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Abstract Wediscusstheprinciplesof distributedtransactions,thenwedefinean
operational modelwhich meetsthe basicrequirements andwe give a prototyp-
ing implementationfor it in join-calculus.Our model:(1) extendsBizTalk with
multiway transactions;(2) exploits anoriginalalgorithm,for distributedcommit;
(3) candealwith dynamicallychanging communication topology; (4) is almost
language-independent.In fact,themodelis basedon a two-level classificationof
resources,which shouldbeeasilyconveyed to distributedcalculi andlanguages,
providing themwith a uniform transactionalmechanism.

1 Intr oduction

Globalcomputing requiresdataintegration andprocesscooperationwithin andacross
sitesandorganizations.Thedesignandexecution of distributedapplicationsfor global
computing thusheavily rely on processorchestration services, which areusuallyde-
manded to the coordination layer of the system.This is the case,for instance,for
transactionmanagers in BizTalk andJavaspacesplatforms, which handledistributed
decisionsin asynchronous environments(e.g.thewebor WAN’s).

In theorchestrationof services,transactional activities mustbemodeledalsowhen
distributedcomponentsaredesignedandimplemented separately(e.g.in e-commerce
or on-line auctionsystems).To this purpose,theordinary formulationof transactionin
databasestheory(seeTable1) is inadequatebecause:

1. distributedtransactions may have several entry/exit points in parallel,ratherthan
just one(multiparty or multiwaytransactions);

2. dataintegrity shouldbespecializedfor distributed,heterogeneoussystems,where
thereis noexplicit notionof data;

3. thecommunicationtopologyof processesparticipating to atransactionmaychange
dynamically. This requires a commit protocol amonga number of participants
whichcannot bestaticallydetermined.

A standardexamplein business-to-businesse-commerceis dynamicpricing, e.g.the
reverseauction.In a reverseauction, a buyer issuesa requestfor offersto themarketA
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2 Bruni, Laneve andMontanari

A transactionconsistsof a collectionof actionswith thefollowing properties:
Atomicity , A transaction’s changes to the stateareatomic:eitherall happenor none

happen.
Consistency, A transactionis a correcttransformationof the state.The actionstaken

asa groupdo not violateany of theintegrity constraintsassociatedwith thestate.
Isolation, Even thoughtransactionsexecuteconcurrently, it appearsto eachtransac-

tion, T, thatothersexecutedeitherbeforeT or afterT, but not both.
Durability , Oncea transactioncompletessuccessfully(commits),its changesto the

statesurvive failures.
Table 1. Databasetransactionsasdefinedin [13].

placewhereseveralsellers mayproposetheir bids.Thenumberof sellersis not know
a priori . Later on, the buyer choosesthe optimal bid, emitsa payment for the seller,
andremovesits request from themarketplace.Thewholenegotiationmustlook likean
atomicactivity. For instance,if thenegotiation aborts, theoffer mustbeneglected,the
payment refused,andtheinitial situationmustberestored.

MicrosoftB BizTalk [17] is a systemexplicitly designedfor processorchestration.
This systemprovidesa graphical environment for modeling processesasflowcharts,
whereseveral shapescanbecomposedandboxedinto transactions.Eachshaperepre-
sentsabasicactionfor sending/receiving dataor redirecting theexecutionflow.

In BizTalk, transactions canbeshort, long or timed. Transactionsconsistof series
of actions,with longandtimedonespossiblygroupingany combinationof actionsand
transactions (up to two nestinglevels). Short transactions retainautomatic recovery,
which implements databasetransactions as definedin Table1. Compensation in the
othertypesof transactionsmustbeprogrammedby theusers.

WenotethatBizTalkboxescorrespondtoatwo-level classificationof states,observ-
able(i.e.,outsidethebox) andhidden(i.e.,insidethebox). Thispartitionalsopervades
another formalism, which hasbeenrecentlydefinedto modeltransactional aspectsin
concurrentsystems,thezero-safePetri nets(ZS nets)[5,7]. BizTalk flowchartsmaybe
easilyencodedinto ZS nets,while theconverseencoding seemsnot possible.Therea-
son is that BizTalk boxes provide a “static” specificationof transactions boundaries,
while the statepartitioning givesa “dynamic” notion of them,which depends on the
runtime behaviour (e.g.which processescommunicated,which datawereexchanged).
This remarkqualifiesZS netsasa possibleformal model for orchestrationservices.

Building on the transactional mechanism of ZS netswe proposea fairly general
notion of distributed transaction that canbe easilyadaptedto BizTalk andotheror-
chestrationsystems.Thismechanismalsosupportsmultiwaytransactions,whichretain
several entry andexit points,andadmit a number of participantswhich is statically
unknown. Thefeasibility of our modelis demonstratedby implementingit in thejoin-
calculus[10,11]. This formalismhasbeenchosenfor threereasons:

1. join calculusis a well-known calculus,with anassessedformal theory;
2. a distributedprototypeimplementationhasbeendevelopedfor thejoin calculus;
3. several comparisonsbetweenjoin calculus andPetri netshave beenstudied(see

e.g. the type systemsfor join calculusin [8] that characterizea hierarchy of net
models),making it easierto establisha formal correspondence betweenZS nets
andtheirencoding in join.
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We discusstwo implementationsof ZS nets,whichwe call centralizedanddistributed,
respectively. Thecentralized implementationreliesonauniquetransactioncoordinator,
reflectingBizTalk’sdesign,andit canbemodeledin a“flat” versionof thejoin-calculus.

Thedistributedimplementation is thecoreresultof thepaper. It exploits thewhole
expressive power of the join-calculus for the dynamic definition of local transaction
controllers.Moreover, it exploits adistributed2PC protocol (avariantof thedecentral-
ized2PC protocol [1]) that,up-toourknowledge,is novel to thiscontribution.

In thedecentralized2PC, every processparticipatingto atransactionis awareof the
otherprocessesinvolved in thesametransaction.Whena processis ready to commit,
it sendsa messageto all the companionprocesses(first phase).At the sametime it
collectsall thecommit messagescoming from thecompanionprocesses.Whenall the
messageshave beenreceived, the processcommits(secondphase).Alternatively, if a
processfails, it will senda failuremessageto every companion process,androll back
to its own initial state.Everyprocessreceiving a failuremessagealsofails.

In thedistributed2PC protocol, thenumber of participantsandtheir names arenot
staticallyfixed,andprocessesthatarereadyto commitknow only theparticipantswith
whomhavedirectlycooperated.For thisreason,in thedistributed2PC protocol, therole
of the coordinatoris played by all participants.In particular, every participant builds
its own transitive closureof the processescooperatingin the transaction. When the
transitive closureis stable,theparticipantcommits.Alternatively, theparticipant waits
for a failuremessage,andrestorestheinitial statewhensuchmessagearrives.

Synopsis. In Sections2 and3, we give a brief account of thetransactional mechanism
of BizTalk, anddiscussits modeling via ZS nets,wherealsomultiway transactions can
be designed. In Section4, we presentthe centralizedandthe distributedencoding of
ZS netsin join calculus. In Section5 we discusssuitableextensionsof thedistributed
encoding. Finally, someremarks andconclusionsaredrawn in Section6.

