaderelectionspecificationis strictly weaker thenthenotionof leaderelectionintroducedin [22].
13In fact,Paxosalsodealswith causalorderdelivery of messages,but wedonot considerthat issuehere.
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thata processTO-Broadcastsa message! whenit invokesTO-Broadcastwith ! asaninput parameter. We saythat

aprocessTO-Deliversamessage! whenit returnsfrom theinvocationof TO-Deliverwith ! asanoutputparameter.

Our totalorderbroadcastprotocolhasthefollowing properties:

� Termination: If a process�# TO-Broadcastsa message! andthen �� doesnot crash,then �� eventuallyTO-

Delivers! .

� Agreement:If a processTO-Deliversa message! , theneverycorrectprocesseventuallyTO-Delivers! .

� Validity: For any message! , (i) everyprocess�  thatTO-Delivers! , TO-Delivers! only if ! waspreviously

TO-Broadcastby someprocess,and(ii) everyprocess�  TO-Delivers! at mostonce.

� Total order: Let �  and � " be any two processesthatTO-Deliver somemessage! . If �  TO-Deliverssome

message! [ before! , then� " alsoTO-Delivers! [ before! .

It is importantto noticethat thetotal orderpropertywe considerhereis slightly strongerfrom theoneintroduced

in [9]. In [9], it is statedthat if any processes�  and � " bothTO-Delivermessages ! and ! [ , then �  TO-Delivers

! before! [ if andonly if � " TO-Delivers! before! [ . With this property, nothingpreventsa process�  from TO-

Deliveringthesequenceof messages!V�;�S!K�*�:!�o whereasanother(faulty)processTO-Delivers!`���S!Ko withoutever

delivering ! � . Our specificationclearlyexcludesthatscenarioandmorefaithfully capturesthe(uniform) guarantee

offeredby Paxos[13].

4 Abstractions: Implementations

In the following, we give wait-free [10] implementationsof our threeabstractionsand show how they can be

usedto implementa simplevariantof thePaxosprotocolin theparticularcaseof a crash-stopmodel(following the

architectureof Figure4). We will show how to stepto thecrash-recoverymodelin thenext section.

���l���^�,�l�:������=���l� �����l� � ���B�6��� �B�:�(�l�� �l����� �n���
� � �2�=��� �B�:�(�l�  �l�6�(�l�=� �B�

  �l¡Y¡R�2�u�������¢���l�

£,��¤��l�

Figure 4. Architecture

We simply assumeherethat messagesarenot lost or duplicatedandprocessesthat crashhalt their activities and

neverrecover. Wealsoassumethatamajorityof theprocessesdonevercrashand,for theimplementationof ourweak

leaderelectionabstraction,we assumethefailuredetector� introducedin [2].

4.1 Round-BasedRegister

Thealgorithmof Figure5 implementsthe abstractionof a round-basedregister. Thealgorithmworks intuitively

asfollows. Every process�  hasa copy of theregistervalue,denotedby C  , andinitialisedto N . A processreadsor
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1: procedure register() ¥ constructor, for each process¦R§n¨
2: ©�ª�«¬B®R¯�° ¥ highestf�h�±;²�jnk roundnumberacceptedby ¦R§n¨
3: ³s©  �´ ª�®R¯�° ¥ higheste^f�&(gih2jlk roundnumberacceptedby ¦R§n¨
4: µ ® ¯�¶ ¥:¦R§ ’s estimateof theregistervaluë
5: procedure read(· )
6: send[READ,· ] to all processes
7: wait until received[ackREAD,· ,*,*] or [nackREAD,· ] from ¸�¹ ��ºd�l»n¼6�6½ processes
8: if receivedat leastone[nackREAD,· ] then
9: return(�<¾2¿ µ ) ¥:f�h6±�²�jlk is aborted̈
10: else
11: selectthe[ackREAD,· ¿ ·;À ¿ µ ] with thehighest·;À
12: return(Áª�Â ¿ µ ) ¥:f�h6±�²�jlk is committed̈
13: procedurewrite( · ¿ µ )
14: send[WRITE,· ¿ µ ] to all processes
15: wait until received[ackWRITE,· ] or [nackWRITE,· ] from ¸�¹ �Aºd�l»n¼6�6½ processes
16: if receivedat leastone[nackWRITE,· ] then
17: return(�<¾ ) ¥:emf�&(gihBjnk is aborted̈
18: else
19: return(Áª�Â ) ¥:emf�&(gihBjnk is committed̈
20: task wait until receive [READ,· ] from ÃÄ
21: if ³s©  �´ ª ®�Å · or ©�ª�«¬ ®ZÅ · then
22: send[nackREAD,· ] to Ã Ä
23: else
24: ©�ª�«¬B®R¯Æ·
25: send[ackREAD,· ¿ ³s©  �´ ª ® ¿ µ ® ] to Ã Ä
26: task wait until receive [WRITE,· ¿ µ ] from ÃÄ
27: if ³s©  �´ ª�® Å · or ©�ª�«¬B® Å · then
28: send[nackWRITE,· ] to ÃÄ
29: else
30: ³s©  �´ ª�®�¯Æ·
31: µ;®<¯Æµ ¥ A new valueis “adopted” ¨
32: send[ackWRITE,· ] to Ã Ä

Figure 5. A wait-freeround-basedregisterin thecrash-stopmodel

writesa valueby accessinga majority of thecopieswith a roundnumber. Accordingto the actualround-number, a

process�# might “accept”or not theaccessto its local copy C* . Every process�� hasa variable/#021�32 thatrepresents

thehighestroundnumberof a /#021�3�465 “accepted”by �� , andavariable7X/B9:$;0 thatrepresentsthehighestroundnumber

of a 78/29:$;0<4=5 “accepted”by �� . Thealgorithmis madeup of two procedures(/#0B1�3�4=5 and 78/29:$;0R465 ) andtwo tasksthat

handleREAD andWRITE messages.Eachtaskis executedin oneatomicstepto avoid mutualexclusionproblemsfor

thecommonvariables.

Proposition1. Thealgorithmof Figure5 implementsa round-basedregister.

Theproof is basedon lemmata2, 3, 4, and5.

Lemma 2. Read-write-abort:If /#0B1�3�4�>P5 or 78/29:$;0<4�>#� � 5 aborts,thensomeoperation /#0B1�3�4�><[�5 or 78/29:$;0R4�><[:� � 5 was

invokedwith > [�\ > .
Proof. Assumethat someprocess��" invokesa /#021*3�4�>Z5 (resp. 78/29:$;0<4�>#� � 5 ) that returnsHJI (i.e., aborts). By the

algorithmof Figure5, this canonly happenif someprocess�# hasa value /#0B1�3R \ > or 7X/B9:$;0 \ > , which means

thatsomeprocesshasinvoked /#021*3�4�> [ 5 or 78/29:$;0<4�> [ 5 with > [Q\ > . Ç
Lemma 3. Read-write-commit:If /#021�3�4�>P5 or 78/29:$;0R4�>#� � 5 commits,thenno subsequent/#021�3�4�> [ 5 or 78/29S$;0<4�> [ � � 5 can

commitwith > [�] > .
Proof. Let process�  be any processthat commits /#021�3�4�>P5 (resp. 78/29:$;0R4�>#� � 5 ). This meansthat a majority of the
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processeshave “accepted”/�021�3�4�>P5 (resp. 78/29S$;0<4�>#� � 5 ). For a process� " to commit /#021�3�4�> [ 5 or 78/29:$;0R4�> [ � � 5 with

> [È] > , a majority of the processesmust“accept” /#0B1�3�4�> [ 5 (resp. 78/29:$;0R4�> [ � � 5 ). Hence,at leastoneprocessmust

“accept” /#0B1�3�4�>P5 (resp. 7X/B9:$;0<4�>Y� � 5 ) andthen /#0B1�3�4�> [ 5 (resp. 78/29:$;0<4�> [ � � 5 ) with > [A] > which is impossibleby the

algorithmof Figure5: a contradiction. Ç
Lemma 4. Read-commit:If /#021�3�4�>P5 commitswith CV_
aN , thensomeoperation 78/29:$;0R4�> [ ��CQ5 wasinvokedwith > [Qb > .
Proof. By thealgorithmof Figure5, if someprocess� " commits/#021�3�4�>P5 with CÉ_
aN , thensomeprocess�  musthave

sentto � " a message[ackREAD,>Y��78/29:$;0 " ��C ] thensomeprocess�#Ê musthave invoked 78/29:$;0R4�> [ ��CQ5 with > [ab > ,
otherwise�  wouldhavesent[nackREAD,> ] to � " or [ackREAD,>#�=ËP��N ] Ç
Lemma 5. Write-commit:If 7X/B9:$;0<4�>Y��CQ5 commitsandno subsequent78/29:$;0<4�> [ � � 5 is invokedwith > [Ìc > , thenany

/#021*3�4�> [ [ 5 that commits,commitswith C if > [ [Q\ > .
Proof. Assumethatsomeprocess�# commits78/29:$;0<4�>#��C�5 , andassumethatno subsequent78/29S$;0<4�> [ � � 5 hasbeenin-

vokedwith > [�c > andthat for some> [ [Í\ > someprocess��" commits/#0B1�3�4�> [ [ 5 with C [ . Assumeby contradiction

that C�_
rC [ . Since/#021�3�4�> [ [ 5 commitswith C [ , by theread-commitproperty, some78/29S$;0<4�> [ [ ��C [ 5 wasinvokedbefore

or at thesameround > [ [ . However, this is impossiblesinceweassumedthatno 78/29:$;0R4�> [ � � 5 operationwith > [Qc > has

beeninvoked,i.e., C  remainsunchangedto C : acontradiction. Ç
Proof of Proposition1. Directly from lemmata2, 3, 4 and5. Ç
Proposition6. With a majorityof correctprocesses,theimplementationof Figure5 is wait-free.

Proof. Theonly wait statementsof theprotocolaretheguardlines thatdepictsthewaiting for a majority of replies.

Theseare non-blockingsincewe assumea majority of correctprocesses.Indeed,a majority of correctprocesses

alwayssendamessageto therequestingprocesseitherof type[ackREAD,nackREAD],or of type[ackWRITE,nack-

WRITE]. Ç

4.2 Round-BasedConsensus

Thealgorithmof Figure6 implementsa round-basedconsensusobjectthat relieson a wait-freeround-basedreg-

ister. As in [13, 19], we assumeroundnumberuniqueness,i.e., a process�  proposesonly for round >Î
�9��>Î

9�ÏÑÐÒ�;>`
Ó9ÌÏÉtYÐÔ�;����� . The basicideaof the algorithmis the following. For a process�  to proposea valuefor a

round > , �  first readsthevalueof theregisterwith > , andif the /�021�3�4=5 operationcommits,�  invokesa 78/29S$;0<465 with

> andC (or �  ’s initial valueif no valuehasbeenwritten). If the 78/29:$;0<4=5 operationcommits,thentheprocessdecides

thevaluewritten (i.e., returnsthisvalue).Otherwise,�� abortsandreturnsHJI (line 7).

Proposition7. Thealgorithmof Figure6 implementsa wait-freeround-basedconsensus.

Theproof is basedon lemmata8, 9 and10.
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Lemma 8. Validity: If a processdecidesa valueC , thenC wasproposedbysomeprocess.

Proof. Let �� beaprocessthatdecidessomevalueC . By thealgorithmof Figure6, either(a) C is thevalueproposedby

�� , in whichcasevalidity is satisfied,or (b) C hasbeenreadby �� in theregister. Considercase(b), by theread-commit

propertyof the register, someprocess�#" musthave invokedsome78/29:$;0R465 operation.Let ��" be the thefirst process

that invokes7X/B9:$;0<4�> ° � � 5 with > ° equalto thesmallest> ever invokedfor 78/29:$;0R4�>#��CQ5 . By thealgorithmof Figure6,

therearetwo casesto consider:either(a) C is the valueproposedby � " , in which casevalidity is ensured,or (b) C
hasbeenreadby � " in the register. For case(b), by the read-commitpropertyof the register, for � " to readC , some

process��Ê musthave invoked 78/29:$;0<4�> [ ��C�5 with > [Íb > ° : a contradiction.Therefore,C is thevalueproposedby � "
andvalidity is ensured. Ç
Lemma 9. Agreement:No two processesdecidedifferently.

Proof. Assumeby contradictionthattwo processes�# and��" decidetwo differentvaluesC andC [ . Let �# decidesafter

committing78/29S$;0<4�>#��CQ5 and��" decidesaftercommitting78/29:$;0<4�> [ ��C [ 5 . Assumewithout lossof generalitythat > [Q\ >
(rememberthatwe assumeround-numberuniqueness)and > [ is thesmallestroundnumberthat is higherthan > . By

thealgorithmof Figure6 � " musthavecommitted/�021�3�4�> [ 5 with C [ beforecommitting78/29S$;0<4�> [ ��C [ 5 . However, by the

write-commitproperty, /#021*3�4�> [ 5 mustreturnC (sinceno processhasinvokedany 78/29:$;0<4�> [ [ � � 5 : acontradiction. Ç
Lemma 10. Termination: If a process�  abortsin a round > , thensomeprocesshasproposed(somevalue)a round

> [�\ > ; if a process�  commitsa round > , thenno processcansubsequentlycommita round > [�] > .
Proof. For thefirst part,assumethata process�  abortsa round > . By thealgorithmof Figure6, this meansthat �  
aborts/�021�3�4�>P5 or 78/29S$;0<4�>#� � 5 . By theread-write-abortproperty, someprocessmusthaveproposedin a round > [�\ > .
Considernow thesecondpart.Assumethata process�# commitsa round > . By thethealgorithmof Figure6 andthe

read-write-commitproperty, no processcansubsequentlycommitany /�021�3�4�> [ 5 or 7X/B9:$;0<4�> [ � � 5 with > [A] > [ . Hence

no processcansubsequentlycommita round > [^] > . Ç
Proof of Proposition7. Termination,agreementandvalidity follows from lemmata8, 9 and10. Theimplementation

of round-basedconsensusis wait-freesinceit is basedon a wait-freeround-basedregisteranddoesnot introduceany

“wait” statement. Ç
4.3 Weak Leader Election

Figure7 describesasimpleimplementationof await-freeweakleaderelection.Theprotocolrelieson theassump-

tions(i) thatat leastoneprocessis correctand(ii) theexistenceof failuredetector� [2]: � outputs(at eachprocess)

a list of trustedprocesses,i.e., processesthataretrustedto beup. Failuredetector� satisfiesthefollowing property:

There is a timeafter which exactlyonecorrectprocessis alwaystrustedby everycorrectprocess.14 Our weakleader

electionrelieson � in thefollowing way. Theoutputof failuredetector� at process�� is denotedby �X . If �X is not
14It wasshown in [2] that Õ is theweakestfailuredetectorto solve consensusandtotal orderbroadcastin a crash-stopsystemmodel. Failure

detectorÕ canbeimplementedin amessagepassingsystemwith partialsynchrony assumptions[3].