This paper is the full versionof [3], whereonly the distributedencoding is pre-
sented.

2 Coordinating agentsin Biztalk

Microsoft B BizTalk Orchestration Visual Designerprovidesa graphical environment
for building businessprocesses,which integratesthreedifferent views: the flowchart
view, theimplementation view, andthedataflowview. Wefocusonflowcharts,1 which
arerealizedby connecting several basicshapes(seeFigure1(a)).

In Figure1(b), weillustrateasimpleBizTalk processsendingthevaluev onchannel
a, theninputtingavalueonthevariablex fromchannelb, and,lateron,performingsome
calculation. A transaction is definedby boxing seriesof operationslike in Figure1(c),
meaning thateitherall theoperationssucceedor thesystemis rolled-backto theinitial
state,e.g. the processcannot emit v on a and input x from b before the successful
termination of the“compute” operation.

1 Ouractualunderstandingof BizTalk’s transactionsis mostlybasedondocumentsavailableon
thewebthroughMSDN Library http://msdn.micros oft.com/library [15,17].
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Fork

Join

Transaction

BeginE EndF
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(a)Basicshapes.

beginbegin

senda G vH v
a

receiveb G xH b
x

compute

endend

(b) Simpleflowchart.

beginbegin

senda G vH v
a

receiveb G xH b
x

compute

endend

(c) A transaction.

Figure1. Flowchartsin BizTalk OrchestrationVisualDesigner.

Figure2(a)illustratesaprocesswhichimplementsarendez-vousbetweentwo trans-
actions:a commit is performedprovidedboththetransactions areready to commit.

Transactioncommits are demandedto the Distributed TransactionCoordinator
(DTC) running on the server machine andcoordinating a two-phasecommit protocol
(2PC). Roughly, the2PC worksasfollows [13]:

1. theDTC sendsa voterequestto all participants;

2. uponvoterequest,eachparticipant eithervotesno andaborts,or votesyes;

3. the DTC collectsall votes.If all votesareyes, thenthe DTC sendscommit to all
participants.Otherwise,theDTC sendsabort to all participantsthatvotedyes;

4. eachparticipant thatvotedyeswaitsfor DTC responseanddecides accordingly.

Thecorrectnessof the 2PC algorithm stronglyrelieson theknowledgeby DTC of
every participant to the transaction. To this aim, every transactionis pairedwith suit-
ablecomponents—theCOM+ components—that recordparticipantsto the DTC. Ac-
tually, theprocessin Figure 2(a)shows up a further issue:it is required DTC become
awarethatthetwo transactionsmustcommittogether. Thiscanbeachievedby making
communicationtransactional, which amounts to employ COM+ components(that,at
run-time, report to DTC that the two transactions communicated). For long andtimed
transactions, users’compensationcode canbe given for rolling back in caseof fail-
ure[14].

In thefollowing we assumethatlong andtimedtransactionspossessan ideal com-
pensation codewhichimplementsthepropertiesin Table1.For instance,theprocessof
Figure2(a)eitherrendez-vous or nothing occurs.We alsoassumethattransactionsare
notnested.In BizTalk, nestedtransactionsallow to defineacommonprogrammingpat-
tern:a long(inter-companies)transactiongroupingasequenceof short(intra-company)
ones.The two assumptions above simplify the theory: we discussthe general casein
Section5.
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beginbegin beginbegin

senda G vH receivea G yH
receiveb G xH sendb G wH

endend endend

(a) A rendez-vousin BizTalk.

begin begin

senda receivea

receiveb sendb

end end

(b) First step.

send

a

receive

receive
b

send

(c) Secondstep.

Figure2. Alternative drawingsof BizTalk transactions.

2.1 BizTalk without boxes

BizTalkflowchartsmaybeconvertedintoastandardformalismfor concurrentcomputa-
tions,thePetri nets; actuallyinto a transactionalflavourof them,thezero-safenets[5].
We split this conversioninto two steps:

First step: coloring basic shapes. In BizTalk, transactionsare depicted by grouping
basicshapesinto (shadowed)boxes(Figures1(c)and2(a)). Sinceshorttransactions
canbeneitherintersectednor nested,insteadof usingboxes,onemaycolor basic
shapestherein. Shapesincludedin differentboxeshavedifferentcolors;shapesout-
sideboxesarewhite.Figure2(b)illustratesthisalternativedrawing for Figure2(a).

Second step: adding states. We insertcirclesin the pictures.Circlesrepresent states,
or placesin Petrinetterminology, andaredrawn in themiddleof every link. There
aretwo kinds of circles: large ones(stableplaces) andsmall ones (transactional
places), respectively for statesoutsidetransactions andstateswithin sometransac-
tion. In caseof a transitionlink, if the link connectstwo shapesof thesamecolor
(different from white) thenthe circle is small, otherwiseit is large. In caseof a
communication,if theactionis transactional thenthe circle is small,otherwise it
is large. Begin andendshapesareregardedasstableplaces.This secondstepis
shown in Figure2(c) for therendez-vous flowchart in Figure2(a).

The semanticsof the net in Figure 2(c) departs from the standardone for Petri
nets[16] because of transactions. In Petri nets,placesare repositoriesof resources,
calledtokens, andtransitions fetchandproducetokens.2 Zero-safe netshave beenin-
troducedin [4] asa suitabletransactional flavour of Petri nets:placesarepartitioned
into ordinary andtransactional ones(calledstableandzero, respectively). Transition
colors, introducedat the first stepof the transformation are no longer relevant, be-
causetransactionorchestrationis entirelydemandedto zeroplaces.Net configurations
arecalledmarkingsandcanbe viewedaspairs I SJ Z K —corresponding to themultiset
S L Z—where S is themultisetof stableresourcesandZ is themultisetof transactional
resources.Thekey point is thatstabletokensproducedduring a transactionaremade
availableonly at commit time,whenall zerotokenshavebeenconsumed.

2 For simplicity, herewe leave asidethat tokenscancarry valuesandtransitionscanhave pa-
rameters,but our resultsin Section4 canbesmoothlylifted to thevaluedcase.
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(FIRI NG)

S M Z N SO*M Z O&P T

G S M SO ORQ Z M Z O O H�S T G SO M SO O�Q Z O M Z O O H
(STEP)G S1 Q Z1 H�S T G SO1 Q Z O1 H G S2 Q Z2 H2S T G SO2 Q Z O2 HG S1 M S2 Q Z1 M Z2 H�S T G SO1 M SO2 Q Z O1 M Z O2 H

(CONCATENATI ON)G S1 Q Z H2S T G SO1 Q Z O OTH G S2 Q Z O OTH2S T G SO2 Q Z OTHG S1 M S2 Q Z H2S T G SO1 M SO2 Q Z O H
(COMM I T)G SQVU H�S T G SO�QVU HG SQVU H�W T G SO QVU H

Table 2. Operationalsemanticsof ZS nets( M denotesmultisetunion).