12



empty, Öl021�3.06/P4=5 returnsthefirst processfrom thetrustedlist; in any othercase,Öl021�3*0=/P465 returns�  .

1: procedureconsensus() ¥ constructor, for each process¦R§n¨
2: µ^¯�¶ ; reg ¯ new register()
3: procedurepropose(· ¿  �  �´ ® )
4: if reg.©�ª�«¬R¹¢· »�× ¹�Áª�Â ¿ µ » then
5: if (µ × ¶ ) then µ^¯  �  �´ ®
6: if (reg.³s©  �´ ª¹¢· ¿ µ »�× Áª�Â ) then return(Áª�Â ¿ µ )
7: return(�<¾R¿  �  �´ ® )

Figure 6. A wait-freeround-basedconsensususingawait-freeround-basedregister

1: procedure leader() ¥ for each process¦R§n¨
2: if Ø^®PÙ× ¶ then return(first(Ø^® )) elsereturn(Ã�® )

Figure 7. A wait-freeweakleaderelectionwith Ú
Proposition 11. With failure detector � and the assumptionthat at leastoneprocessis correct, the algorithm of

Figure7 implementsa wait-freeweakleaderelection.

Proof. Follows from thepropertyof � [2]. Ç
4.4 A Simple Variant of Paxos

Thealgorithmof Figure9 canbeviewedasa simpleandmodularversionof Paxosin acrash-stopmodel(whereas

the original Paxosprotocol considersa crash-recovery model - seenext section). The algorithm usesa seriesof

consecutiveround-basedconsensus(or simplyconsensus)instances:eachconsensusinstancebeingusedto agreeona

batchof messages.Every processdifferentiatesconsecutiveconsensusinstancesby maintaininga local counter( Û ):

eachvalueof thecountercorrespondsto a specificconsensusinstance.Consensusinstancesaretriggeredaccording

to theoutputof theweakleaderelectionprotocol:only leaderstriggerconsensusinstances.

Wegivehereanintuitivedescriptionof thealgorithm.Whenaprocess�  TO-Broadcastsamessage! , �  consults

the leaderelectionprotocolandsends! to leader��" . When ��" receives ! , ��" triggersa new consensusinstance

by proposingall messagesthat it received(andnot yet TO-Delivered)asan input for consensus.In fact, �#" startsa

new taskpropose( Û ´iÜ ) thatkeepson trying to commitconsensusÛ for this batch,aslong as �#" remainsleader. If

consensuscommits,��" sendsthedecisionto every process.Otherwise,taskproposeperiodicallyinvokesconsensus,

unless� " stopsbeing leaderor someconsensusinstancecommits. When �  electsanotherprocess� · , �  sendsto

� · every messagethat �  received,andnot yet TO-Delivered.By theweakleaderelectionproperty, eventuallyevery

correctprocesselectsthe eventualperpetualleader�#Ý , andsendsits messagesto �#Ý . By the round-basedconsensus

specification,eventually ��Ý commitsconsensusandsendsthedecisionto every process.Once�  receivesa decision

for the Û ´iÜ batchof messages,�  stopstaskproposefor this batch. Process�  TO-Deliversthis batchof messages

only if it is thenext onethatwasexpected,i.e., if �  hasalreadyTO-Deliveredmessagesof batch Û -1. If it is not the

case,�# waits for the next expectedbatch(nextBatch) to respecttotal order. Within a batchof messages,processes

TO-Delivermessagesusinga deterministicorderingfunction.
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Figure 8. Executionschemes

Notethatin orderto decideonabatchof messages,morethanoneconsensusroundmightbenecessary;consensus

roundsare differentiatedwith integer > . Due to round numberuniqueness,no processcan proposetwice for the

sameround > .15 Notealsothanan arrayof round-basedregistersis usedin the total orderbroadcastprotocol: each

round-basedregistercorrespondsto the“storeandlock” of a givenconsensusinstance.Finally, notethata process�  
instantiatesaround-basedregisterwhen(i) �  instantiatesaround-basedconsensus,or (ii) �  receivesfor thefirst time

a messagefor the Û ´iÜ consensus,i.e., Û ´iÜ registerof thearray.

Figure8 depictsfour typical executionschemesof thealgorithm.We assumefor all casesthat (i) process��� TO-

Broadcastsa message! , (ii) process�*â is the eventualperpetualleaderand(iii) Ûã
äp . (��/#I��s4 � 5 standsin the

figuresfor �./#I��ZIR?20<4 � 5 .) In Figure8(a),� � electsitself, triggersanew consensusinstanceby invoking �./#I��ZIR?20<4=pR��!`5 ,
commits,andsendsthe decisionto all. In Figure 8(b), � � elects�*â andsends! to �*â . Process��â then invokes

��/#I���IR?B0<4uåY��!V5 , commits,thensendsthe decisionto all. In Figure8(c), � � first elects� o andsends! to � o . In this

casehowever, �*o doesnot electitself andthereforedoesnothing. Lateron, �s� elects� â andthensends! to � â . As

for case(b), � â commitsconsensusandsendsthedecisionto everyprocess.Notethat �*o couldhavesent! to � â if ��o
hadelected� â . Finally, in Figure8(d), �s� elects��x (which doesnot electitself), then �s� elects�*� , which electsitself

andinvokes��/#I���IR?B0<4utY��!V5 but aborts.Finally, �s� elects� â , and,asfor case(c), � â commitsconsensusandsendsthe

decisionto all.

15Allowing two processesto proposefor thesameroundcouldviolateagreement.For example,process¦�Þ invokes ¦f�æ�¦æ�ç�hBjn-è�)�k andcommits,
andprocess¦ á invokes ¦f�æ�¦æ�ç6h2jl-è�);éSk . Theterminationpropertyof consensusallows ¦ á to commit: agreementwould indeedbeviolated.
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Precisedescription. We give heremoredetailsaboutthe algorithm of Figure9. We first describethe main data

structure,andthenthemainpartsof thealgorithm. Eachprocess�� maintainsa variableTO delivered thatcontains

the messagesthat wereTO-Delivered. When �# receivesa message! , �# adds! to the setReceivedwhich keeps

trackof all messagesthatneedto beTO-Delivered.ThusReceived- TO delivered, denotedTO undelivered, contains

thesetof messagesthatweresubmittedfor totalorderbroadcast,but arenot yet TO-Delivered.Thebatchesthathave

beendecidedbut not yet TO-Deliveredareput in thesetAwaitingToBeDelivered. ThevariablenextBatch keepstrack

of thenext expectedbatchin orderto respectthetotal orderproperty.

Therearefour mainpartsin theprotocol: (a) task launch starts16 taskproposeif theprocess�  is leader, or if �  
is not leader, sendsthemessagesit receivedto the leader;(b) taskproposekeepson startinground-basedconsensus

while �  is leader, until a decisionis reached;(c) primitive receivehandlesreceivedmessages,andstopstaskpropose

once�  receivesa decision;and(d) primitive deliver TO-Deliversmessages.Eachpart is describedbelow in more

details.Initially, whena process�� TO-Broadcastsa message! , �# puts! into thesetReceivedwhich hastheeffect

of changingthepredicateof guardline 16.

� In task launch, process�  periodicallycheckswhetherthe setTO undelivered containsmessages(line 16), or

whether�  electsanotherleader. Note that the loop is executedonly oncefor eachreceivedmessageto avoid

that �  keepson proposing(createnew consensusinstance)for anunchangedTO undeliveredset. First, if the

leaderchanges,�  sendsall themessagesit receivedto the leader. Otherwisebeforestartinga new consensus

instance,�# first verifiesat line 21 if it alreadyreceivedthedecisionor alreadyTO-Deliveredit. Process�� then

either(a) incrementsthe batchnumberto initiate a consensusfor a new batchof messages( Û +1) if �# is the

leader, i.e., �� startstaskproposewith TO undeliveredasthenext batch( Û +1) of messages;or (b) if �# is not

leader, then�# sendsthemessagesit receivedto theleader.

� In taskpropose, a process�� periodicallyinvokesconsensus(proposes)if �� is leader. By thepropertyof weak

leaderelection,oneof the correctprocesses(� Ý ) will be the eventualperpetualleader. Once � Ý is electedby

every correctprocess,��Ý receivesall batchesof messagesfrom the correctprocesses,proposesandcommits

consensus(line 33)andthensendsthedecisionto all (line 36).

� In the primitive receive, when process�# receives the decisionof consensus(line 38), �� first stopstask

proposeê : �  doesnot stopotherbatches(taskpropose) - i.e., this could influencethe resultof someother

consensusinstances(line 36). Process�  thenverifiesthat the decisionreceived is the next decisionthatwas

expected(nextBatch). Otherwise,therearetwo casesto consider:(i) �  is ahead,or (ii) �  is lagging.For case

(i), if �  is ahead(i.e.,receivesadecisionfrom alowerbatch),�  sendsto � " anUPDATE messagefor eachbatch

that � " is missing(line 42). For case(ii), if �  receivesafuturebatch,�  buffersthemessagesof thebatchin the

setAwaitingToBeDeliveredand�  alsosendsto � " anUPDATE messagewith nextBatch in orderfor � " to update

itself (�� ) when �#" receivesthis “on purposelagging” message.Process�� waitsuntil it getsthenext expected

batchin orderto satisfythetotal orderproperty.
16Whenwe saythata new taskis started,we meana new instanceof thetaskwith its own variables(sincetherecanbemorethanonebatchof

messagesbeingtreatedat thesametime). Moreover, thevariableTO delivered meanstheunionof all arraysTO delivered[ ë ].
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� In theprimitive deliver, process�  TO-Deliversonly themessagesthatwerenot alreadyTO-Delivered(line 8

or 13) following thesamedeterministicorder. We assumethat �# removesall messagesthatappeartwice in the

samebatchof messages.

Proposition12. Thealgorithmof Figure9 satisfiesthetermination,agreement,validity andtotal order properties.

We assumeherea systemmodelwheremessageskeepbeingbroadcastindefinitely. This assumptionsis precisely

whatenablesusto ensuretheuniformity of agreementwithout additionalforcedlogsandcommunicationsteps.The

proof is basedon lemmata13,15,16 and17.

Lemma 13. Termination: If a process�� TO-Broadcastsa message ! andthen �� doesnot crash,then �� eventually

TO-Delivers ! .

Theproof is basedon lemma14.

Lemma 14. If theeventualperpetualleaderproposesa batch of messages,it eventuallydecides.

Proof. Assumeby contradictionthatprocess�  is theeventualperpetualleaderthatproposesabatchof messagesand

neverdecides.By thealgorithmof Figure9, �  keepsincrementingroundnumber> (line 35). Let > ° bethesmallest

roundnumberreachedby �  suchthatnoprocesselsethan�  everinvokesany operation.By thealgorithmof Figure9,

suchroundnumberexistsbecause,unlessit is leader, nootherprocessinvokesany operationontheconsensus.By the

terminationpropertyof consensusandsincetheimplementationof consensusis wait-free,�� commits��/#I��ZIR?20<4�> ° � � 5 ,
which meansthat �# decidesavalue:a contradiction. Ç
Proof of Lemma 13. Supposeby contradictionthat �� TO-Broadcastsa message! but never TO-Delivers ! . Re-

memberthateverytime �  electsanew process,�  sends! to thisnew leader. By theweakleaderproperty, eventually

�  electstheeventualperpetualleaderprocess��Ý and �  sends! to ��Ý . By lemma14, ��Ý proposes,decidesandsends

thedecisionto all processes.Therearenow two casesto consider:(a) ��Ý doesnot crash,or (b) �#Ý crashes.For case

(a), by thepropertiesof thechannels,�  receivesthedecisionfrom ��Ý andTO-Delivers! : a contradiction.For case

(b), if ��Ý crashes,��Ý wasnot aneventualperpetualleader:acontradiction. Ç
Lemma 15. Agreement:If a processTO-Deliversa message ! , theneverycorrectprocesseventuallyTO-Delivers ! .

Proof. Supposeby contradictionthatprocess�# TO-Delivers ! andlet �#" beany correctprocessthatdoesnot TO-

Deliver ! . Process�� musthave receivedthedecisionfrom someprocess� · (� · couldbe �� ). Therearetwo cases

to consider:(a) � · is a correctprocess,or (b) � · is a faulty process.For case(a), since� · TO-Delivered! , by the

reliablepropertiesof the channels,every correctprocessreceivesthe decisionandTO-Delivers ! : a contradiction.

For case(b), sincewe assumethatnew messageskeepcoming,theeventualperpetualleader�#Ý TO-Delivers ! and

thereforesendsat sometime thedecisionto everycorrectprocess:a contradiction.As explainedearlier, dueto round

numberuniqueness,no two processescanproposefor the sameround, thereforeevery correctprocessdecidesthe

samevaluefor consensus. Ç
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Lemma 16. Validity: For any message ! , (i) every process�  that TO-Delivers ! , TO-Delivers ! only if ! was

previouslyTO-Broadcastbysomeprocess,and(ii) everyprocess�# TO-Delivers ! at mostonce.

Proof. For the first part (i), supposeby contradictionthat someprocess�� TO-Deliversa message! that wasnot

TO-Broadcastby any process.For amessage! to beTO-Delivered,by thealgorithmof Figure9, ! mustbedecided

throughround-basedconsensus.By thevalidity propertyof consensus,! hasto beproposed(line 27). In orderto be

proposed,! hasto bein thesetTO undelivered(line 19); thento bein thesetTO undelivered, ! hasto bein theset

Received(line 42). Finally, for ! to bein setReceived, ! hasto beTO-Broadcastor sent(lines6 & 22). Ultimately,

for ! to besent,! mustbeTO-Broadcast:a contradiction.For thesecondpart(ii), �  cannotTO-Delivermorethan

onceamessage! . This is impossiblesinceline 8 removesall themessagesthathavebeenalreadyTO-Delivered.Of

course,we assumethat �  distinguishesall messagesthatappeartwice in thevariable!É?=ìsíî06$ . Ç
Lemma 17. Total order: Let �� and ��" be any two processesthat TO-Deliver somemessage ! . If �# TO-Delivers

somemessage ! [ before ! , then�#" alsoTO-Delivers ! [ before ! .