Theoperationalsemanticsof ZS netsis defined by the two relations X and Y in
Table2, indexedby thesetof transitionsT. Transitions have theform U Z U [ , with U
andU [ multisetsof stableandzeroplaces.RulesFIRING andSTEP aretheordinaryones
for Petrinets,for theexecutionof one/many transition(s).However, sequencesof steps
differ from theordinary transitive closureof Y : Therule CONCATENATION composes
zerotokensin seriesbut stabletokens in parallel, hencestabletokensproducedby the
first stepcannot beconsumed by thesecondstep.Transactionsarestepsequencesfrom
stablemarkingsto stablemarkings,whenCOMMIT canbeapplied. We present ZS nets
aspairs I T J SK whereS is theinitial marking, anddenote I SJ]\^K�X T I S[_J]\^K by S X T S[ .

ThemovesS X T S[ defineall theatomicactivitiesof thenet,andhencethey canbe
performedin parallelandsequentiallyasthe transitions of anordinary net.It is worth
noting that a stepS X T S[ can be itself the parallel composition of several transac-
tions(by rule STEP). We refertheinterestedreaderto [5] for thecharacterizationof the
setof minimal transactions—in thesensethatthey cannot bedecomposedinto smaller
transactions—thatdepends on the“tokenphilosophy” under consideration:eithercol-
lectiveor individual according to theclassificationin [12].

3 BizTalk with multiway transactions

BizTalk transactions possessexactly oneentryandoneexit point, meaning that intra
threadcoordination is mostlydelegated to programmers (in contrastwith inter thread
coordinationdueto messageexchanges,which is demandedto the DTC process).The
analogy betweenBizTalk flowgraphsandZS nets,detailedin theprevioussection,sug-
geststhattransactionscanbegeneralizedby allowing multiple entryandexit points—
yieldingmultiwaytransactions. In Figure3,wepictureaflowgraphwith twoexit points,
asit shouldappearin BizTalk andits counterpartin ZS nets.

Up-toourunderstanding, BizTalk limitation to single-threadedtransactionshapesis
motivatedby implementationissues,ratherthantheoreticalmotivations.Indeed, rendez-
vous are essentiallymultiway transactionsand can be programmedin BizTalk ex-
ploiting suitablecompensationcode.Zero-safenetsdealuniformly with multiway and
single-threadedtransactions,andhencethedistinctionis transparent to ourencodings.
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beginbegin

compute compute

endend endend

(a) Boxedview.

forkfork

computecompute computecompute

(b) Net view.

Figure3. A transactionwith two exit points.

E e1 e e1 e2 e e
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e

E `	a&bfc e

e2

e1
dfe�gd

e2

e1 e2

e
h `fifj e1 Q e2

e
e1 Q e2

k `�l"c e
E

e
d$g `�mfb E e n i&`	a

Figure4. Basicshapesof extendedBizTalk.

4 Encoding multiway transactionsin join

In this sectionwe present two accounts of the2PC protocol for Biztalk with multiway
transactions: a centralizedoneanda distributedone.Thecentralizedalgorithm reflects
BizTalk approach,wheretransactionsareorchestratedby theDTC. Thedistributedalgo-
rithm makeseveryparticipantactsaslocalcoordinator. Theimplementationis provided
with adistributedmachine,thedistributedjoin calculus [10,11]. Actually, sinceBizTalk
flowgraphsmaybeconvertedinto ZS nets,we find convenient to implement the latter
onesof whomwe havea neatunderstanding.

Without lossof generality, werestrictto netsmadewith thebasicshapesin Figure4
(whichareasexpressiveasthegeneral nets[6]), for E any stableplaceandeJ e1 J e2 any
zeroplaces(uppercaselettersdenote stableplaces,while lowercaselettersdenotezero
places).We notethat the ZS net in Figure2(c) is not a basicZS net.It is immediateto
rewrite Figure2(c) by adding four dummy compute shapesandconsidering sendand
receiveshapesasfork andjoin, respectively. Weremarkthatfor ordinaryPetrinets(i.e.
withoutzeroplaces)a straightforwardencoding in join is possible.

4.1 Brief intr o to the join calculus

The join calculus[10] relies on a countable set of namesrangedover by x, y, u, v,o*o*o ; tuplesof namesarewritten pu. Table3 collectsthesyntaxandthesemanticsof the
join calculus.The syntaxincludesprocessesP, definitions D, and join-patternsJ. A
process P canbe the inert processq , a messagex r�pus , a parallel compositionof pro-
cesses,or a defining process t=u"v D wTx P. A definition D is a conjunction of reaction
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Syntax P
defy{z}|

x ~V�u � | P
|
P
|�����

D ��� P D
defy

J N P
|

D � D J
defy

x ~V�u � | J
|
J

Structural moves P
|
Q � PQ Q ����

D ��� P � Dσ Q Pσ D � D O � D Q D O
(σ renamesdefinednamesin D with freshnames)

Reduction J N PQ Jρ S J N PQ Pρ (ρ only renamesreceivednamesin J)

Table3. Syntaxandsemanticsof thejoin calculus.

rulesJ Z P thatassociatejoin-patternsJ to guardedprocessesP; theintendedmeaning
is that,whenever messagesmatchthepatternJ, thesemessagescanbereplacedwith a
copy of theguardedprocessP wherethecontentof themessagessubstitutetheformal
parameters.Theonly bindersof thecalculusarejoin-patterns,but thescopeof names
appearing in a join-patterndependsontheirposition:thescopeof formalparameters—
calledreceivednames—is theguardedprocess;thescopeof definednames—i.e.,names
carrying messages—isthemainprocessof thedefinitionand,recursively, all guarded
processesof thedefinition.

Thesemanticsof thejoin calculusreliesonthereflexivechemical abstractmachine
model [2]. In this model a solution is a multiset of active definitions and processes
(separatedby comma). Dynamically new definitions may become active. Movesare
distinguished betweenstructural � , which heator cool processes,andreductions Y ,
whicharethebasiccomputationalsteps(disjointreductionscanbeexecutedin parallel).
In Table3, therulesonly addressthepartof thesolutionwhichactuallymoves.

A processP isflat if all guardedprocessesinsidePhavenodefiningprocess.Theflat
join calculus is thesub-calculusof flat processes(thepropertyof beingflat is preserved
under reduction).Therefore,in flat join calculus,nofreshdefinitioncanbedynamically
generated.In fact,theflat join calculusis equivalentto high-level nets(see[8]), with D
andP playingtherolesof thesetof transitions andof theinitial marking, respectively
(messagex r ũs modelsa tokenwith valueũ in theplacex).

The distributedjoin calculusis a distributedimplementation of the join calculus,
with notions of location, migrationof processes,failure,andfailurerecovery. In order
to simplify thenotation, theencodingsin thesequelwill bewrittenin join calculus.Yet,
thedistributedversionsshallbediscussedinformally .

4.2 Centralized 2PC

Webegin by translatingZS netsin flat join calculus.To thisaim,weextendthelanguage
with integers andpatternmatching on integers.Namely, join patternsmaytake integer
values,andthecorrespondingguardedprocessmaybetriggeredprovidedthematching
messagescarrythesamevalues.Ourencoding accounts for ZS netsconveying unvalued
messagesonly. Thegeneral casefollows by takingadditional parametersinto account.
In thefollowing, channelswhichencodestableandzerotokensareaddressedasstable
andzero channels,respectively. Theresultsin thissectiongiveaformal account of (our
understandingof) theoperationalsemanticsof BizTalk (andof itsextensiontomultiway
transactions). The reader not interestedin thedetailsmaysafelyskip this sectionand
proceedto Section4.3, wherethenovel andfully distributedmodel is discussed.
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���
E `	a&bfc e� � y E ~R� | cdt ~ κ ��N e~ κ � | fetched~ κ Q E � ���

E M S� � y E ~_� | ���S� ����
e
h `fifj e1 Q e2 � � y e~ κ � | cdt ~ κ ��N e1 ~ κ � | e2 ~ κ � ��� U � � y U���

e1 Q e2
k `�l"c e� � y e1 ~ κ � | e2 ~ κ ��N e~ κ � | dbt~ κ ��*�

e1
d$e�gd

e2 � � y e1 ~ κ ��N e2 ~ κ ����
e
dfg `mfb E � � y e~ κ ��N frozen~ κ Q E � | dbt~ κ ����

e n i&`"a � � y e~ κ ��N dbt ~ κ �
Figure5. Definition of

���
t � � and

���
S� � .

Cont
y

gen~ κ ��N gen~ κ M 1� | state~ κ M 1 Q 0 �� state~ κ Q n�/N state~ κ Q n M 1� | cdt~ κ �� state~ κ Q n M 1 � | dbt ~ κ ��N state~ κ Q n�� cdt ~ κ ��N dbt~ κ �� state~ κ Q 0�/N commit~ κ �� commit~ κ � | frozen~ κ Q E ��N commit~ κ � | E ~R�� commit~ κ � | fetched~ κ Q E ��N commit~ κ �
(a)Controllerandcommit.

Fail
y

state~ κ Q n�/N failed ~ κ Q n�� failed ~ κ Q n M 1 � | cdt ~ κ ��N failed ~ κ Q n�� failed ~ κ Q n M 1 � | dbt ~ κ ��N failed ~ κ Q n�� failed ~ κ Q n� | frozen~ κ Q E ��N failed ~ κ Q n�� failed ~ κ Q n� | fetched~ κ Q E ��N failed ~ κ Q n� | E ~_�
(b) Failure.

Figure6. Shapesfor transactioncontrollers.

Definition 1 (Flat encoding).The flat join-calculus processassociatedto a ZS netI T J SK is t=u"v�� T ��wTx^� S� , where � T ��� Cont � Fail ��I]� t � T ��� t � �fK and � S��� genr 0s�� ���S� � ,
with ��� t � � , ���S� � definedin Figure5, andCont, Fail definedin Figure6.

Whena transactionbegins(firing a transitionwhich does not require zerotokens)
a positive integer κ is pickedup.This is thenameof thetransaction, andevery transi-
tion of the transactionis tagged with this name.In this way, only threadsin thesame
transaction(i.e.,transitionsthathavepickedupthesametransactionname)caninteract.

Transactionnamescorrespondto controllersstater κ J ns , whichrecord thenumbern
of zerotokensthatmustbeconsumedto commit.New controllers maybedynamically
releasedby thegeneratorgenr κ s with thetransition

genr κ s�Z genr κ L 1s�� stater κ L 1 J 0s
whereκ is thelastgeneratedtransaction nameandκ L 1 is thefreshtransactionname.
Zerotokensarethenlabeledwith thenameκ of thetransactionthey belongto. A tran-
sitionwilling to increase/decreasethenumberof zerotokensmustinform thecontroller
stater κ J ns toupdatethevaluen. However, toaugment theparallelismamong transitions
of thesametransactionκ, weuse“credit” tokens cdtr κ s and“debit” tokensdbtr κ s . For
instance,for a fork transitione  2¡=¢¤£ e1 J e2 this is achievedthrough two reactions:

stater κ J ns Z stater κ J n L 1s�� cdtr κ s and er κ s�� cdt r κ s Z e1 r κ s�� e2 r κ s
Similarly, for a join transitione1 J e2 ¥ ¡�¦$§ e, we have

e1 r κ s�� e2 r κ s Z er κ s�� dbt r κ s and stater κ J n L 1s�� dbtr κ s�Z stater κ J ns
Controllersgenerateasmany cdtr κ s tokensasthoseneededduring thetransaction.The
transitioncdtr κ s¨Z dbtr κ s recoverssurplus tokens.Whenthecontroller is in the state
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stater κ J 0s , it meansthatthetransactionκ is terminated with successandtherule

stater κ J 0s�Z commitr κ s
is usedfor entering thesuccessstate.Themessagecommitr κ s saysthatstabletokens
producedby the threadκ cannow bereleased.To this purpose,a repository frozenis
employedto record tokens of theform frozenr κ J E s , andtherule for releasingthemis

commitr κ s�� frozenr κ J E s�Z commitr κ s�� E r�s o
Rulesin Fail manage failure cases.We usethe repository fetched, analogous to

frozen, for tokenswhich mustbe releasedin caseof failure.A messagefetchedr κ J E s
recordsthestabletokensE thathavebeenfetchedby thetransactionκ (seetheencoding
of E ¡ª©�«ª§ e). Nondeterministically, a transactioncanfail by meansof

stater κ J ns Z failedr κ J ns o
In thefailurestatefailed, tokensfetchedr κ J E s arereleased,andtokens frozenr κ J E s are
garbagecollected.

Remark1. Every solutionyieldedwhile evaluating the agentof Definition 1 satisfies
thefollowing properties:

1. thereis exactlyonemessageon thechannel gen, saygenr κ̄ s ;
2. thereis nomessagecarrying valuesκ, with κ ¬ κ̄;
3. for every positiveκ  κ̄ thereis exactlyonemessage

(a) eitherof the form stater κ J ns or failedr κ J ns . In this case,the total number of
messagesin cdtr κ s , dbtr κ s , ander κ s is n;

(b) or of the form commitr κ s . In this case,the number of messagesin cdtr κ s ,
dbtr κ s , ander κ s is 0.

Below we find convenientto representflat join calculussolutions aspairs I D J M K ,
whereD is a flat definitionandM is a parallelcomposition of messages.Theobserv-
able of a parallelcomposition of messagesM, in notationobsI M K , is the subprocess
retainingall stablemessagesE r�s in M. Thenormalizationof a solution I D J M K , noted
asnormI D J M K , is thesolutionyieldedby executing rulesof shape

Fail � commitr κ s�� frozenr κ J E s�Z commitr κ s�� E r�s� commitr κ s�� fetchedr κ J E s�Z commitr κ s
until termination.(It is easyto checkthattheseevaluationsterminate.)Thenormaliza-
tion processyieldsconfigurationswhich reflectstableconfigurationsof ZS net.These
are obtained by making all the active transactions failed, and rolling back the ini-
tial state(except for transactionsthat arealreadycommitting). Onemay prove that,
if I�� T �$J�� S��K Y¯®°I*� T �$J M K , thennormI*� T �fJ M K is suchthat messagesin the solutions
concern stableor zerochannels, andchannels gen, failed, andcommit. No message
is carriedby channels fetched, frozen, state, cdt, or dbt. In this normalizedconfigura-
tion, every remaining messageon zerochannelsmustbeconsideredgarbagesincethe
corresponding threadis failed.
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Proposition 1 (Normalization is harmless).Let I T J SK be a ZS net such that an ob-
servableM exists with t=u"v^� T �¨wTx�� S�¨Y¯®±I�� T �$J M K . If I*� T �$J M K²Y³®´I*� T �$J M [�K , then
normI*� T �fJ M K�Y ® normI�� T �$J M [ K .