Proof. Supposeby contradictionthat �# TO-Deliversamessage! beforeamessage! [ and��" TO-Delivers! [ before

! . Therearetwo casesto consider:(a) ! and! [ arein thesamemessageset,and(b) ! and! [ arein differentmes-

sagesets.For case(a), sinceevery processdeliversmessagesfollowing thesamedeterministicorder, ! is delivered

before! [ on bothprocesses:a contradiction.For case(b), supposethat ! is partof !M?6ìsíî06$ ê and ! [ Dd!É?=ìsíî06$ ê À
where Û ] Û [ . For ! to beTO-Delivered,!M?6ìsíî06$ ê hasto bereceivedasa DECIDE or UPDATE message(line 32).

If �  TO-Delivers ! before! [ , then � " cannotTO-Deliver ! [ before! sincethepredicateof guardline 34 forbids

� " to TO-Deliverbatchesof messagesout of order:a contradiction.Nevertheless,� " couldreceive the Û [ ´iÜ batchof

messagesbeforethe Û ´iÜ batchof messages,but thebatchwould beput in thesetAwaitingtoBeDelivered. Ç
Proof of Proposition12. Directly from thelemmata13,15,16and17. Ç
5 A Faithful Deconstructionof Paxos

This sectiondescribesa faithful andmodulardeconstructionof Paxos[13]. It is modularin thesensethatit builds

uponourabstractions:thespecificationsof thesearenot changed,only their implementationsareslightly modified.It

is faithful in thesensethatit capturesthepracticalspirit of theoriginal Paxosprotocol: it toleratestemporarycrashes

of links andprocesses.Justlike with theoriginal Paxosprotocol,we precludethepossibilityof unstableprocesses:

eitherprocessesarecorrect(eventuallyalways-up),or they eventuallycrashandnever recover. We will comebackto

this assumptionin thenext section.

To stepfrom the crash-stopmodel to the crash-recovery model, we mainly adaptthe round-basedregister and

slightly modify the global protocol to dealwith recovery (in shadein Figure10(a)). Every processperformssome

forcedlogssothatit canconsistentlyretrieveits statewhenit recovers.To copewith temporarylink failures,webuild

upona retransmissionmodule,associatedwith two primitivess-sendands-receive: if a process�  s-sendsa message

to a correctprocess� " and�  doesnot crash,themessageis eventuallys-received.
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1: For eachprocessÃ;® :
2: procedure initialisation:
3: Received[] ¯Ñ¶ ; TO delivered[] ¯�¶ ; start task ï launch ð
4: TO undelivered ¯�¶ ; AwaitingToBeDelivered[] ¯Î¶ ; ê ¯ � ; nextBatch ¯ �
5: procedureTO-Broadcast(Ê )
6: Received̄ Receivedñ m
7: proceduredeliver(msgSet)
8: TO delivered[nextBatch] ¯ msgSet- TO delivered;
9: atomicallydeliverall messagesin TO delivered[nextBatch] in somedeterministicorder
10: TO-Deliverï nextBatch,TO delivered[nextBatch] ð
11: nextBatch ¯ nextBatch ºÍ�
12: while AwaitingToBeDelivered[nextBatch] Ù× ¶ do
13: TO delivered[nextBatch] ¯ AwaitingToBeDelivered[nextBatch]
14: nextBatch ¯ nextBatch+1
15: task launch ¥ while loopexecutedonlyonceif Receiveddoesnot changë
16: while Received- TO delivered Ù× ¶ or leaderhaschangeddo
17: while AwaitingToBeDelivered[ ê +1] Ù× ¶ or TO delivered[ ê +1] Ù× ¶ do
18: ê ¯ êòºò�
19: if êó× nextBatch and AwaitingToBeDelivered[ ê ] Ù× ¶ and TO delivered[ ê ] × ¶ then
20: deliver(AwaitingToBeDelivered[ ê ])
21: TO undelivered ¯ Receivedô TO delivered
22: if leader()=Ã ® then
23: while proposeõ is active do
24: ê ¯ êòºd�
25: start task proposeõ (êÈ¿ Ã ® ¿iöP÷ ø2� ¬,ª Ý  µ,ª�©�ª�¬ ); ê ¯ êòºd�
26: else
27: send(öP÷ ø2� ¬,ª Ý  µ,ª�©�ª�¬ ) to leader()
28: task propose(ù ¿(ÝS¿(Ê Â�ú�û*ª ´ ) ¥ keepsonproposinguntil consensuscommits̈
29: committed̄ false; consensusü�¯ new consensus()
30: while not committeddo
31: if leader() × Ã�® then
32: if consensusü .propose(Ýn¿iÊ Â=ú�û�ª ´ ) = (Áª�Â ¿ ©6ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ) then
33: committed̄ true
34: Ý ¯ Ý�ºÿþ
35: send(DECISION,ù ¿ ©6ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ) to all processes
36: upon receive Ê from Ã Ä do

37: if Êó× (DECISION,nextBatch,Ê Â�ú�û�ª ´ õ�� Ä ) or Êó× (UPDATE,ê � Ä ,TO delivered
� ê � Ä�� ) then

38: if task proposeõ�� Ä is active then stop task proposeõ�� Ä
39: if ê � Ä Ù× nextBatch then ¥:¦�� is aheador behind̈
40: if ê � Ä	� nextBatch then ¥:¦�� is behind̈
41: for all ù suchthat ê � Ä	� ù � nextBatch: send(UPDATE,ù ,TO deliver

� ù � ) to Ã Ä ¥ if ¦���
�E¦R§n¨
42: else
43: AwaitingToBeDelivered[ ê � Ä ] = msgSet

õ�� Ä ; send(UPDATE,nextBatch-1,TO deliver[nextBatch-1]) to Ã Ä ¥ if ¦���
�E¦R§n¨
44: else
45: deliver(msgSet

õ�� Ä )
46: else
47: Received̄ Receivedñ Ê ¥ Consensusmessagesareaddedto theconsensusboẍ

Figure 9. A modularcrash-stopvariantof Paxos
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5.1 RetransmissionModule

We describeherea retransmissionmodulethatencapsulatesretransmissionsissuesto dealwith temporarycrashes

of communicationlinks. Theprimitivesof theretransmissionmodule(s-sendands-receive) preserve theno creation

andfiniteduplicationpropertiesof theunderlyingchannels,andensuresthefollowing property:Let �  beanyprocess

that s-sendsa message ! to a process� " , and then �  doesnot crash. If � " is correct, then � " eventuallys-receives

! . Figure11 givesthealgorithmof theretransmissionmodule.All messagesthatneedto beretransmittedareput in

thevariablexmitmsgwith their destinationin thesetdst (line 5). Messagesin xmitmsgareerasedonceall recipients

have acknowledged! , otherwisethey arealwaysretransmitted(lines18-21). Theno creationandfinite duplication

propertiesaretrivially satisfied.

1: for eachprocessÃ ® :
2: procedure initialisation:
3: xmitmsg[], dst[] ¯Ñ¶ ; start task ï retransmitð
4: procedures-send(Ê ) ¥ to s-sendmto ¦'�,¨
5: if Ê Ùh xmitmsgthen xmitmsḡ xmitmsgñ Ê
6: if ÃÄmÙh dst[ Ê ] then dst[ Ê ] ¯ dst[ Ê ] ñAÃ,Ä
7: for all ÃÄ�h dst[ Ê ] do
8: if Ã Ä Ù× Ã ® then
9: send Ê to Ã Ä
10: else
11: simulates-receive Ê from Ã�® ; dst[ Ê ] ¯ dst[ Ê ] i,Ã�®
12: upon receive(Ê ) from Ã Ä do
13: if Ê = ACK then
14: dst[ Ê ] ¯ dst[ Ê ] i,ÃÄ
15: if dst[ Ê ] = ¶ then xmitmsḡ xmitmsgi Ê
16: else
17: s-receive(Ê ); sendACK(Ê ) to ÃÄ
18: task retransmit ¥ retransmitall messagesreceivedandsenẗ
19: while truedo
20: for all Ê h xmitmsgdo
21: s-send(Ê )

Figure 11. Retransmissionmodule

Proposition 18. Let �� beany processthats-sendsa message! to a process��" , andthen �� doesnot crash.If ��" is

correct,then�#" eventuallys-receives! .

Proof. Supposeby contradictionthat �# s-sendsa message! to a process��" andthendoesnot crash. Assume��"
is correct,yet �#" doesnot s-receive ! . Therearetwo casesto consider:(a) ��" doesnot crash,or (b) �#" crashesand

eventuallyrecoversandremainsalways-up.For case(a), by thefair losspropertiesof the links, � " receivesandthen

s-receives! : a contradiction.For case(b), sinceprocess�  keepson sending! to � " , thereis a time afterwhich �  
sends! to � " andnoneof themcrashafterwards.As for case(a), by thefair losspropertyof thelinks, � " eventually

receives! , thens-receives! : acontradiction. Ç
Proposition19. With a majorityof correctprocesses,thealgorithmof Figure12 implementsa wait-freeround-based

register.

Lemma 20. Read-write-abort:If /#0B1�3�4�>P5 or 78/29:$;0<4�>#� � 5 aborts,thensomeoperation /#021�3�4�> [ 5 or 78/29:$;0<4�> [ � � 5 was

invokedwith > [�\ > .
Lemma 21. Read-write-commit:If /#021�3�4�>P5 or 78/29S$;0<4�>#� � 5 commits,thennosubsequent/#021�3�4�> [ 5 or 78/29:$;0<4�> [ � � 5 can

commitwith > [�] > .
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1: procedure register() ¥ constructor, for each process¦R§n¨
2: ©�ª�«¬B®R¯�°
3: ³s©  �´ ª�®R¯�°
4: µ ® ¯�¶
5: procedure read(· )
6: s-send[READ,· ] to all processes
7: wait until s-received[ackREAD,· ,*,*] or [nackREAD,· ] from ¸�¹ ��ºò�u»n¼6��½ processes
8: if s-receivedat leastone[nackREAD,· ] then
9: return(�<¾2¿ µ )
10: else
11: selectthe[ackREAD,· ¿ ·;À ¿ µ ] with thehighest·;À
12: return(Áª�Â ¿ µ )
13: procedurewrite( · ¿ µ )
14: s-send[WRITE,· ¿ µ ] to all processes
15: wait until s-received[ackWRITE,· ] or [nackWRITE,· ] from ¸�¹ �Aºò�u»n¼6��½ processes
16: if s-receivedat leastone[nackWRITE,· ] then
17: return(�<¾ )
18: else
19: return(Áª�Â )
20: task wait until s-receive [READ,· ] from ÃÄ
21: if ³s©  �´ ª ®�Å · or ©�ª�«¬ ®ZÅ · then
22: s-send[nackREAD,· ] to Ã Ä
23: else
24: ©�ª�«¬B®R¯Æ· ; storeï:©6ª=«¬B®lð ¥ modifiedfrom Figure 5 ¨
25: s-send[ackREAD,· ¿ ³s©  �´ ª ® ¿ µ ® ] to Ã Ä
26: task wait until s-receive [WRITE,· ¿ µ ] from Ã,Ä
27: if ³s©  �´ ª�® Å · or ©�ª�«¬B® Å · then
28: s-send[nackWRITE,· ] to ÃÄ
29: else
30: ³s©  �´ ª�®�¯Æ·
31: µ;®<¯Æµ ; storeï:³s©  �´ ª,® ¿ µ;®nð ¥ modifiedfrom Figure 5 ¨
32: s-send[ackWRITE,· ] to Ã Ä
33: upon recovery do ¥ addedprocedureto Figure 5 ¨
34: initialisation
35: retrieveïS³s©  �´ ª�® ¿ ©�ª�«¬B® ¿ µ®Sð

Figure 12. A wait-freeround-basedregisterin thecrash-recovery model

Lemma 22. Read-commit:If /#0B1�3�4�>P5 commitswith CV_
aN , thensomeoperation 7X/B9:$;0<4�> [ ��C�5 wasinvokedwith > [Qb > .
Lemma 23. Write-commit:If 78/29:$;0<4�>#��C�5 commitsandno subsequent78/29:$;0R4�> [ � � 5 is invokedwith > [Jc > , thenany

/#021*3�4�> [ [ 5 that commits,commitswith C if > [ [Q\ > .
The proofs for lemmata20 through23 are similar to thoseof lemmata2 through5 since: (a) if �  invokesa

/#021*3�4=5 or a 78/29:$;0<4=5 operationandthendoesnot crash,by the propertyof the retransmissionmodule, �  keepson

sendingmessages(e.g.,READ messagesfor the /�021�3�4=5 operation)until it getsa majority of replies(e.g.,ackREAD

or nackREAD);(b) sinceall variablesareloggedbeforesendingany positive acknowledgementmessages,a process

doesnot behavedifferentlyif it crashesandrecovers.If a processcrashesandrecovers,it recoversits precedentstate

andthereforeactsasif it did not crash.

5.2 Round-BasedRegister

Themaindifferenceswith ourcrash-stopimplementationgivenin theprevioussectionarethefollowing. As shown

in Figure10(b),aprocesslogsthevariables/#021*3R , 78/29:$;0, andC* , in orderto beableto recoverconsistentlyits prece-

dentstateafter a crash. A recovery procedurere-initialisesthe processandretrievesall variables.The send(resp.

receive)primitive is alsoreplacedby thes-send(resp.s-receive)primitive.
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5.3 Weak Leader Election

Theimplementationof theweakleaderelectiondoesnotchangein thecrash-recoverymodel.However, thefailure

detector� hasonly beendefinedin thecrash-stopmodel[2]. Interestingly, its definition(there is a timeafter which

exactly onecorrect processis alwaystrustedby every correct process) doesnot changein a crash-recovery model

(thenotionof correctnesschangesthough).We give in AppendixB animplementationof thefailuredetector� in a

crash-recoverymodelwith partialsynchrony assumptions.