Proposition 1 guaranteesthat normalizationcanbe performedat any stepwithout
compromisingreachability of (normalized)states.The following resultsestablishthe
correctnessandcompletenessof our encoding. Proofsketchesarereported in theAp-
pendix for thereader’s convenience.

Theorem1 (Corr ectness).LetS1 X T S2. Then,for anynormalizedsolution I*� T �$J M1 K
satisfyingthepropertiesin Remark1, andwith obsI M1 K�� ���S1 � � , there is M2 such that
obsI M2 K0� ���S2 � � and I�� T �$J M1 K�Y³®µI*� T �fJ M2 K .

We remark thattransactions maybeexecutedwith thesamedegree of concurrency
bothin I T J SK andin I�� T �$J�� S��K . Although this aspectis not explicitly setout in our re-
sults,whereonly reachability is considered, it hasa greatimpactin thedesignof the
encoding. For example, credit tokensarenot releasedby-need,asotherwiseall transi-
tions ¡ª©�«ª§ and  2¡=¢¤£ in thetransaction κ wouldbeserializedwhile fetching cdt r κ s .
Theorem2 (Completeness).Let I*� T �$J M1 K be normalized and satisfythe properties
in Remark1. Let normI*� T �$J M1 K�Y¯® normI*� T �$J M [2 K��¶I�� T �fJ M2 K . ThenobsI M1 K�X¯®T
obsI M2 K .
4.3 Distrib uted 2PC

A more interestingencoding of ZS netsrelieson the full join calculus.In particular,
dynamically activedefinitionsallow to implement: (1) localnamesandcoordinatorsfor
transactions(ratherthanglobal ones);(2)adistributedcommit (ratherthanacentralized
one);and(3) on-demandupdatingof localmanagers.

In thefollowing encoding,we extend thejoin calculuswith thedatatypeSET, for
finite setsandthe standard operationsof emptyset \ , union · , anddifference ¸ . Join
patternsareextendedwith patternmatchingon sets.We alsousetheoperation ¹�u&º u$»�¼*u
whichtakesasetof channels andsendsan(empty) messageonevery channel in theset.
As in Definition 1, we addresschannelsencoding stableandzerotokensasstableand
zerochannels,respectively.

Definition 2 (Reflexive encoding). The join calculus processof a ZS net I T J SK istªu	v½� T �¾wTx ���S� � , where � T �¿�À� t � T � t � with � t � definedin Figure 7 (and ���S� � as in
Figure5).

A new threadis startedeitherwhen(1)a transition ¡ª©�«ª§�I E J eK occurs, orwhen(2)a
threadforks. Thisis evidencedbycontrollerdefinitionsD in thejoin calculusagent.Ev-
ery threadhasat mostoneactivezerotokenat any time.A threadmayterminatewhen
its associatedzerotokenhasbeenconsumed, i.e. whena ¥ ¡�¦$§ , or ÁªÂ3¡�Ãª« , or Ä3¢�¡ª© is
executed on that token. Zero channelscarry two informations:(a) a channelnameto
notify thethreadcompletion; (b) thesynchronizationsetof thethread,namely a setof
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Å
E `	abfc eÆ y E ~_��N ����0Ç ��� e~ putQ � lock �"� | state~ � E �	�Å

e1
dfe�gd

e2 Æ y e1 ~ p Q�È ��N e2 ~ p QÉÈ �Å
e
h `	ifj e1 Q e2 Æ y e~ p Q�È ��N ��*�0Ç ��� e1 ~ p Q�È3Ê � lock �	� | e2 ~ putQ�È3Ê � lock �"� | state~ U �Å

e1 Q e2
k `l"c eÆ y e1 ~ p1 Q�È 1 � | e2 ~ p2 Q�È 2 �½N e~ p1 Q�È 1 ÊµÈ 2 � | p2 ~ È 2 ÊµÈ 1 QVU �Å

e
d$g `�mfb E Æ y e~ p Q�È ��N p ~ È"Q � E �	�Å

e n i&`	a Æ y e~ p Q�È ��N p ~ È"QVU �
whereD is thefollowing definition:

Ç defy
state~ H � | put~ È"Q F ��N commit~ È3Ë � lock � Q�È"Q � lock � Q F Q H �� state~ H �/N failed ~_� |�ÌÉ�	Í ��Î"Ï]� ~ H �� commit~ � l � ÊµÈ	QÉÈ O Q�È O O Q F Q H ��N commit~ È"Q�È O Q�È O O Q F Q H � | l ~ È O Q lock Q fail �� commit~ È"Q�È O QÉÈ O O Q F Q H � | lock ~ È O O O Q l Q f ��N commit~ È3Ê G È O O O Ë2È OÐH Q�È O ÊµÈ O O O QÉÈ O O Ê � l � Q F Q H �� commit~ U°Q�È"Q�È"Q F Q H ��N ÌÐ�fÍ �ÑÎ	Ï]� ~ F �� commit~ È"Q�È O Q�È O O Q F Q H � | fail ~R��N failed ~_� |�ÌÉ�	Í ��Î"Ï]� ~ H �� failed~_� | put~ È"Q F ��N failed~_�� failed~_� | lock ~ È"Q l Q f ��N failed~_� | f ~R�� failed ~R� | fail ~_��N failed ~_�

Figure7. Theencoding in thejoin calculus.

pointers to companionthreadswhichbelongto thesametransaction. Thissynchroniza-
tion setis built by recording threadpointersevery time a fork or a join occurs (seethe
encodingsof  2¡=¢¤£ and ¥ ¡�¦f§ ).

Wecomment thedefinitionD in Figure7.Thechannel staterecordsthestablechan-
nels(if any) thatmustbereleasedin caseof failure.Thestatemessageis createdwhen
the thread startsandit is consumedwhenthe threadterminateseitherwith successor
with failure.Successfulterminationoccurswhentheactivezerotokenof thethreadhas
beenconsumed—amessageputr_Ò&J F s hasbeenemittedand

stater H s�� putr_Ò&J F s Z commitrRÒ0¸ � lock �=J_Ò&J � lock �3J F J H s
hasbeenexecuted. In thiscaseacommitmessageis produced.We assumethata thread
cannot (nondeterministically) decideto fail anymore oncecommithasbeenemitted.
This is a standardassumption: whenthe threadreachesthis state,it logs the relevant
infos. However, if anotherthreadinvolved in the sametransactionfails, the commit
statemuststill beableto handlethefailure.

A threadin stater H s mayfail. This is modelledby a nondeterministicrule yielding
theinternalstatefailed r�s . (In real implementations,failuresaree.g.triggeredby time-
outsof thecommunicationwith aspecificotherparticipantorof thewholetransaction—
seetimedtransactions in BizTalk.) In thestatefailed r�s , any threadin thesametransac-
tionsis informedabout thefailure.

Thecommitprotocol is a distributedvariant of the 2PC, wherethe role of theco-
ordinator is playedby all participants.Up-to our knowledge,this algorithmis original
to our contribution. It differs from the decentralized 2PC [1] because the number of
participants andtheirnamesarenotstaticallyfixed.Theprotocol is detailedbelow.