5.4 Modular Paxos

Figure10(b)shows thatcomparedto thecrash-stopversion,thetotal orderbroadcastprotocoladds(i) a recovery

procedure,and(ii) oneforcedlog to storethesetTO deliveredandthevariablenextBatch. We now saythata process

TO-Deliversa message! whenthe processlogs ! . In a stableperiod,a processcanTO-Deliver a messageafter

threeforcedlogs andtwo roundtrip communicationsteps(if the leaderis the processthatbroadcaststhemessage).

Section6.4 introducesa powerful optimisationthat requiresonly two forcedlogsandoneround-tripcommunication

step.

Proposition 24. With a wait-free round-basedconsensus,and a wait-free weakleader election, the algorithm of

Figure 13 ensuresthe termination,agreement,validity and total order propertiesin a crash-recoverymodelwithout

unstableprocesses.

Lemma 25. Termination: If a process�  TO-Broadcastsa message ! andthen �  doesnot crash,then �  eventually

TO-Delivers ! .

Lemma 26. Agreement:If a processTO-Deliversa message ! , theneverycorrectprocesseventuallyTO-Delivers ! .

Lemma 27. Validity: For any message ! , (i) every process�� that TO-Delivers ! , TO-Delivers ! only if ! was

previouslyTO-Broadcastbysomeprocess,and(ii) everyprocess�# TO-Delivers ! at mostonce.

Lemma 28. Total order: Let �� and ��" be any two processesthat TO-Deliver somemessage ! . If �# TO-Delivers

somemessage ! [ before ! then�#" alsoTO-Delivers ! [ before ! .

The proofs for lemmata24 through28 are identical to thoseof lemmata13, 15, 16 and17 since: (a) if �  TO-

Broadcasts! and then doesnot crash;by the propertyof the retransmissionmodule, �  keepson sending! to

the leader, thereforethe predicateat line 13 of Figure13 becomestrue at the eventualperpetualleader;(b) by the

weakleaderelectionproperty, oneof thecorrectprocesseswill beaneventualperpetualleader��Ý thatdecides;by its

definition, ��Ý is eventuallyalways-up,andtheneventuallykeepson sendingthe decisionto all processes,therefore

all correctprocessess-receive the decision(even thosethat crashandrecover); (c) the implementationis build on a

wait-freeround-basedregisterandon a wait-freeround-basedconsensusthataretolerantto crash-recovery (without

unstableprocesses);(d) whenaprocesscrashesandrecovers,it retrievesits precedentstateby retrieving TO delivered

andnextBatch; (e) the setReceivedis set to TO delivered otherwisethe predicateof line 13 would never be false

andwould keepon proposingmessages;and(f) sinceprocesseskeepon broadcastingmessages,the leaderprocess

eventuallyupdatesaprocessthathascrashedanrecoveredwith all laggingmessages.
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1: For eachprocessÃ;® :
2: procedure initialisation:
3: Received[] ¯Ñ¶ ; TO delivered[] ¯�¶ ; start task ï launch ð
4: TO undelivered[] ¯�¶ ; AwaitingToBeDelivered[] ¯ ¶ ; ê ¯ � ; nextBatch ¯ �
5: procedureTO-Broadcast(Ê )
6: Received̄ Receivedñ m
7: proceduredeliver(msgSet)
8: TO delivered[nextBatch] ¯ msgSet- TO delivered;
9: atomicallydeliverall messagesin TO delivered[nextBatch] in somedeterministicorder
10: storeï TO delivered,nextBatch ð ¥ TO-Deliver, modifiedfrom Figure 9 ¨
11: nextBatch ¯ nextBatch ºÍ�
12: while AwaitingToBeDelivered[nextBatch] Ù× ¶ do
13: TO delivered[nextBatch] ¯ AwaitingToBeDelivered[nextBatch]
14: storeï TO delivered,nextBatch ð
15: nextBatch ¯ nextBatch+1
16: task launch ¥ while loopexecutedonlyonceif Receiveddoesnot changë
17: while Received- TO delivered Ù× ¶ or leaderhaschangeddo
18: while AwaitingToBeDelivered[ ê +1] Ù× ¶ or TO delivered[ ê +1] Ù× ¶ do
19: ê ¯ êòºò�
20: if êó× nextBatch and AwaitingToBeDelivered[ ê ] Ù× ¶ and TO delivered[ ê ] × ¶ then
21: deliver(AwaitingToBeDelivered[ ê ])
22: TO undelivered ¯ Receivedô TO delivered
23: if leader()=Ã ® then
24: while proposeõ is active do
25: ê ¯ êòºd�
26: start task proposeõ (êÈ¿ Ã ® ¿iöP÷ ø2� ¬,ª Ý  µ,ª�©�ª�¬ ); ê ¯ êòºd�
27: else
28: s-send(öZ÷ ø2� ¬,ª Ý  µ,ª=©6ª�¬ ) to leader()
29: task propose(ù ¿(ÝS¿(Ê Â�ú�û*ª ´ ) ¥ keepsonproposinguntil consensuscommits̈
30: committed̄ false; consensusü�¯ new consensus()
31: while not committeddo
32: if leader() × Ã�® then
33: if consensusü .propose(Ýn¿iÊ Â=ú�û�ª ´ ) = (Áª�Â ¿ ©6ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ) then
34: committed̄ true
35: Ý ¯ Ý�ºÿþ
36: s-send(DECISION,ù ¿ ©�ª ´ ø © � ª�¬,ýEÂ�ú�û*ª ´ ) to all processes
37: upon s-receive Ê from Ã Ä do

38: if Êó× (DECISION,nextBatch,Ê Â�ú�û�ª ´ õ�� Ä ) or Êó× (UPDATE,ê � Ä ,TO delivered
� ê � Ä � ) then

39: if task proposeõ � Ä is active then stop task proposeõ � Ä
40: if ê � Ä Ù× nextBatch then ¥:¦�� is aheador behind̈
41: if ê � Ä	� nextBatch then ¥:¦�� is behind̈
42: for all ù suchthat ê � Ä	� ù � nextBatch: s-send(UPDATE,ù ,TO deliver

� ù � ) to Ã Ä
43: else
44: AwaitingToBeDelivered[ ê � Ä ] = msgSet

õ�� Ä ; s-send(UPDATE,nextBatch-1,TO deliver[nextBatch-1]) to Ã Ä
45: else
46: deliver(msgSet

õ�� Ä )
47: else
48: Received̄ Receivedñ Ê ¥ Consensusmessagesare treatedin theconsensusboẍ
49: upon recovery do ¥ addedprocedureto Figure 9 ¨
50: initialisation
51: retrieveï TO delivered,nextBatch ð ; ê ¯ nextBatch; nextBatch ¯ nextBatchº�� ; Received̄ TO delivered

Figure 13. A modularisationof Paxos
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6 The Four Seasons

This sectionpresentsfour interestingvariantsof the Paxosprotocol. Subsection6.1 describesa variant of the

protocolthatalleviatestheneedfor stablestorageundertheassumptionthatsomeprocessesdo never crash.This is

obtainedmainly by modifying the implementationof our round-basedregister. Subsection6.2 describesa variantof

the protocolthat copeswith unstableprocessesthrougha modificationof our weakleaderelectionimplementation.

Subsection6.3 describesa variantof the protocolthatguaranteesprogresseven if only oneprocessis correct. This

is obtainedthroughan implementationof our round-basedregister that assumesa decouplingbetweendisks and

processes,alongthe lines of [6]. Subsection6.4 describesan optimisedvariant(FastPaxos)of the protocolthat is

very efficient in stableperiods. Thesevariantsare orthogonal,except 6.1 and 6.3 (becauseof their contradictory

assumptions).
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Figure 14. Modified(in shade)modulesfrom thecrash-recovery variant

6.1 Winter: Avoiding StableStorage

Basically, weassumeherethatsomeof theprocessesdonevercrashand,insteadof stablestorage,westorethecru-

cial informationof theregisterinside“enough”processes(in mainmemory).Theprotocolassumesthatthenumberof

processesthatnevercrash(H « ) is strictly greaterthanthenumberof faultyprocesses:H�¨ . As depictedby Figure14(a),

the weakleaderelectionandtheround-basedconsensusremainunchanged.We mainly changethe the round-based

registerimplementationandwe addto thePaxosprotocola recovery procedurethat relieson initialisationmessages

insteadof stablestorage.Basically, a recoveredprocess�  asksall otherprocessesto returnthesetof messagesthat

they haveTO-Deliveredand�  initialisesits stateusingthosemessages.

Round-BasedConsensus.Thetrick in theround-basedregisterimplementationis to ensurethattheregister’svalueis

“locked” in at leastoneprocessthatdoesnevercrash.Intuitively, any /#021*3�4=5 or 78/29:$;0<4=5 usesa thresholdthatguaran-

teesthisproperty, asweexplainbelow. (Theideais inspiredby [1].) Whenaprocessrecovers,it stopsparticipatingin

theprotocol,exceptthatit periodicallybroadcastsa RECOVERED message.Whena process�# receivessuchmessage

from a process��" , �� adds��" to a set ©Ì of processes(known to have recovered).This schemeallows any processto

countthenumberof recoveredprocesses.While collectingACKREAD or ACKWRITE messages,if �  detectsthata
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new process� · hasrecovered( ©  _
«ª�/#06C¬©  ), �  restartsthewholeprocedureof readingor writing. For �  to commit

a /#021*3�4=5 (resp. 78/29:$;0<4=5 ) invocation),�� mustreceive max(H�¨ Ï�pR��H® H�¨¯±°�©Ì (° ) ACKREAD (resp.ACKWRITE)

messages.

1: ThevariableÂ�ª�²6©6¬ (resp.Â�ª�²6³s© ) distinguishesthedifferentphaseswhereaprocessÃ�® hasrestartedto s-sendREAD (resp.WRITE) messagesbecauseÃ;® received.
a RECOVERED message

2: procedure register() ¥ constructor, for each process¦R§n¨
3: ©�ª�«¬B®R¯�°
4: ³s©  �´ ª�®R¯�°
5: µ;®R¯�¶
6: ³ ® ¯�¶ ¥ addedto Figure 5 ¨
7: Â=ª�²=©�¬ � ® ¯Ñ° ; Â�ª�²=³s© � ® ¯�° ¥ variableuseto distinguishretrial, addedto Figure 5 ¨
8: procedure read(· )
9: repeat ¥ addedto Figure 5 ¨
10: s-send[READ,· ¿ Â�ª�²=©�¬ � ® ] to all processes
11: ´�©�ª�µ�³ ® ¯µ³ ®
12: wait until s-received[ackREAD,· ¿ Â�ª�²6©6¬ � ® ,*,*] or [nackREAD,· ¿ Â=ª�²=©�¬ � ® ] from max(�·¶Yºd�,¿i� ô �·¶ ô¹¸ ³m®º¸ )processes
13: until ³m® × ´�©6ª=µ�³m® ¥ addedto Figure 5 ¨
14: if s-receivedat leastone[nackREAD,· ¿ Â�ª�²6©6¬ � ® ] then
15: return(�<¾2¿ µ )
16: else
17: selectthe[ackREAD,· ¿ Â�ª�²=©�¬ � ® ¿ ·;À ¿ µ ] with thehighest·;À
18: return(Áª�Â ¿ µ )
19: procedurewrite( · ¿ µ )
20: repeat ¥ addedto Figure 5 ¨
21: s-send[WRITE,· ¿ Â�ª�²6³s© � ® ¿ µ ] to all processes
22: ´�©�ª�µ�³ ® ¯µ³ ®
23: wait until s-received[ackWRITE,· ¿ Â�ª�²6³s© � ® ] or [nackWRITE,· ¿ Â�ª�²6³s© � ® ] from max(�M¶#ºd�,¿(� ô �·¶ ô¯¸ ³m®º¸ )processes
24: until ³m® × ´�©6ª=µ�³m® ¥ addedto Figure 5 ¨
25: if s-receivedat leastone[nackWRITE,· ¿ Â�ª�²6³s© � ® ] then
26: return(�<¾ )
27: else
28: return(Áª�Â )
29: task wait until s-receive [READ,· ¿ Â�ª�²6©6¬ � Ä ] from ÃÄ
30: if ³s©  �´ ª�® Å · or ©�ª�«¬B® Å · then
31: s-send[nackREAD,· ¿ Â�ª�²=©�¬ � Ä ] to ÃÄ
32: else
33: ©�ª�«¬B®R¯Æ·
34: s-send[ackREAD,· ¿ Â�ª�²6©6¬ � Ä ¿ ³s©  �´ ª�® ¿ µ® ] to ÃÄ
35: task wait until s-receive [WRITE,· ¿ Â�ª(²=³s© � Ä ¿ µ ] from ÃÄ
36: if ³s©  �´ ª ®�Å · or ©�ª�«¬ ®ZÅ · then
37: s-send[nackWRITE,· ¿ Â�ª�²6³s© � Ä ] to ÃÄ
38: else
39: ³s©  �´ ª�®�¯Æ·
40: µ;®<¯Æµ
41: s-send[ackWRITE,· ¿ Â�ª�²6³s© � Ä ] to Ã Ä
42: upon s-receive RECOVERED fr om ÃÄ do ¥ addedproceduresto Figure 5 ¨
43: ³m®R¯µ³m®�ñAÃÄ
44: upon recovery do
45: initialisation; ©6ª�«;¬B®R¯±» ; ³s©  �´ ª�®�¯±»
46: s-sendRECOVERED to all processes

Figure 15. A wait-freeround-basedregisterin a crash-recovery modelwithout stablestorage

Proposition 29. Thealgorithmof Figure 15 implementsa wait-freeround-basedregister in a crash-recoverymodel

withoutstablestorageassumingthat H « \ H ¨ .

Lemma 30. Read-write-abort:If /#0B1�3�4�>P5 or 78/29:$;0<4�>#� � 5 aborts,thensomeoperation /#021�3�4�> [ 5 or 78/29:$;0<4�> [ � � 5 was

invokedwith > [�\ > .
Lemma 31. Read-write-commit:If /#021�3�4�>P5 or 78/29S$;0<4�>#� � 5 commits,thennosubsequent/#021�3�4�> [ 5 or 78/29:$;0<4�> [ � � 5 can

commitwith > [�] > .
Lemma 32. Read-commit:If /#0B1�3�4�>P5 commitswith CV_
aN , thensomeoperation 7X/B9:$;0<4�> [ ��C�5 wasinvokedwith > [Qb > .
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Lemma 33. Write-commit:If 78/29:$;0<4�>#��C�5 commitsandno subsequent78/29:$;0R4�> [ � � 5 is invokedwith > [Jc > , thenany

/#021*3�4�> [ [ 5 that commits,commitswith C if > [ [Q\ > .
The proofs for lemmata29 through33 are identical to thoseof lemmata20 through23. They arebasedon the

following aspects:(a)we assumethat H « \ H�¨ ; (b) whenaprocesscrashesandrecovers,it keepson sendingRECOV-

ERED messageswhich ensuresthata recoveredprocessis never consideredcorrect;and(c) sincea processwaits for

themaximumbetweenH ¨ Ï p andH¼KH ¨ ½°�©  ° , theregister’svalueis alwayslockedinto analways-upprocess.

The PaxosVariant. Figure16presentsa Paxosvariantfor thecrash-recoverymodelwithoutstablestorage.

1: For eachprocessÃ;® :
2: procedure initialisation:
3: Received[] ¯Ñ¶ ; TO delivered[] ¯�¶ ; start task ï launch ð
4: TO undelivered[] ¯�¶ ; AwaitingToBeDelivered[] ¯ ¶ ; ê ¯ � ; ·A¯�° ; nextBatch ¯ �
5: procedureTO-Broadcast(Ê )
6: Received̄ Receivedñ m
7: proceduredeliver(msgSet)
8: TO delivered[nextBatch] ¯ msgSet- TO delivered;
9: atomicallydeliverall messagesin TO delivered[nextBatch] in somedeterministicorder
10: TO-Deliverï nextBatch,TO delivered[nextBatch] ð
11: nextBatch ¯ nextBatch ºÍ�
12: while AwaitingToBeDelivered[nextBatch] Ù× ¶ do
13: TO delivered[nextBatch] ¯ AwaitingToBeDelivered[nextBatch]
14: nextBatch ¯ nextBatch+1
15: task launch ¥ while loopexecutedonlyonceif Receiveddoesnot changë
16: while Received- TO delivered Ù× ¶ or leaderhaschangeddo
17: while AwaitingToBeDelivered[ ê +1] Ù× ¶ or TO delivered[ ê +1] Ù× ¶ do
18: ê ¯ êòºò�
19: if êó× nextBatch and AwaitingToBeDelivered[ ê ] Ù× ¶ and TO delivered[ ê ] × ¶ then
20: deliver(AwaitingToBeDelivered[ ê ])
21: TO undelivered ¯ Receivedô TO delivered
22: if leader()=Ã;® then
23: while proposeõ is active do
24: ê ¯ êòºd�
25: start task proposeõ (êÈ¿ Ã�® ¿iöP÷ ø2� ¬,ª Ý  µ,ª�©�ª�¬ ); ê ¯ êòºd�
26: else
27: s-send(öZ÷ ø2� ¬,ª Ý  µ,ª=©6ª�¬ ) to leader()
28: task propose(ù ¿(ÝS¿(Ê Â�ú�û*ª ´ ) ¥ keepsonproposinguntil consensuscommits̈
29: committed̄ false; consensusü ¯ new consensus()
30: while not committeddo
31: if leader() × Ã�® then
32: if consensusü .propose(Ýn¿iÊ Â=ú�û�ª ´ ) = (Áª�Â ¿ ©6ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ) then
33: committed̄ true
34: Ý ¯ Ý�ºÿþ
35: s-send(DECISION,ù ¿ ©�ª ´ ø © � ª�¬,ýEÂ�ú�û*ª ´ ) to all processes
36: upon s-receive Ê from ÃÄ do

37: if Êó× (DECISION,nextBatch,Ê Â�ú�û�ª ´ õ�� Ä ) or Êó× (UPDATE,ê � Ä ,TO delivered
� ê � Ä�� ) then

38: if task proposeõ is active then stop task proposeõ
39: if ê � Ä Ù× nextBatch then ¥:¦�� is aheador behind̈
40: if ê � Ä	� nextBatch then ¥:¦�� is behind̈
41: for all ù suchthat ê � Ä � ù � nextBatch: s-send(UPDATE,ù ,TO deliver

� ù � ) to ÃÄ
42: else
43: AwaitingToBeDelivered[ ê � Ä ] = msgSet

õ�� Ä ; s-send(UPDATE,nextBatch-1,TO deliver[nextBatch-1]) to ÃÄ
44: else
45: deliver(msgSet

õ�� Ä )
46: else
47: Received̄ Receivedñ Ê ¥ Consensusmessagesare treatedin theconsensusboẍ
48: upon recovery do ¥ addedprocedureto Figure 9 ¨
49: initialisation;s-send(UPDATE,0,¶ ) to all processes

Figure 16. A variantof Paxosin a crash-recovery modelwithout stablestorage

Proposition 34. With a wait-free round-basedconsensus,and a wait-free weakleader election, the algorithm of

Figure 16 ensuresthetermination,agreement,validity andtotal order propertiesin a crash-recoverymodel(without

anystablestorage)assumingthat H « \ H�¨ .

Lemma 35. Termination: If a process�  TO-Broadcastsa message ! andthen �  doesnot crash,then �  eventually
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TO-Delivers ! .

Lemma 36. Agreement:If a processTO-Deliversa message ! , theneverycorrectprocesseventuallyTO-Delivers ! .

Lemma 37. Validity: For any message ! , (i) every process�� that TO-Delivers ! , TO-Delivers ! only if ! was

previouslyTO-Broadcastbysomeprocess,and(ii) everyprocess�# TO-Delivers ! at mostonce.

Lemma 38. Total order: Let �� and ��" be any two processesthat TO-Deliver somemessage ! . If �# TO-Delivers

somemessage ! [ before ! , then� " alsoTO-Delivers ! [ before ! .

Theproofsfor lemmata34through38areidenticalto thoseof lemmata25through28sincetherecoveryprocedure

requestseveryparticipantto s-sendbacktheirstatewhenthey s-receiveaRECOVERED message.A processthatcrashes

andrecoversreceivesthe“lateststate”from at leastonealways-upprocess.

6.2 Spring: Coping with UnstableProcesses

WediscusshereaPaxosvariantthatcopeswith unstableprocesses,i.e.,processesthatkeepcrashingandrecovering

forever. We adaptour modularprotocolby simply changingtheimplementationof our weakleaderelectionprotocol

asdepictedin Figure14(b).All ourothermodulesremainunchanged.

Intuitively, the issuewith unstableprocessesis the following. Consideran unstableprocess�� (i.e., �� keeps

on crashingandrecovering),andsupposethat its �X modulepermanentlyoutputs�� , whereasthe correctprocesses

permanentlyconsidersomeothercorrectprocess��" asleader. Thisis possiblesince� does“only” guaranteethatsome

correctprocessis alwaystrustedby every correct process.For instance,an unstableprocessis free to permanently

electitself. Thepresenceof two concurrentleaderscanpreventthecommitmentof any consensusdecisionandhence

preventprogress.We basicallyneedto preventunstableprocessesfrom beingleadersafter sometime. We modify

our new leaderelectionprotocolasfollows: (a) every process� · exchangestheoutputvalueof its � · with all other

processes,and(b) the function Öl021�3.06/P4=5 returns�#Ý only whena majority of processesthinks that ��Ý is leader. This

idea,inspiredby [8], assumesa majority of correctprocesses.Note that this assumptionis now neededboth in the

implementationof theregisterandin theimplementationof theleaderelectionprotocol.

Wegivetheimplementationof thisnew weakleaderelectionin Figure17andit is easyto verify thattheimplemen-

tationis wait-freeundertheassumptionthatamajorityof processesarecorrect.Now, theleaderelectionexchangesthe

outputof � betweeneveryprocess.However, thisexchangephasecanbepiggy-backedon the I-AM-ALIVE messages

in theimplementationof � (seeAppendixB). Thus,theexchangephasedoesnot addany communicationsteps.

1: initialisation: Ø [] ¯�¶ ; start task EXCHANGE

2: procedure leader() ¥ Modified from Figure 7, for each process¦R§n¨
3: wait until Ã�¾�hÒ¸�¹ ��ºò�u»n¼6��½ Ø [ · ]
4: return(Ã�¾ )
5: task exchange ¥ addedtaskto Figure 7 ¨
6: periodically sendØ � ® to all processes
7: upon receive Ø � Ä from ÃÄ do
8: Ø [ " ] ¯�Ø � Ä

Figure 17. A wait-freeweakleaderelectionwith Ú andunstableprocesses

Proposition39. Thealgorithmof Figure17 ensuresthatsomeprocessis aneventualperpetualleader.

Proof. Suppose,by contradiction,therearemorethanoneeventualperpetualleaderor thereis no eventualperpetual
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leader. Considerthe first case,supposethat thereare forever two eventualperpetualleaders.This contradictsthe

definitionof aneventualperpetualleader. Now, considerthesecondcasewherethereis no eventualperpetualleader.

By the propertyof � failure detector, eventuallyall correctprocessestrustsonly one correctprocess�À¿ . By line

3 of Figure 17, it is impossiblefor any processto elect forever a processother than �À¿ . The leader() function is

non-blockingsincethereis a majority of correctprocesses.Soeventuallytheinvocationof leader() at every process

returnsin a boundedtime (or theprocesscrashes)andalwaysreturns� ¿ , sothereis oneeventualperpetualleader� ¿ :
a contradiction. Ç
6.3 Summer: DecouplingDisks and Processes

The Paxosprotocol,ensuresprogressonly if thereis a time after which a majority of the processesarecorrect.

The needfor this majority is due to the fact that a processcannotdecideon a given order for any two messages,

unlessthis informationis “storedandlocked” ata majorityof theprocesses.If disksandprocessescanbedecoupled,

which is considereda very reasonableassumptionin somepracticalsystems[6], a processmight beableto decideon

someorderaslong asit can“storeandlock” that informationwithin a majority of thedisks. We simply modify the

implementationof our round-basedregister(Figure14(c)) to obtaina variantof Paxosthat exploits thatunderlying

configuration.

In this Paxosvariant,we assumethat disks can be directly (and remotely)accessedby processes,and failures

of disks and processesare separated.Every processhasan assignedblock on eachdisk, and maintainsa record

3�ÁÖlI6Â>ÄÃ �  .Å that containsthreeelements:/#0B1�3  , 78/29S$;0  and C  ; 3;9,?2>5Ã�3 "ÆÅ Ã � · Å denotesthe block on disk 3 " in which

process� · writes 3�ÁÖnI6Â>5Ã � · Å . We denoteby /#021*3 ¬ 4=5 (resp. 7X/B9:$;0 ¬ 4=5 ) the operationof reading(resp. writing) on a

disk. As in [6], we assumethatevery disk ensuresthat (i) anoperation78/29:$;0 ¬ 4�>#� � 5 cannotoverwritea valueof an

earlierround > [�] > , and(ii) a processmustwait for acknowledgementswhenperforminga 78/29:$;0 ¬ 465 operation,and

(iii) 78/29:$;0 ¬ 4=5 and/#0B1�3 ¬ 4=5 areatomicoperations.

Theround-basedregisterprotocolworksasfollows. For the /#021�3�465 operation,a process�# triesto write¬ on each

disk ��" its 3lÁÖnI6Â>5Ã �� Å (Ç��#"a39?2>5Ã ��" Å Ã �# Å ). After writing, �� reads¬ for any ��" andany � · : 3;9?2>5Ã �#" Å Ã � · Å . If �� reads¬
a block with a roundthat is lower thantheroundof thehighest78/29:$;0, , the /#021�3�465 operationaborts.Otherwise,the

/#021*3�4=5 commitsandreturnsthevalueassociatedwith thehighest78/29S$;0 . A similar schemeis usedfor the 7X/B9:$;0<4=5
operation.Notethattheround-basedregisterimplementationis simplerthanthepreviousround-basedregisterdueto

theusageof disks.

Proposition40. Thealgorithmof Figure18 implementsa wait-freeround-basedregister.

Theproof is basedon lemmata41,42,43and44.

Lemma 41. Read-write-abort:If /#0B1�3�4�>P5 or 78/29:$;0<4�>#� � 5 aborts,thensomeoperation /#021�3�4�> [ 5 or 78/29:$;0<4�> [ � � 5 was

invokedwith > [�\ > .
Proof. Assumethat someprocess��" invokesa /#021*3�4�>Z5 (resp. 78/29:$;0<4�>#� � 5 ) that returnsHJI (i.e., aborts). By the

algorithmof Figure18, this canonly happenif someprocess�� hasa value/�021�3R \ > or 78/29:$;0 \ > (line 6 and11),

which meansthatsomeprocesshasinvoked /#021�3�4�> [ 5 or 78/29:$;0<4�> [ 5 with > [ \ > . Ç
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1: procedure register() ¥ constructor, for each process¦R§n¨
2: Theoperation³s©  �´ ªÉÈ¹ » storesthewholeblock into disk. For presentationclarity, we haveput asaparameterthevaluethatis actuallymodified.
3: procedure read(· )
4: ³s©  �´ ª È ¹¢· » ¥:f�h6±�²R§Ä�ËÊ�¨
5: ©�ª�«¬'È,¹ » ¥ wait for a majorityof diskblock ¨
6: if (receivedablock with ©6ª�«;¬;Ä Å · or ³s©  �´ ª6Ä Å · ) then return(�<¾2¿  �  �´ ® )
7: chooseµÉÌÎÍ1Ï from theblockwith highest³s©  �´ ª Ä ; return(Áª�Â ¿ µÐÌÎÍ(Ï ) ¥:)+ÑÓÒÆÔÕ��Ö if e^f�&(gihÉ���¹×�¨
8: procedurewrite(· ¿ µ )
9: ³s©  �´ ª�È¹¢· ¿ µ » ¥:e^f�&(gih�§5�ËÊ�èi)�§Ä�E)�¨
10: ©�ª�«¬'È¹ » ¥ wait for a majorityof diskblock ¨
11: if (receivedablock with ©6ª�«;¬ ÄmÅ · or ³s©  �´ ª ÄAÅ · ) then return(�<¾R¿ µ ) elsereturn(Á;ª�Â ¿ µ )
12: upon recovery do
13: ©�ª�«¬'È¹ » ; ©6ª=«¬B®R¯ ýÙØ¬Ú ¹�©6ª�«;¬�Û�ÜAÝ�Ü ®0Þ Ü�È » ; ³s©  �´ ª�®<¯ ýÙØ¬Úa¹¢³s©  �´ ª§Û�ÜAÝ�Ü ®0Þ ÜºÈ » ¥ readall blocks̈
14: µ ® ¯ ¬�ß Ý¢¾ ¿ · � ��à µÐá Û ®�â Ü ® ¥ takes ) fromtheblock with thehighest)B§S¨