Thecommitstateismodeledby thecommitmessage,carryingvaluesrRÒ&JVÒ�[_J_Ò"[ [RJ H J F s :
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1. Ò records the setof threads to which the signalof successfulcompletion (i.e. the
analogousof theyesvote)muststill besent;

2. Ò	[ storesthe synchronizationsetof the thread. The successfulcompletion signal
mustbesentto every itemof Ò[ . Duringtheprotocol, thissetis augmentedwith the
synchronizationsetsof thethreadsparticipating to thesametransaction, until when
it is transitivelyclosed. Initially, Òf[ containsthepointersto thethreads with whom
therehasbeenadirectinteraction(afork or ajoin), togetherwith apointerto itself;

3. Ò	[ [ records theparticipantswho have alreadysentthesuccesssignalto the thread.
Initially, Òf[ [ containsthepointerto itself, thusavoidingself-addressedmessages;

4. F andH storethestablechannelsto bereleasedin caseof successfulandunsuc-
cessfulcompletion,respectively. In ourcase,they maybeemptysetsor singletons.

Thedistributed2PC is basedon thefollowing stepsperformedby every thread:

1. first phase. Thethreadsendsarequestmessageto everythreadin its own synchro-
nizationset.This taskis performedby therule

commitr � l ��·^Ò�J_Ò [ J_Ò [ [ J F J H sÓZ commitrRÒ&JVÒ [ J_Ò [ [ J F J H s�� l rRÒ [ J lock J fail s o
Therequestmessagecarriesthesynchronizationsetof thethread,togetherwith the
namesfor signalingthesuccessfulor unsuccessfulcompletion.

2. secondphase. Thethreadcollectsthemessagessentby otherthreadsandupdates
its own synchronization set.Thenameusedto carrytheseinformationis lock, and
therulecollectingthesynchronization setsis:

commitrRÒ&J_Ò [ JVÒ [ [ J F J H s�� lock rRÒ [ [ [ J l J f sÔZ commitrRÒ�·�IRÒ [ [ [ ¸0Ò [ K�JVÒ [ ·±Ò [ [ [ JVÒ [ [ · � l �=J F J H s o
A requestmessagewill be alsosentto the new itemsin the synchronization set.
Namely, thefirst andthesecondphaseswork in parallel.

3. Whenthesynchronizationsetis transitively closed,namelywhentheunion of syn-
chronization setsof threadsin Ò&[ is equal to the set Òf[ [ of successfultermination
messages,thecommit protocol for thelocal threadterminates andthemessageson
channelsin F maybeemitted.

4. In caseof afailure,thethreadtransitsin thestatefailed, releasesthestablechannels
in H, andrepliesto every lock messagewith a failureanswer:

commitrRÒ&JVÒ	[_J_Ò"[ [RJ F J H s�� fail r�s�Z failed r�s��]¹Éuªº uf»�¼*u3r H s
failed r�s�� lock rRÒ&J l J f s¿Z failed r�s�� f r�s

Theproof of correctnessof thedistributed2PC is split in two steps:(part1) weshow
that if all coordinatorsarereadyto commit, thenall frozenresourceswill be released
(assumingfairness);(part2) we strengthentheresultby dealingwith failures.

In the following theoremslet σ i , i Õ�Ö , be therenaming that indexeswith i all the
definednamesin × . We write A r�s , whenA is an emptysetor a singleton � a � : In the
formercaseit meansq , in thelattercaseit representsa r�s . Moreover, we let asymmetric
lock coveringbea finite family � Ò i � i � I suchthat Ò i Ø � lock j � j Õ I � , with lock j Õ½Ò i if
andonly if locki ÕÙÒ j for all i J j Õ I .
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Theorem3 (Corr ectnessof the distrib uted 2PC, part 1).LetP �Ú� i � I commiti rRÒ i JVÒ i ·� locki �=J � locki �=J Fi J Hi s , where � Ò i � i � I is a symmetriclock covering, and let n be the
cardinality of I . Theprocesst=u"v � i � I × σi wTx P is stronglyconfluent,in thesensethat it
alwaysconvergesaftera finitenumberof stepsboundbyO I n2 K to theconfiguration

t=u"v¨Û
i � I

× σi wTx½ÜÝ�
i � I

Fi r�s*Þ o
Thoughthenumber of stepsis O I n2 K , they areconcurrently executedby n threads,

thus the number of stepsfor eachthreadis linear in n. More precisely, in the worst
casewhereall threads participatesto the sametransactions, eachthreadmust (asyn-
chronously)sendandreceiveexactlyn messagesto commit.

Thesecondtheoremstatesthat,whenseveral coordinatorsfail, thenall thepartici-
pantsto their transactionsalsofail. To determine thecoordinators which participateto
a transaction, we computethetransitiveclosureof thesynchronizationsets.

Theorem4 (Corr ectnessof the distrib uted 2PC, part 2). Let � Ò i � i � I bea symmetric
lock covering and let P �¶� i � I Pi , such that Pi maybe oneof the followings: (1) Pi �
commiti rRÒ i J_Ò i · � locki �3J � locki �3J Fi J Hi s ; or (2) Pi � statei r Hi s�� ei r puti J_Ò i s ; or (3) Pi �
failedi r�s�� ei r puti JVÒ i s�� Hi r�s . Let L Ø I betheleastsetsuch that

1. if Pi � statei r Hi s�� ei r puti J_Ò i s theni Õ L;
2. if Pi � failedi r�s�� ei r puti J_Ò i s�� Hi r�s theni Õ L; and
3. L is transitivelyclosed,namelyif i Õ L andlock j Õ¾Ò i, thenalso j Õ L.

Theprocesstªu	v°� i � I × σi wTx P is stronglyconfluentandconvergesto

t=u"v Û
i � I

× σi wTx Ü �
i � I ß LFi r�s Þ � Ü �

i � L
Hi r�s Þ � G

where G is a parallel composition of messageson zero channels and failed messages
with indexesin L (garbage).

ThesetG in Theorem4 collectstheactive zerotokensof threadsandfailedmessages
of failedthreads.Thesemessagessurviveto thefailureandmaybeconsumedby future
transactions, making fail any of them.In a real implementation,onemay designan
explicit garbagecollectionof thesezerotokens.

Thoughdefinitions in D aregenerated for orchestrating threads, their taskonly last
for thetimestrictly necessaryto successfullyconcludethetransaction. A completeness
resultbetweenthe operational semanticsof ZS netsandour distributedencoding can
thusbestatedasbelow, whereD playstheroleof thedynamically generated controls.

Theorem5 (Corr ectness).If S1 X T S2, thent=u"v/� T ��wTx ���S1 � �6Y¯®�t=u"v/� T �ª� D wTx ���S2 � � ,
where thenamesdefinedin D appear neitherin � T � nor in ���S2 � � .

Theorem5, whoseproof is sketchedin theAppendix, handlesthecasewhereonly
successfulcomputationsareconsidered. Whenfailuresoccur, it is still possibleto auto-
maticallynormalizethereachedstateinto a correctconfiguration,asin thecentralized
encoding. In this case,the normalizationprocessconsistsof repeatedapplications of
reactionrulesof coordinatorsD until termination.
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àBáãâ�ä�å `	a&bfc&æ$bfc n `"a&bfc�ç&b d à Bè�â*é
eáãâêä�å eè�â*éh `fifjªæ$bfc n a k `l"c�ç&b d
eO áãâêä�å eOè�â*é

Eáãâ�ä�å d$g `m	bæ$bfc n d$g `mfbfç&b d Eè�â*é
Figure8. Net modelingof a distributedtransactions.

���� g ` d æ$bfc n :
�
Bá*â�ä�å ~_��N ���� m�ë�ì2í :

� Ç Q state~ � Báãâêä�å �"�3����� eáãâ�äÑå ~ putQ � lock �"�
� eáãâ�äÑå~ p Q�È ��N ��*� m"ë�ìªî :

� Ç Q state~ U ������� eO áãâ�äÑå ~ p Q�È3Ê � lock �	� | a ~ putQ�È3Ê � lock �"�
� eO áãâ�äÑå ~ p Q�È ��N p ~ È	Q � Eáãâêä�åf�"� Q
Bá*â�ä�å�~_�=�� g ` d ç&b d :
�
BèÑâ*éf~R��N ��*� m"ë�ì&ï :

� Ç Q state~ � Bè�â*é"�	���ª��� eè�â�é$~ putQ � lock �	�
� eè�â*é$~ p1 Q�È 1 � | a ~ p2 Q�È 2 ��N eOèÑâ*é ~ p1 Q�È 1 ÊµÈ 2 � | p2 ~ È 2 ÊµÈ 1 QVU �� eOè�â*é ~ p Q�È ��N p ~ È"Q � Eè�â*é"�	� Q
BèÑâ*éf~R�¤���� z
Figure9. Reflexive encoding of a distributedtransactions.

Theorem6 (Completeness).If tªu	v±� T �°wTx ���S1 � �ðY³® P, then normI PK¿�¶t=u"v±� T ���
D wTx ���S2 � �/� Q, for someS2 such thatS1 X¯®T S2 and: (1) D �ñ� i � I × σi ; (2) Q is a parallel
composition of messagesof the form failedi r�s ander puti JVÒ i s , such that er puti JVÒ i sµÕ Q
impliesfailedi r�s6Õ Q. (Roughly, Q keepstrack of all failedcoordinators andcontrols.)

It is worth noting thattheencoding of Definition 2 characterizesthreadsaccording
to theindividual tokenphilosophy. Namely, threads arecollectedin a transactionpro-
vided they effectively interacttogether. On the contrary, the encoding of Definition 1
cangroup disjoint threadsinto thesametransaction.

A running implementationof the reflexive encoding in Definition 2 hasbeende-
velopedby HernanMelgratti,currently PhDstudentin Pisa.For moreinformationand
the full code we refer the interestedreaderto the URL http: //www. di.un ipi.it /
˜melg ratt/D 2PC/im pleme ntatio n.html .

4.4 Distrib uting placesand coordinators

Thejoin calculusprocessesencoding ZS netsin Definition 2 maybeeasilydistributed
by attaching(sub)definitionsto locations. In particular, locationsof coordinators × are
mandatory: everycoordinatoris locatedin adifferentlocation.As regardsplacesof the
net,thedistribution taskis left to theZS netprogrammer, whichmustsuitablypartition
themin separatelocations.
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In Figure 8 we illustratea ZS net modeling two transactions communicatingon a
transactional channel. Figure9 illustratesa join processfor thenet in Figure8 with a
possibledistribution of definitions.In particular, thesenderandthereceiver arein dif-
ferentlocations,called Â3¡�Áªò3«ª§�Ä and Â3¡�Áó�«�Á , respectively, andnew threadsarecreated
assub-locations.

5 Compensationand nesting

Therearetwo issueswhich have beenexpresslyleft aside:programmable compensa-
tionsandnestedtransactions. Regarding compensation,the fact is that ZS-netsimple-
mentstandardcompensationsof databasetransactions asdefined in Table1, assuming
that tokens canbe fetchedor produced,but not “updated.” If largedatabasesmustbe
managedor if sharedmemory is takeninto account thenit is oftenthecasethatsome
trade-off canbe negotiated betweenthe atomicity assumptionandefficiency, so that
suitablecompensationcode is associatedto programsto avoid keeping track of all
memory modifications internal to the transaction(that should be rolled back in case
of failure). In our distributed encoding, compensationcanbe easilyaccomodatedre-
placingthe default continuation H for failure (i.e. the stabletokensthat initiated the
transaction) by theaddressof thecompensationcode,which in general canbeany join
calculusprocessthat the programmerassociateswith net transitions.Roughly, each
threadcanexecute a suitablealgorithm ô"õ�ö´÷&u&x�¼�»$øãuªr H s insteadof ¹Éuªº uf»�¼*u3r H s .

For whatconcern nesting,theissuehasnotbeenyetconsideredfor ZS-nets,but the
intuition is that resources shouldbeclassifiedon different levelsso thatstabletokens
aretokensof level 0, zerotokensaretokensof level 1, andsoon.Then, at thegeneric
level i theresourcesof levels j ù i areseenasstablefor thatlevel.Notethatin thecase
of ZS-nets,themaximum number of levels is staticallyassigned,which shouldsuffice
for modelingthetwo-level nestingof BizTalk. A muchmoreinterestingframework can
beobtainedby applying thezero-safeapproachto thejoin calculus,wherethenesting
of definitionandreflectioncanbeusedto dynamicallygeneratenew levels,a topic that
we leave to future research.

6 Concluding remarks

Transactional aspectsshouldplaya relevantrole in global computing, thoughtheordi-
naryconcept of transaction mustbestretchedout to dealwith issuesof distributedcom-
putations,suchasasynchrony, dynamically changing topology andmobility (anumber
of weakeningsof theACID propertiesfor orchestrating distributedprocesseshasbeen
recentlydiscussedin [9]). To this respect,boththedesignandimplementationphases
of processorchestrationshouldbe supportedby well developed,easy-to-usetools. In
particular, visualformalismsandprototypingplatformsshould beatdisposalof system
analysts,andwell assessedprogrammingparadigmsbeat disposalof developers.

The proposalin this paper aimsto fill the above gaps.In fact, it extends in many
directions theconcept of transaction; it comesequippedwith bothagraphicalpresenta-
tion andaconcurrentsemantics;it canbeimplementedwith afully distributedcommit,
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which is novel to the transaction community (to thebestof our knowledge).Our pro-
posalreliesonthezero-safeapproach,whichpromotesanabstractnotion of transaction
thatcanfind application to many concurrentanddistributedcalculi,becauseit is based
on the following threeassumptions: (1) statesaremultisets(e.g.of resourcesor mes-
sages);(2) rules canconcurrently rewrite partsof the state;and (3) transactions are
definedby typingresources(asstableor zero).

The first two features are commonto most calculi (e.g., π, spi, join, ambients);
the third oneis thekey for having a basic,uniform, andformal notionof transaction.
Roughly, to import transactions from the ZS approach,we just partition names into
stableandzero.Thenconfigurationsareseparatedinto thosecontaining messageson
stablenamesonly, calledstable, andtheotherones,andtheoperationalsemanticscan
begivenin thestyleof Definition2.Weplanto applythis techniqueto thejoin calculus,
with theaimto exploiting reflectionfor modeling nestedtransactions.Thefoundations
andpragmaticsof this“transactional” join calculuswill betheargumentof futurework.