Figure 18. A wait-freeround-basedregisterbuilt oncommoditydisks

Lemma 42. Read-write-commit:If /#021�3�4�>P5 or 78/29S$;0<4�>#� � 5 commits,thennosubsequent/#021�3�4�> [ 5 or 78/29:$;0<4�> [ � � 5 can

commitwith > [�] > .
Proof. Rememberthat we assumethata 78/29:$;0 ¬ 4�> [ � � 5 cannotoverwrite¬ a 78/29S$;0 ¬ 4�>Y� � 5 with > [8] > . In the algo-

rithm of Figure18, �  invokes78/29:$;0 ¬ 4=5 in bothprocedures,therefore�  cannotcommit /#0B1�3�4�> [ 5 or 7X/B9:$;0<4�> [ � � 5 with

> [�] > . Ç
Lemma 43. Read-commit:If /#0B1�3�4�>P5 commitswith CV_
aN , thensomeoperation 7X/B9:$;0<4�> [ ��C�5 wasinvokedwith > [Qb > .
Proof. By the algorithmof Figure18, if someprocess� " commits/#0B1�3�4�>P5 with CÓ_
aN , thensomeprocess�  must

havewrite¬ to somedisksinceC  is only modifiedin the 78/29S$;0<465 operation.OtherwiseC*Ê «Éã wouldbeequal N . Ç
Lemma 44. Write-commit:If 78/29:$;0<4�>#��C�5 commitsandno subsequent78/29:$;0R4�> [ � � 5 is invokedwith > [Jc > , thenany

/#021*3�4�> [ [ 5 that commits,commitswith C if > [ [Q\ > .
Proof. Assumethatsomeprocess�# commits78/29:$;0<4�>#��C�5 , andassumethatno subsequent78/29S$;0<4�> [ � � 5 hasbeenin-

vokedwith > [�c > andthat for some> [ [Í\ > someprocess� " commits/#0B1�3�4�> [ [ 5 with C [ . Assumeby contradiction

that C�_
rC [ . Since/#021�3�4�> [ [ 5 commitswith C [ , by theread-commitproperty, some78/29S$;0<4�> [ [ ��C [ 5 wasinvokedbefore

or at thesameround > [ [ . However, this is impossiblesinceweassumedthatno 78/29:$;0R4�> [ � � 5 operationwith > [Qc > has

beeninvoked,i.e., C  remainsunchangedto C : acontradiction. Ç
Proof of Proposition 40. Directly from lemmata41, 42, 43 and44 andthefact thatwe assumea majority of correct

disks. Ç
6.4 Fall: FastPaxos

In Paxos,whena process�� TO-Broadcastsa message! , �� sends! to the leaderprocess� Ý . When � Ý receives

! , � Ý triggersa new round-basedconsensusinstanceby proposinga batchof messages.A round-basedconsensusis

madeupof two phases,a /#021�3 phaseanda 78/29:$;0 phase.The /#021�3 phasefiguresout if somevaluewasalreadywritten,

while the 78/29:$;0 phaseeitherwritesa new value(if theregistercontainedN ) or rewritesthelastwritten value. In the

specificcaseof >Ò
Fp (i.e., thefirst round),�s� cansafelyinvokethe 78/29:$;0R46pR� � 5 operationwithout reading:indeed,if
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any otherprocesshasreador written any value,the 78/29:$;0<4=pR� � 5 invocationof ��� aborts.In this case,consensus(if it

commits)canbereachedsignificantlyfasterthanin a “regular” scenario.

Interestingly, this optimisationcanactuallybe appliedwhenever the systemstabilises(even if processesdo not

know whenthatoccurs).Indeed,thekey ideabehindthatoptimisationis that � � knowsthatwriting directlyat round p
is safebecausein caseof any otherwrite, � � ’swrite wouldbeautomaticallyaborted.In fact,oncea leadergetselected

andcommitsa value,theleadercansenda new messageto all processesindicatingthat,for thesubsequentconsensus

instances,only this processcantry to directlywrite ontotheregister. Thisnew messagecanbepiggy-backedontothe

messagesof the 78/29:$;0R465 primitive, thusavoiding any additionalcommunicationsteps.Moreover, the lastdecisionis

piggy-backedontothenext consensusinvocation,thussaving onemorecommunicationstep.

Hence,the optimisedprotocolgoesthroughtwo modes.Whenever a leader�  commitsconsensus(in the initial

regularmode),it switchesto thefastmodeandtriesto directly imposeits valuefor next consensus.If thesystemis sta-

ble, �# succeedsandhenceneedsonly oneforcedlog andonecommunicationroundtrip. We introducehereaspecificä 1�?6$���/#I��ZIR?20<4=5 operationthat invokes 78/29S$;0<465 directly andensuresthatonly oneprocesscaninvoke
ä 1�?6$���/#I���IR?B0<465

perconsensus(independentlyof the roundnumber).A
ä 1*?6$��./�I���IR?20R465 invokes 78/29:$;0R465 with a roundnumberrange

between1 andN, while for ��/#I��ZIR?20<4=5 , i.e.,regular78/29:$;0R465 , theroundnumberrangestartsat Ð +1. Thisway, aprocess

candifferentiatea 78/29:$;0<4=5 from a ��/#I��ZIR?20<4=5 or a
ä 1�?6$���/#I��ZIR?20<4=5 . If the

ä 1*?6$��./�I���IR?20R465 doesnot succeed,�  goes

backto theregular mode.Weimplementthismodeswitchingby refiningourround-basedconsensusandround-based

registerabstractions.We giveheretheintuition.

TO-Broadcast m

p1

p2

p4

p5

p3

 m

prop(1,m) Round-Based Consensus

p1 is leader å æÐç�è1é
TO-Deliver m

TO-Deliver m

TO-Deliver m

TO-Deliver m

TO-Deliver m

Decision

Fast
Round-Based 
Consensus

TO-Broadcast m’

 m’

fastprop(1,m’)

TO-Deliver m’

TO-Deliver m’

TO-Deliver m’

TO-Deliver m’

TO-Deliver m’
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impostion m’ êÐë ì§í(î ï�ð�ñÉï�ò ò ë2ð�ó ô1ï�õ0ò.ñÐï�ò ò ë�ð2ó

Figure 19. Communicationstepsfor a regularfollowedby a fastcommunicationpattern

Basically, wechangetheinitialisationsof ourround-basedconsensusandround-basedregisterabstractions,andwe

addonespecificoperation
ä 1�?6$���/#I���IR?B0<465 . Weuseabooleanvariablefast thatis setto true (resp.false) to distinguish

thetwo cases.OurmodularPaxosprotocolis alsoslightly modifiedto invokethe
ä 1�?=$��./#I��ZIR?20<4=5 operation.Figure19

depictsthe differentcommunicationstepsschemes;for clarity, we omit forcedlogs. Process�s� executesa regular

communicationpatternfor message! andthena fastcommunicationpatternfor the next consensus(message! [ ).
First, � o elects� � andsends! to � � . When� � commitsconsensusfor batchö andnextFast is setto true, � � switches

to the fastmodefor batch öVÏp . When �*â TO-Broadcasts! [ , �*â elects� � andsends! [ to � � . Process� � then

29



imposesthedecisionfor batch öóÏÎp andpiggy-backsthelastdecision( ö ) on thesamemessage.

Fast Round-BasedRegister. Thefastround-basedregisterhassimilar /#0B1�3�4=5 and 78/29S$;0<465 operationsthana regular

round-basedregister. A variablepermissionis addedto thereturnedvaluesof the 78/29S$;0<465 primitive: permissionis set

to true if the variableC from the currentandthe next consensusareempty, otherwiseit is setto false. Permission

indicatesto theupperlayer that theprocesscandirectly invoke FastPaxosfor thenext consensus.Fastround-based

registerhasa differentconstructorsinceit extracts(if thereis any) thedecisionthatis piggy-backedfrom theinvoca-

tion andsimulatesthereceptionof a DECIDE message.The 78/29:$;0R465 primitive is alsoslightly changed.If a process�  
receivesanackWRITEmessage,it returns(HJI ,false). If �  gathersonly ackWRITEmessage,thenit returns(Gs02? ,true)

only if �  receivedonly ackWRITEmessageswith permissionsetto true, otherwise�  returns(G�0B? ,false). Notethat

C  is modifiedandstoredafter thatpermissionis set,thenonly oneprocesscanperforma FastPaxosperconsensus.

Notealsothatline 32 of Figure20 preventstheviolationof theagreementproperty.

1: procedure register() ¥ constructor, for each process¦R§n¨
2: ©�ª�«¬B®R¯�°
3: ³s©  �´ ª ® ¯�°
4: µ;®R¯�¶
5: if any, extractmsgSetand ê � Ä andsimulatethereceiveof a message(DECIDE,ê � Ä ,msgSet) ¥ addedfrom Figure 12̈
6: permission̄ false ¥ addedfrom Figure 12̈
7: procedure read(· )
8: s-send[READ,· ] to all processes
9: wait until received[ackREAD,· ,*,*] or [nackREAD,· ] from ¸�¹ ��ºd�l»n¼6�6½ processes
10: if receivedat leastone[nackREAD,· ] then
11: return(�<¾2¿ µ )
12: else
13: selectthe[ackREAD,· ¿ ·;À ¿ µ ] with thehighest·;À
14: return(Áª�Â ¿ µ )
15: procedurewrite( · ¿ µ ) ¥ modifiedfrom Figure 12̈
16: s-send[WRITE,· ¿ µ ] to all processes
17: wait until received[ackWRITE,· ,*] or [nackWRITE,· ] from ¸�¹ �Aºd�u»S¼=��½ processes
18: if receivedat leastone[nackWRITE,· ] then
19: return(�<¾ ,false)
20: else
21: if receivedat leastone[ackWRITE,k,false] then return(Á;ª�Â ,false) elsereturn (Áª�Â ,true)
22: task wait until receive [READ,· ] from ÃÄ
23: if ³s©  �´ ª ®�Å · or ©�ª�«¬ ®ZÅ · then
24: s-send[nackREAD,· ] to ÃÄ
25: else
26: ©�ª�«¬B®R¯Æ· ; storeï:©6ª=«¬B®lð
27: s-send[ackREAD,· ¿ ³s©  �´ ª ® ¿ µ ® ] to Ã Ä
28: task wait until received[WRITE,· ¿ µ ] from ÃÄ ¥ modifiedfrom Figure 12̈
29: if ³s©  �´ ª�® Å · or ©�ª�«¬B® Å · then
30: s-send[nackWRITE,· ] to Ã Ä
31: else
32: if ·ø÷ þ then ³s©  �´ ª�®<¯ þdºd� else³s©  �´ ª�®<¯Æ·
33: permission̄ ((µ® × ¶ ) and (µ;® ù¬ú × ¶ ))
34: µ ® ¯Æµ ; storeï:³s©  �´ ª ® ¿ µ ® ð
35: s-send[ackWRITE,· ,permission] to ÃÄ
36: upon recovery do
37: initialisation
38: retrieveïS³s©  �´ ª ® ¿ ©�ª�«¬ ® ¿ µ ® ð

Figure 20. Wait-freefastround-basedregister

Fast Round-BasedConsensus. Fast round-basedconsensushasa parameterisedconstructor: fast that indicates

if the modeis fast or not. The new constructorinstantiatesa new register using the fast parameter. Fast round-

basedconsensusexportstheprimitive ��/#I��ZIR?20<4=5 of aregularround-basedconsensus(augmentedwith thereturnvalue
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nextFast) plusa new primitive
ä 1�?=$��./#I��ZIR?20<4=5 that takesasinput an integerandan initial value C (i.e., a proposition

for the fastconsensus).It returnsa ?6$;1�$�@A? in �,G�0B?2��HJI<� , a value C [ anda booleanvaluenextFast. A process�� can

performFastPaxosfor batchöÔÏ p only if �# commitsconsensusfor batchö andwith nextFastsetto true. Moreover,

nextFast is set in suchway that for a particularbatch ö , it returnstrue only once independantlyof the number

of invocationof propose() or fastpropose().The
ä 1*?6$��./�I���IR?20R465 primitive is a ��/#I��ZIR?20<4=5 primitive that satisfiesthe

validity andagreementpropertiesof the regular ��/#I��ZIR?20<4=5 primitive plus thefollowing FastTerminationpropertyifä 1�?6$���/#I��ZIR?20<4=5 is invokedonly with roundnumberÐ c > c p :
� Fast Termination: If a process�  aborts

ä 1�?=$��./#I��ZIR?20<4 � � � 5 , then someprocesshasperformeda differentä 1*?6$��./�I���IR?20R4(a�+ 5 invocation;if
ä 1�?6$���/#I��ZIR?20<4 � � � 5 commitsthenno different

ä 1�?6$���/#I���IR?B0<4(a�+ 5 cancom-

mit.

In fact, the
ä 1�?6$���/#I���IR?B0<465 primitive is straightforward to implementsinceit only invokesthe 78/29:$;0R465 primitive

with roundnumberbetween1 andN of thefastround-basedregister.

1: procedureconsensus(¨ «Â ´ ) ¥ constructor, for each process¦<§ , modifiedfrom Figure 6 ¨
2: µ^¯�¶ ; reg ¯ new register();writeRes̄ �<¾ ; nextFast ¯ false ¥ initialisation,modifiedfrom Figure 6 ¨
3: procedurepropose(· ¿  �  �´ ® ) ¥ proposë
4: if reg.©�ª�«¬R¹¢· »�× ¹�Áª�Â ¿ µ » then
5: if (µ × ¶ ) then µ^¯  �  �´ ®
6: (writeRes,nextFast) ¯ reg.³s©  �´ ª;¹¢· ¿ µ »
7: if writeRes=Áª�Â then return(Á;ª�Â ¿ µ ,nextFast) elsereturn(�<¾R¿  �  �´ ® ,nextFast)
8: return(�<¾R¿  �  �´ ® ,false)
9: procedure fastpropose(· ¿  �  �´ ® ) ¥ addedfrom Figure 6 ¨
10: (writeRes,nextFast) ¯ reg.³s©  �´ ª¹¢· ¿  �  �´ ® »
11: if writeRes=Áª�Â then return(Áª�Â ¿  �  �´ ® ,nextFast) elsereturn(�<¾R¿  �  �´ ® ,nextFast)

Figure 21. Wait-freefastround-basedconsensus

Proposition45. Figure21 implementsa wait-freefastround-basedconsensusin a crash-recoverymodel.

Theproof is basedon lemma46.

Lemma 46. FastTermination:If a process�� aborts
ä 1�?6$���/#I��ZIR?20<4 � � � 5 , thensomeprocesshasperformeda differentä 1�?6$���/#I��ZIR?20<4�a�� 5 invocation;if

ä 1*?6$��./�I���IR?20R4 � � � 5 commitsthenno different
ä 1�?=$��./#I��ZIR?20<4�a�+ 5 cancommit.

Proof. We assumeherethat processesinvoke
ä 1�?=$��./#I��ZIR?20<4=5 only with roundnumber Ð c > c p . Therearetwo

casesto consider:(i) two differentprocessesinvoke
ä 1�?=$��./#I��ZIR?20<4=5 for thesameconsensus,or (ii) a processinvokesä 1�?6$���/#I��ZIR?20<4=5 twice for the sameconsensus.Considercase(i), let us assumeby contradictionthat two different

processes�  and � " invoke
ä 1�?6$���/#I��ZIR?20<4=5 . Assumemoreover that �  returnsfrom

ä 1*?6$��./�I���IR?20R465 , by line 32 of

Figure20, when � " tries to invoke
ä 1*?6$��./�I���IR?20R465 , by thealgorithmof Figure20, � " cannotsucceedsince78/29:$;0  is

alreadysetto Ð Ï�p : a contradiction.Now considercase(ii). Assumethat �  invokes
ä 1�?6$���/#I��ZIR?20<4=5 twice for the

sameconsensusnumber, since7X/B9:$;0 is stored,�� cannotcommittwice
ä 1�?6$���/#I���IR?B0<465 : a contradiction. Ç

Proof of Proposition45 (sketch). Theproof is basedon lemma46 andthefactthatthevalidity andagreementprop-

erty proofsaresimilar to theproofsof lemmata8 and9. Ç
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FastPaxos.Intuitively, onceaprocess�  returnsfrom ��/#I��ZIR?20<4=5 or
ä 1�?=$��./#I��ZIR?20<4=5 with nextFastsetto true for batch

Û , it impliesthataprocesshasthepermissionto executeafastconsensus,i.e., invoke
ä 1�?=$��./#I��ZIR?20<4=5 for batchÛÆÏ�p .

We slightly modify the Paxosalgorithmby addingan array
ä 1�?6$ [] that is set to false initially. Whena process

�� decidesfor batch Û (in the regularmode),�# sendsthedecisionto every processandsetsthevariablefast[ Û +1]

to true if
ä 1�?6$���/#I��ZIR?20<4=5 or �./�I���IR?20R465 returnswith nextFast setto true (changesfrom a regular to a fastmodefor

thenext consensus).Thenext time �  invokesa new consensus(fast[ ö ] is true), (i) �  piggy-backsthe lastdecision

(if thereis any) to the new instantiationof consensus,and(ii) �  invokes
ä 1�?6$���/#I��ZIR?20<4=5 andalsopiggy-backsthe

decisionontotheinvocationof
ä 1*?6$��./�I���IR?20R465 . This invocationhasa differentimpacton theround-basedregisteras

explainedearlier. If �  commits
ä 1*?6$��./�I���IR?20R465 , (a) �  doesnot needto sendthedecisionto every processsincethe

decisionis piggy-backedontothenext consensusinvocation,and(b) �  setsfastof thenext consensusto true sothat

�  canperformagaina fastPaxos. If �  aborts
ä 1�?6$���/#I��ZIR?20<4=5 , �  setsfast backto false since �  cannotforce the

decisionfor thenext consensus,i.e., thecommunicationpatternbecomesregularagain.Notethatit is necessaryin the

fastmodelthatthelastdecision(if thereis any) to bepiggy-backedontotheinvocationof theconstructor. Otherwise,

theprocessthatcreatesthe round-basedregisterwill not beableto TO-Deliver the lastdecision.Sincetherecanbe

concurrentexecutionsof consensus,whenaprocesscommitsa regularconsensusfor batchÛ , thenext fastconsensus

will not alwaysbe batch Û Ïp . Considerthe following example,if a process�  startsthreeconsensusfor batch

number Û 
 p , t , and x ; when �  commitsbatchnumber Û 
 p , �  sets
ä 1�?6$ to true for batchnumbert andnotû

(only the subsequentbatchnumberof ö is set to true andnot the last startedbatchnumber). Note alsothat the

lastdecisionis TO deliver[ ö -1] but it canbeempty. In this case,thelastdecisionpiggy-backedis thelatestdecision

that �  has,e.g,AwaitingToBeDelivered[lastestDecisionReceived]or TO delivered[lastestTODelivered].Notethatwe

assumeherethatlines24and25 areexecutedatomically.

Proposition 47. With a wait-free round-basedconsensus,and a wait-free weakleader election, the algorithm of

Figure22 ensuresthetermination,agreement,validity andtotal order propertiesin a crash-recoverymodel.

Lemma 48. Termination: If a process�  TO-Broadcastsa message ! andthen �  doesnot crash,then �  eventually

TO-Delivers ! .

Lemma 49. Agreement:If a processTO-Deliversa message ! , theneverycorrectprocesseventuallyTO-Delivers ! .

Lemma 50. Validity: For any message ! , (i) every process�  that TO-Delivers ! , TO-Delivers ! only if ! was

previouslyTO-Broadcastbysomeprocess,and(ii) everyprocess�  TO-Delivers ! at mostonce.

Lemma 51. Total order: Let �  and � " be any two processesthat TO-Deliver somemessage ! . If �  TO-Delivers

somemessage ! [ before ! , then�#" alsoTO-Delivers ! [ before ! .

Lemma 52. There canbeonly oneinvocationof
ä 1�?6$���/#I��ZIR?20<4=5 per consensus.

Proof. By thealgorithmof Figure22, processesinvoke
ä 1�?=$��./#I��ZIR?20<4=5 only with roundnumberÐ c > c p . There

are two casesto consider:(i) two differentprocessesinvoke
ä 1�?6$���/#I��ZIR?20<4=5 for the sameconsensus,or (ii) a pro-

cessinvokes
ä 1�?6$���/#I��ZIR?20<4=5 twice for the sameconsensus.Considercase(i), let us assumeby contradictionthat

two differentprocesses�  and � " invoke
ä 1�?6$���/#I���IR?B0<465 for consensusnumber ö +1. For both processes,to invokeä 1�?6$���/#I��ZIR?20<4=5 for consensusö +1, fast[ ö +1] mustbe setto true, which requiresa processto performa successful
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1: For eachprocessÃ;® :
2: procedure initialisation:
3: Received[] ¯Ñ¶ ; TO delivered[] ¯�¶ ; fast[] ¯Fï false,.. ð ¥ modifiedfrom Figure 13̈
4: TO undelivered ¯�¶ ; AwaitingToBeDelivered[] ¯Î¶ ; ê ¯ � ; nextBatch ¯ � ; start task ï launch ð
5: procedureTO-Broadcast(Ê )
6: Received̄ Receivedñ m
7: proceduredeliver(msgSet)
8: TO delivered[nextBatch] ¯ msgSet- TO delivered;
9: atomicallydeliverall messagesin TO delivered[nextBatch] in somedeterministicorder
10: storeï TO delivered,nextBatch ð
11: nextBatch ¯ nextBatch ºÍ�
12: while AwaitingToBeDelivered[nextBatch] Ù× ¶ do
13: TO delivered[nextBatch] ¯ AwaitingToBeDelivered[nextBatch]
14: storeï TO delivered,nextBatch ð
15: nextBatch ¯ nextBatch+1
16: task launch
17: while Received- TO delivered Ù× ¶ or leaderhaschangeddo
18: while AwaitingToBeDelivered[ ê +1] Ù× ¶ or TO delivered[ ê +1] Ù× ¶ do
19: ê ¯ êòºò�
20: if êó× nextBatch and AwaitingToBeDelivered[ ê ] Ù× ¶ and TO delivered[ ê ] × ¶ then
21: deliver(AwaitingToBeDelivered[ ê ])
22: TO undelivered ¯ Receivedô TO delivered
23: if leader()=Ã ® then
24: while proposeõ is active do
25: ê ¯ êòºd�
26: start task proposeõ (êÈ¿ Ã�® ¿iöP÷ ø2� ¬,ª Ý  µ,ª�©�ª�¬ ); ê ¯ êòºd�
27: else
28: s-send(öZ÷ ø2� ¬,ª Ý  µ,ª=©6ª�¬ ) to leader()
29: task propose(ù ¿(ÝS¿(Ê Â�ú�û*ª ´ ) ¥ modifiedfrom Figure 13̈
30: committed̄ false
31: if fast[ ù ] then ¥ addedfrom Figure 13̈
32: piggy-backTO delivered[L-1] (if notempty)otherwiselatestdecisionontonext instantiationandinvocationof consensus
33: consensusü ¯ new consensus(true)
34: if consensusü .fastpropose(Ýn¿iÊ Â=ú�û�ª ´ ) = (Áª�Â ¿ ©6ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ,nextFast) then
35: if ù × nextBatch then deliver(©�ª ´ ø © � ª=¬,ýwÂ=ú�û�ª ´ ) elseAwaitingToBeDelivered[ ù ] = ©�ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ; committed̄ true
36: fast[ ù ] ¯ false; fast[ ù º�� ] ¯ nextFast
37: if consensusü × ¶ then consensusü�¯ new consensus(false)
38: while not committeddo
39: Ý ¯ Ý,ºwþ
40: if leader() × Ã�® then
41: if consensusü .propose(Ýn¿iÊ Â=ú�û�ª ´ ) = (Áª�Â ¿ ©6ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ,nextFast) then
42: committed̄ true; s-send(DECISION,ù ¿ ©6ª ´ ø © � ª�¬,ýEÂ�ú�û�ª ´ ) to all processes;fast[ ù ºò� ] ¯ nextFast
43: else
44: fast[ ù +1] ¯ false
45: upon s-receive Ê from Ã Ä do

46: if Êó× (DECISION,nextBatch,Ê Â�ú�û�ª ´ õ�� Ä ) or Êó× (UPDATE,ê � Ä ,TO delivered
� ê � Ä�� ) then

47: if task proposeõ � Ä is active then stop task proposeõ � Ä
48: if ê � Ä Ù× nextBatch then ¥:¦�� is aheador behind̈
49: if ê � Ä	� nextBatch then ¥:¦�� is behind̈
50: for all ù suchthat ê � Ä	� ù � nextBatch: s-send(UPDATE,ù ,TO deliver

� ù � ) to Ã Ä
51: else
52: AwaitingToBeDelivered[ ê � Ä ] = msgSet

õ�� Ä ; s-send(UPDATE,nextBatch-1,TO deliver[nextBatch-1]) to Ã Ä
53: else
54: deliver(msgSet

õ�� Ä )
55: else
56: Received̄ Receivedñ Ê ¥ Consensusmessagesare treatedin theconsensusboẍ
57: upon recovery do
58: initialisation
59: retrieveï TO delivered,nextBatch ð ; ê ¯ nextBatch; nextBatch ¯ nextBatchº�� ; Received̄ TO delivered

Figure 22. FastPaxosin thecrash-recovery model
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��/#I���IR?B0<465 (or
ä 1�?6$���/#I���IR?B0<465 ) whichreturnsnextFastastrue for consensusö . Assumethat�  returnsfrom ��/#I��ZIR?20<4=5

(or
ä 1�?6$���/#I���IR?B0<465 ) with nextFast to true: a majority of processeshave returnedwith permissionsetto true (hence

C ù _
 N at a majority of processes)and no processhasreturnedwith permissionset to false. When ��" invokes

��/#I���IR?B0<465 or
ä 1�?=$��./#I��ZIR?20<4=5 , by thealgorithmof Figure20, ��" hasto returnwith nextFast to falsesincetwo majori-

tieswill alwaysintersect:a contradiction.Now considercase(ii). Assumethat �# invokes
ä 1�?6$���/#I��ZIR?20<4=5 twice for

thesameconsensusnumberöEÏKp , by thealgorithmof Figure22, �  musthavecrashedandrecoveredbetweenthetwo

invocationsof
ä 1�?6$���/#I���IR?B0<465 . When�  recovers,fast[ ö +1] is resetto false(initialisation).To invoke

ä 1�?6$���/#I���IR?B0<465
after having recovered,�  hasto performa successful��/#I��ZIR?20<4=5 (or

ä 1�?6$���/#I���IR?B0<465 ) with nextFast set to true for

consensusö . This is impossiblebecausea majorityof processeshavealreadytheir C ù _
ÆN : a contradiction. Ç
By lemma52, theproofsfor lemmata48 through51 areidenticalto thoseof lemmata25 through28 since(a) the

propertiesof the
ä 1�?=$��./#I��ZIR?20<4=5 primitivearemorerestrictive thanthe ��/#I��ZIR?20<4=5 primitive;and(b) thepropertiesof

theregular �./#I��ZIR?20<4=5 remainthesame.

7 Concluding Remarks

We discussheresomePaxosrelatedapproachesandcomparethemwith our modularapproach.In [14, 19], Paxos

was describedusing a consensusabstractionthat factorsout the agreementpart of the protocol. The aim was to

betterexplain the protocolandprove it correct,ratherthancomeout with a practicalmodularisationthat is faithful

(performancewise) to the original one.17 In [17], the authorssuggesteda way to factorout the part of a consensus

protocolthatis usedto “storeandlock” a value,within somenotionof quorum. Thespecificationof our round-based

registerpreciselyfactorsout thequorumnotionof [17] (thevery samenotionappearsin [21]). We go a stepfurther

by alsoabstractingout the sub-protocolusedto electthe eventualleaderthat decideson a value. This relieson the

assumptionof a “majority-stability” asintroducedin [4].

Independentlyof Paxos,[18] presentedareplicationprotocolthatdoesalsoensurefastprogressin stableperiodsof

thesystem:ourFastPaxosvariantcanbeviewedasamodularversionof thatprotocol.In [15], anew failuredetector,üþý
, is introduced.This failuredetector, which is shown to beequivalentto ÿ , addsto thefailuredetectioncapability

of
ü��

[3] aneventualleaderelectionflavour. Informally, thisflavourallowseverycorrectprocessto eventuallychoose

thesamecorrectprocessasleaderandeventuallyensurefastprogress.We haveshown that ÿ canbedirectlyusedfor

thatpurpose,andwe havedonesoin a moregeneralcrash-recoverymodel.

In [6], a variantof Paxos,calledDisk Paxos,decouplesprocessesandstablestorage.A crash-recovery modelis

assumedandprogressrequiresonly oneprocessto be up anda majority of functioningdisks. Thanksagainto our

modularapproach,we implementDisk Paxosby only modifying theimplementationof our round-basedregister. The

algorithmof Section6.3 is faithful to Disk Paxosin that both have the samenumberof forcedlogs, messagesand

communicationsteps.18 Notethatour leaderelectionimplementationthatcopeswith unstableprocessescanbeused
17In [14], theauthorpresentstwo protocols:thefirst oneis modularbut notefficient,andthesecondoneis efficientandbetterexpressesthePaxos

flavour but it is not modular. In fact, the proposedoptimisationentailsmerging the total orderprotocolwith the underlyingconsensusprotocol,
andmeansgiving up modularity. In [19], theleaderelectionnotionis specified,but it is solelyusedwithin consensus:oneof thecharacteristicsof
Paxosis preciselythatthiselectionnotionis extractedfrom consensusandusedat thetotal orderprotocollevel.

18Variables����� , �����	� and
��� in [6] correspondto ����
������ , ��������� and��� in ourcase,while aballotnumberin [6] correspondsto aroundnumber

34



with Disk Paxosto improveits resilience.

Onemight observe many similaritiesbetweenPaxosandtheconsensus-basedtotal orderprotocolof Chandraand

Toueg [3] (togetherwith its adaptationto thecrashrecovery model[1 + 20]). Our modularisationhelpscomparethe

two approaches.Roughlyspeaking,within a given systemmodel, the protocolshave the sameresilience. In other

words,givena systemmodel(e.g.,crash-stopor crash-recovery), theassumptionson (1) thenumberof correctpro-

cesses,(2) the reliability of the communicationchannels,and(3) the underlyingfailure detectors,areequivalent.19

Considernow performancein stableperiods. In termsof communicationsteps,the protocolshave the sameperfor-

mance.Indeed,onecanactuallyseethattheoptimisationunderlyingFastPaxoscanbeappliedto theChandra-Toueg’s

approachaswell. In termsof messageshowever, PaxosoutperformsChandra-Toueg’sapproachfor thefollowing in-

tuitive reason. By consideringleaderelectionasa first classcitizen (in the total orderbroadcastprotocol),Paxos

allows the broadcasterto directly sendits messageto the currentleader, andthe latter canthenimposeits consen-

susdecision.20 In Chandra-Toueg’sscheme,the leaderelectionprotocolis inherentlyencapsulatedwithin consensus

(rotating-coordinatorparadigm),andthebroadcasterhasnootherchoicethansendingits messageto all (in traditional

consensus,all processesneedto propose).This differencealso impactsthe numberof forcedlogs needed(for the

crash-recoverymodel)in favour of Paxos.In Chandra-Toueg’sapproach,by usingconsensusasa black-box,all pro-

cessesneedto proposeaninitial valuewhich, in acrash-recoverymodel,meansthatthey all needaspecificforcedlog

for that(this issuewasalsopointedout in [20]).

Acknowledgements. We arevery grateful to MarcosAguilera andSamToueg for their helpful commentson the

specificationof our registerandconsensusabstractions.
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A Optional Appendix. Performancemeasurements

Wehaveimplementedourabstractionsonanetwork of Javamachinesasa library of distributedsharedobjects.We

give heresomeperformancemeasurementsof our modularPaxosimplementationin differentconfigurations.These

measurementsweremadeon a LAN interconnectedby FastEthernet(100Mb/s)on a normalworking day. TheLAN

consistedof 60UltraSUN10(256MbRAM, 9 GbHarddisk)machines.All stationswererunningSolaris2.7,andour

implementationwasrunningon SolarisJava HotSpot(TM)Client VM (build 1.3.001, mixed mode). The effective

messagesizewasof 1Kb andthe performancetestsconsideronly caseswhereasmany broadcastsaspossibleare

executed.In all tests,we consideredstableperiodswhereprocess&(' wastheleaderandoneprocesswasrunningper

machine.
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Figure 23. Broadcastperformance

Figure23(a)depictsthethroughputdifferencebetweenRegularPaxosandFastPaxos.Not surprisingly, FastPaxos

hasahigherthroughput.Theoverallperformanceof bothalgorithmsdecreasessincetheleaderhasto sendandreceive

messagesfrom anincreasingnumberof processes.

Figure23(b) depictsthe performanceof FastPaxoswhen the numberof broadcastingprocessesincreases.We

consideredfour cases,(i) only theleaderbroadcasts,(ii) oneprocessotherthantheleaderbroadcasts,(iii) all processes

excepttheleaderbroadcast,and(iv) all processesbroadcast.Distributing theloadof thebroadcastingprocessesto a

largernumberof processesimprovesthe averagethroughput.As expected,the throughputis lower whenthe leader

is the uniquebroadcastingprocess,sinceit is the mostoverloaded.Case(iii) hasa betterthroughputthancase(iv)

after12processessincetheleaderdoesnotbroadcastandcanallow moreprocessingpowerthancase(iv). Thisshows

thatbroadcastingmessagesslows down a process,andthis is alsoverifiedby the increasedthroughputwhenanother

processthantheleader(caseii) is broadcasting.21

Figure24 comparesFastPaxosin two differentmodes: (i) concurrentconsensusinstancesarestarted,and (ii)

only consecutive consensusinstancesarelaunched.Not to overwhelmthe processwith context switching,Paxosis

implementedusinga threadpool thatis limited to ten,i.e.,at mosttenconcurrentconsensusrun at eachprocess.The
21Whenincreasingthenumberof processes,theperformancescomecloseto eachotherbecausethecapacityof Paxosis reached.
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(d) 20processes

Figure 24. Concurrentvsconsecutive (FastPaxos)
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throughputin both modesdecreasesasthe numberof protocol instancesincreases.At first, the concurrentversion

givesbetterperformance,but thisdiminishesasthenumberof broadcastincreases.In fact,theincreasingcomputation

needed(in thetasklaunch) impedestheperformanceof theconcurrentversion,i.e.,performancedegrades.Theresults

show thatthemoreprocessasystemhas,thelessdifferencethereis in throughputbetweenconsecutiveandconcurrent

executions,i.e,whentherearemoreprocessesin thesystem,therearelessconsensusinstancesthatarelaunched.

Figure25 depictsthe broadcastrateat which the bestthroughputcanbe achieved from 4 to 10 processes.For

all cases,the throughputincreases(approximately)linearly until a certainpoint, e.g.,up to 10 broadcast/sec/process

for a six processessystemandthen the throughputfalls suddenlylinearly. Above the breakpoint,the leaderagain

becomesthebottleneck,its taskreceiveis overwhelmedby thenumberof broadcastsit hasto handle,thusdelaying

new protocolinstances.
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Figure 25. Bestthroughput(FastPaxos)

Figure26(a)depictsthe impactof forcedlogs for the FastPaxosalgorithm. Whenforcedlogs areremoved, the

increasedperformanceis minimal sincethealgorithmis fine-tunedandwaits for a certainnumberof broadcastmes-

sagesbeforelaunchinga consensus.TheTO-Delivery rateis by far betterwhena consensusis launchedfor a certain
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numberof messagesratherthanstartinga consensusfor eachsinglebroadcastmessage.The numberof consensus

becomestoo big andslows down the algorithm. Due to this optimisation,therearefew instancesof consensusper

secondandhencefew stablestorageaccesspersecond.Therefore,uponremoval of stablestorage,theperformance

improvmentis not drasticasonemight think. This resultshows that the winter seasonprotocolis not really useful

for a practicalsystem.22 However, Figure26(b)shows thatforcedlogshave animpacton performance.If FastPaxos

launchesa largenumberof consensuspersecond,i.e., a consensusis startedconsecutively for eachsinglebroadcast

message.(Thereareno otherconsensusinstancerunningin parallel,but therecanbemany consensusinstancesper

second.)In thiscase,theimpactof forcedlogsis quitesignificant,asshown in Figure26(b).
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Figure 26. Comparisonbetweenforcedlogsandnostablestorage(FastPaxos)

Finally, Figure27 givesthe recovery time requiredby a processdependingon the numberof messagesretrieved

from thestablestorage.Thenumberof retrievedmessagesis proportionalto thenumberof readsfrom thedisk, thus

increasingtherecovery time.
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Figure 27. Recovery time

22Moreover, Note that for a long-lived application,this modelis not really practical,sinceevery processis likely to crashandrecover at least
onceduringthelife of theapplication.

40



B Optional Appendix. Implementation of s in a Crash-Recovery Model with partial syn-

chrony

Figure 28 gives the implementationof the failure detectorÿ in a crash-recovery model with partial synchrony

assumptions.We assumethat messagecommunicationtimesareboundby an unknown periodbut hold after some

globalstabilisationtime. Intuitively, thealgorithmworksasfollows. A process&ut keepstrackof theprocessesthat it

trustsin a setdenotedtrustlist. A process&ut keepson sendingI-AM-ALIVE messagesto every process.Periodically,

&ut removesof its trustlist the processesfrom which it did not receive, within a certainthreshold,any I-AM-ALIVE

message.When & t receivesan I-AM-ALIVE messagefrom someprocess&wv andif &uv wasnot part of the trustlist,

& t thenadds&wv to its trustlist andincrements&wv ’s threshold.Process& t alsotakesthe maximumbetweenits epoch

numberandtheone& t receivedfrom &uv . However, anunstableprocesscanbetrusted,thereforethealgorithmcounts

the numberof times that a processcrashesand recovers. This schemeallows a processto detectwhena process

crashesandrecovers,anunstableprocesshasaninfinite epochnumber, while a correctprocesshasanepochnumber

thatstopsincreasing.When& t crashesandrecovers,& t sendsa RECOVERED messageto everyprocess(line 8). When

& v receivesa RECOVERED messagefrom &ut , & v updatestheepochnumberof &wt at line 21and& v adds&wt to its trustlist.

Variableÿ .trustlistcontainstheprocess,within thetrustlist,thathasthelowestepochnumber(line 15),andif several

of theseexist, selecttheonewith thelowestid.

Processesexchangetheirepochnumberandtakethemaximumof all epochnumbersto preventthefollowing case.

Assumethat processes&(x , &(y , &(z never crashandthat process&|{ crashesandrecovers. Assumemoreover that &}{
recovers,everyprocessexcept&}{ receivestheRECOVERED message.Therefore,&}{ hasepoch~������������q���q� , while the

otherprocesseshave epoch~$��� ��� ���������������q� . Eachprocesshasthesametrustlist, indeedÿ�~�� outputs&}{ and ÿ�~$��� ��� �
outputs&�x which violatesthepropertyof Omega,exchangingtheir epochnumberandtakingthemaximumsuchcase

is avoided.NotethattheMIN functiongivesthefirst index thatrealisestheminimum.

Proposition 62. Thealgorithm of Figure 28 satisfiesthe following propertyin a crash-recoverymodelwith partial

synchrony assumptions:There is a time after which exactly onecorrect processis alwaystrustedby every correct

process.

Proof. Thereis a time afterwhich everycorrectprocessstopscrashingandremainsalways-up.Therefore,every cor-

rectprocesskeepson sendingI-AM-ALIVE messageto every process.Thanksto thepartial synchrony assumptions,

we know thataftersomeglobalstabilisationtime, a messagedoesnot take longerthana certainperiodof time to go

from oneprocessto another. Eventually, every processguessesthis periodof time by incrementing��~	� at line 19.

By the fair losspropertyof the links, every correctprocessthenreceivesan infinite numberof times I-AM-ALIVE

messages.Therefore,every correctprocesseventuallyhasthesamesettrustlistandepochlist, indeedthey outputall

thesamefirst elementof theset. Eventually, this processis correctsincethealgorithmchoosestheprocesswith the

lowestepochnumber(rememberthatanunstableprocesshasanondecreasingepochnumber). �
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1: for each process~ � :
2: upon initialisationor recovery do
3: � .trustlist ��� ; trustlist� � ���
4: for all ~�� � � do
5: � � �q� ~ �%� � default time-outinterval
6:   ~�¡$¢�£ � �q� ~ �%� � '
7: start task ¤ updateD¥
8: if recoverythen send(RECOVERED) to all
9: task updateD
10: repeatperiodically
11: send(I-AM-ALIVE,epoch� � ) to all processes
12: for all ~�� � � do
13: if ~�� � trustlist� � and ~�� did not receive I-AM-ALIVE from ~�� duringthelast �¦� � � ~�� � then
14: trustlist� � � trustlist� ��§ ¤ ~ � ¥
15: � .trustlist � MIN( ~"¨©� trustlist� �qª ~�¨¬«�¯®�° ¹I  ~�¡$¢�£ � � » )
16: upon receive ± from ~ � do
17: if ± « (I-AM-ALIVE,epoch� � ) then
18: if ~ � ²� trustlist� � then
19: trustlist� � � trustlist� ��³ ¤ ~ � ¥ ; � � �q� ~ �%� ��� � �q� ~ �%� º´{
20: for all ~ ¨ � � do
21: epoch� � [ ~ ¨ ] � MAX(epoch� � [ ~ ¨ ], epoch� � [ ~ ¨ ])
22: elseif ± « RECOVERED then
23:   ~�¡$¢�£ � �q� ~�� � �µ  ~�¡$¢�£ � �q� ~�� � º´{ ; trustlist� � � trustlist� ��³ ¤ ~�� ¥

Figure 28. Implementing¶ in acrash-recovery modelwith partialsynchrony assumptions
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