Thedistributed2PC looks suitablefor orchestrating webtransactions,becauseit is
fully distributedandit doesnot require theelectionof aglobal coordinator. Thesecond
featureis relevant, becausewhenthe participants aree.g. threads running on servers
of differentcompaniesit is often thecasethatnot all thecompanies canagreeon the
choiceof a unique coordinator.
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A Proof sketchesfor main results

Proof (Theorem1). We label Y T with pairs I SJ mK , where

– S is themultisetof stabletokenswhichstayidle duringthewholecomputation;
– m is thenumber of ¡ª©�«ª§ and  ¤¡=¢¤£ operationsperformedduring thecomputation.

We remarkthat Y T actuallyconsistsof several elementary stepsin sequenceand/or in
parallel,eachof themmaycontainan ¡&©�«ª§ or a  2¡=¢3£ operation.

By rule induction, we demonstratethat I S L S[1 J Z1 K Súmû Y T I S L S[2 J Z2 K implies, for
any κ, I*� T �$J M K�Yü®�I�� T �$J M [RK , where(lettingm[=� m L³�Z1 � û �Z2 � ):
M � ���S L S[1 � �/� Ü � e� Z1

er κ s Þ � Ü � i � 1 ý ýmcdtr κ s Þ
M [=� ���S� ��� Ü � E � Sþ1 f etchedr κ J E s Þ � Ü � E � Sþ2 f rozenr κ J E s Þ � Ü � e� Z2

er κ s Þ � Ü � i � 1 ý ýmþ dbtr κ s Þ
We noticethat M represents the minimal setof resourcesneededto perform the se-
quenceof reductions.Of course, I�� T �fJ M � PK0Yÿ®�I�� T �$J M [$� PK , for everyP.

SinceS1 X T S2, thereexist S, S[1, S[2 andmsuchthat

I S1 Jê\^K0� I S L S[1 J]\^K Súmû Y T I S L S[2 J]\^K0� I S2 Jê\^K
Hence,let I*� T �$J M1 K benormalized,satisfyRemark1,andwith obsI M1 K�� ���S1 � � . Then
M1 � ���S1 � �/� genr κ̄ s�� G, for someκ̄ and“garbage”G, andwe havereductions

I*� T �fJ ���S1 � �/� genr κ̄ s�� GK:Y I*� T �fJ ���S1 � �6� genr κ̄ L 1s�� stater κ̄ L 1 J 0s�� GKY¯®°I*� T �$J ���S1 � �6� genr κ̄ L 1s�� stater κ̄ L 1 J ms��TIÑ� i � 1 ý ýmcdtr κ̄ L 1s*K�� G K
By theargumentsabove, it follows that I*� T �fJ M [1 � GK0Y ® I�� T �fJ M [2 � GK , where

M [1 � ���S1 � �/� genr κ̄ L 1s�� stater κ̄ L 1 J ms���Ü¤� i � 1 ý ýmcdtr κ̄ L 1s*Þ
M [2 � ���S� �/� genr κ̄ L 1s�� stater κ̄ L 1J ms�� Ü � i � 1 ý ýmdbtr κ̄ L 1s Þ

� Ü � E � Sþ1 f etchedr κ̄ L 1 J E s Þ � Ü � E � Sþ2 f rozenr κ̄ L 1 J E s Þ
To thesolution I*� T �$J M [2 � GK , we applythefollowing sequenceof rules:

1. m timestherulestater κ J n L 1s�� dbtr κ s�Z stater κ J ns ;
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2. therulestater κ J 0s Z commitr κ s ;
3. �S[1 � timestherulecommitr κ s�� fetchedr κ J E s�Z commitr κ s ;
4. �S[2 � timestherulecommitr κ s�� frozenr κ J E s�Z commitr κ s�� E r�s o

Wethusobtainthenormalizedconfiguration I�� T �fJ ���S2 � �/� genr κ̄ L 1s�� commitr κ̄ L 1s�� GK
whoseobservableis clearly ���S2 � � . ��

Proof (Theorem2). Theproof consistsof severalsteps:

1. ThederivationnormI*� T �fJ M1 K�Y¯® normI*� T �$J M [2 K canpossiblyexecuteseveraltrans-
actionsat a time.We show that thereis anequivalentderivationwhich interleaves
transactions.

2. We prove thatfailing transactions canbeeliminatedwithout affecting reachability.
3. Weproceedby inductiononthenumberof transactions.In thebasiccaseweextract

thesequenceof reductionsthatareimagesof transitionsin T andprove inductively
thatthesamestepcanbeperformedon thenet.Theinductivecaseis analogous. ��

Proof (Theorem5).Theproof is analogousto theonefor thecentralizedalgorithm.We
reconsider Y T labeledwith pairs I SJ mK , whereSaretheidle stabletokensandm is the
totalnumber of ¡ª©�«ª§ and  ¤¡=¢¤£ transitions fired.

By ruleinductionweprovethatif I SL S[1 J Z K Súmû Y T I SL S[2 J Z [ÐK , whereZ � � e1 J�������J ek �
andZ [�� � e[i1 J������ÑJ e[ih � then,for any symmetriclockcovering � Ò i � i � 1 ý ý k andfor any k sets
of stableplacesH1 J oÉoÐo J Hk with �Hi � 1 for i Õ 1 oÉo k, we get

t=u"v�� T ���ÓÜ Û
i � 1 ý ý k × σi Þ½wTx ���S L S[1 � �6� M Y ® tªu	v�� T ���ÓÜ Û

i � 1 ý ý k� m

× σi Þ½wTx ���S� �/� M [ � M [ [
where

– M � � i � 1 ý ý k I ei r puti J_Ò i s�� stater Hi s*K ,
– M [=� � j � 1 ý ý h I e[i j

r puti j
J_Ò"[i j
s�� stater Hi j s�K , and

– M [ [f�¯� j � L I statej r H j s�� putj rRÒ"[ j J Fj s*K , whereL �¯I 1 oÉo k L mK¸ � i1 J������ÑJ ih � , S[1 ��� j � L H j

andS[2 �	� j � L Fj .

for asuitablesymmetriclock covering � Ò [ j � j � 1 ý ý k � m andsetsHi , Fi .
SinceS1 X T S2, thereexist S, S[1, S[2 andmsuchthat

I S1 Jê\^K0� I S L S[1 J]\^K Súmû Y T I S L S[2 J]\^K0� I S2 Jê\^K
By the argumentsabove, letting Z � Z [��ÿ\ , we have that M � M [�� q and M [ [��� i � 1 ý ým I statei r Hi s�� puti r_Ò [i J Fi s*K . Therefore,by firing therule(in × σ i )

statei r Hi s�� puti r_Ò [i J Fi s�Z commiti r_Ò [i ¸ � locki �=JVÒ [i J � locki �3J Fi J Hi s
for all i Õ 1 oÐom, every thread commits,andwearein condition for applying thecorrect-
nessresultfor thedistributedcommitandconcludetheproof.

��


