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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.�
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A transactionconsistsof a collectionof actionsthat transformsa systemfrom one
consistentstateto anotherandadheresto theso-calledACID 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].

A standardexamplein business-to-businesse-commerceis dynamicpricing, e.g.the
reverseauction.In a reverseauction, a buyer issuesa requestfor offersto themarket
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.

Microsoft� 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,
whichimplementsdatabasetransactionsasdefinedin Table1.On-failurecompensation
in theothertypes of transactions is programmedby theusers,andmaybedefinedin a
compositionalway.

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 model is demonstratedby implementing ZS netsin the join-
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.

In the following, we shall work underthe usualassumptionthat communications
arereliable,i.e. thatmessagescannotgetlost.

We discussan implementation of ZS nets,which we call distributed, asopposed
to the centralized approach that relies on a unique transactioncoordinator (like in
BizTalk’s design). The distributed implementation is the core result of the paper. It
exploits thewholeexpressive power of the join-calculus for thedynamicdefinitionof
local transactioncontrollers. Moreover, it exploits a distributed 2PC protocol (a vari-
ant of the decentralized 2PC protocol [1]) that,up-to our knowledge,is novel to this
contribution.

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(in this paperwe implement theidealcompensationmechanism
of Table1). Every processreceiving a failuremessagealsofails.

In thedistributed2PC protocol, thenumber of participantsandtheir names arenot
staticallyfixed,andprocessesthatarereadyto commitknow only theparticipantswith
whomhavedirectlycooperated.For thisreason,in thedistributed2PC protocol, therole
of the coordinator is played by all participants.In particular, every participant builds,
in lineartime, its own transitiveclosure of theprocessescooperatingin thetransaction.
Whenthe transitive closureis stable,the participant commits.Alternatively, the par-
ticipant waits for a failure message,andrestoresthe initial statewhensuchmessage
arrives.

Synopsis. In Sections2and3,wegiveabriefaccount of thetransactional mechanismof
BizTalk, anddiscussits modeling via ZS nets,wherealsomultiway transactionscanbe
designed. In Section4, we present thedistributedencoding of ZS netsin join calculus.
In Section5 we discusssuitableextensions of thedistributedencoding. Finally, some
remarks andconclusionsaredrawn in Section6.

Due to spacelimitation, we refer the interestedreaderto the forthcomingtechni-
cal report[3] for the proofs of main resultsandfor the comparisonof the distributed
implementationof ZS netsagainst the centralized modeling with a unique transaction
coordinator. Noticeably, while the centralizedencoding canbe carriedout in a “flat”
versionof thejoin-calculus,wheredefinitionsarenotnested(i.e. in high-level nets,ac-
cording to [8]), thedistributedencoding shows theexpressivenessof thefull language.
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Figure1. Flowchartsin BizTalk OrchestrationVisualDesigner.

2 Coordinating agentsin Biztalk

Microsoft � 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.theemissionof themessagev onchannel a andtheinput of x from b depend
on thesuccessfultermination of the“compute” operation.

Figure2(a)illustratesaprocesswhichimplementsarendez-vousbetweentwo trans-
actions:acommit is performedprovidedboththetransactionsarereadyto commit.The
samediagramcanalsobe usedto model a remoteprocedurecall (senda � v� playsthe
roleof theinvocation andsendb � w� playstheroleof thetransmissionof theresult).

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
1 Ouractualunderstandingof BizTalk’s transactionsis mostlybasedondocumentsavailableon

thewebthroughMSDN Library http://msdn.micros oft.com/library [15,17].
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Figure2. Alternative drawingsof BizTalk transactions.

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.

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).



(FIRI NG)

S  Z � S�� Z ��� T	 S  S� ��� Z  Z � � 
�� T 	 S�  S� ��� Z �  Z � � 

(STEP)	 S1 � Z1 
�� T 	 S�1 � Z �1 
 	 S2 � Z2 
�� T 	 S�2 � Z �2 
	 S1  S2 � Z1  Z2 
�� T 	 S�1  S�2 � Z �1  Z �2 


(CONCATENATI ON)	 S1 � Z 
�� T 	 S�1 � Z � ��
 	 S2 � Z � ��
�� T 	 S�2 � Z ��
	 S1  S2 � Z 
�� T 	 S�1  S�2 � Z � 

(COMM I T)	 S��� 
�� T 	 S����� 
	 S��� 
�� T 	 S� ��� 


Table 2. Operationalsemanticsof ZS nets(  denotesmultisetunion).

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 � S� Z � —corresponding to themultiset
S � Z—where S is themultisetof stableresourcesandZ is themultisetof transactional
resources.Thekey point is thatstabletokensproducedduring a transactionaremade
availableonly at commit time,whenall zerotokenshavebeenconsumed.

Theoperationalsemanticsof ZS netsis defined by the two relations � and  in
Table2, indexedby thesetof transitionsT. Transitions have theform U ! 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  : 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 � T � S� whereS is theinitial marking, anddenote � S�$#%�&� T � S"'�$#%� by S � T S" .

ThemovesS � T S" defineall theatomicactivitiesof thenet,andhencethey canbe
performedin parallelandsequentiallyasthe transitions of anordinary net.It is worth
noting that a stepS � 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
2 For simplicity, herewe leave asidethat tokenscancarry valuesandtransitionscanhave pa-

rameters,but our resultsin Section4 canbesmoothlylifted to thevaluedcase.
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Figure4. Basicshapesof extendedBizTalk.

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 ourencoding.

4 Encoding multiway transactionsin join

In this sectionwe present a distributedaccount of the 2PC protocol for Biztalk with
multiway transactions. Thedistributedalgorithmmakesevery participant actsaslocal
coordinator. Theimplementationis providedwith adistributedmachine,thedistributed
join calculus [10,11]. Actually, sinceBizTalk flowgraphsmaybeconvertedinto ZS nets,
wefind convenientto implement thelatteronesof whomwehaveaneatunderstanding.

Without lossof generality, werestrictto netsmadewith thebasicshapesin Figure4
(whichareasexpressiveasthegeneral nets[6]), for E any stableplaceande� e1 � 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



Syntax P
def=?>A@

x B�Cu D @ P
@
P
@FE2GIH

D JLK P D
def=

J � P
@

D M D J
def=

x B�Cu D @ J
@
J

Structural moves P
@
Q N P� Q E2GIH

D JLK P N Dσ � Pσ D M D � N D � D �
(σ renamesdefinednamesin D with freshnames)

Reduction J � P� Jρ � J � P� Pρ (ρ only renamesreceivednamesin J)

Table3. Syntaxandsemanticsof thejoin calculus.

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 RSPuT , a parallel compositionof pro-
cesses,or a defining process UWV;X D Y�Z P. A definition D is a conjunction of reaction
rulesJ ! 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  ,
whicharethebasiccomputationalsteps(disjointreductionscanbeexecutedin parallel).
In Table3, therulesonly addressthepartof thesolutionwhichactuallymoves.

The distributedjoin calculusis a distributedimplementation of the join calculus,
with notions of location, migration of processes,failure,andfailure recovery [11]. In
orderto simplify thenotation, theencoding in thesequelwill bewrittenin join calculus.
Yet, thedistributedversionsshallbediscussedinformally.

4.2 Distrib uted 2PC

In the following encoding, we extend the join calculus with the datatype SET, for
finite setsandthe standard operationsof emptyset # , union \ , anddifference ] . Join
patternsareextendedwith patternmatchingon sets.We alsousetheoperation ^�V�_ V<`1a�V
whichtakesasetof channels andsendsan(empty) messageonevery channel in theset.
We addresschannelswhich encode stableandzerotokensasstableandzerochannels,
respectively. Intuitively, amessagex R ũT modelsa tokenwith valueũ in theplacex.
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Figure5. Theencoding in thejoin calculus.

Definition 1 (Reflexive encoding). The join calculus processof a ZS net � T � S� isU}V*X%~ T �{Y�Z��w�S� � , where ~ T �q��� t � T ~ t � with ~ t � definedin Figure 5, and �8�S� � defined
inductively asfollows: �8�g#�� ����Q and �w�E � S� �A� E RiT��L�8�S� � .

A new threadis startedeitherwhen(1) a transition �}���}� � E � e� occurs, or when(2)
a threadforks. This is evidencedby controller definitions D in thejoin calculusagents~ E �}���}� e� and ~ e ���W��� e1 � e2 � . Every threadhasat mostoneactive zerotokenat any
time. A threadmay terminatewhenits associatedzerotokenhasbeenconsumed, i.e.
whena ���F�<� , or �W�n����� , or �W���}� is executedonthattoken.Zerochannelscarrytwo in-
formations:(a)achannel nameto notify thethreadcompletion; (b) thesynchronization
setof the thread,namelya setof pointers to companionthreadswhich belong to the
sametransaction.This synchronizationset is built by recording threadpointersevery
timea fork or a join occurs (seetheencodingsof ���W��� and ���F�/� ).

Wecomment thedefinitionD in Figure5.Thechannel staterecordsthestablechan-
nels(if any) thatmustbereleasedin caseof failure.Thestatemessageis createdwhen
the thread startsandit is consumedwhenthe threadterminateseitherwith successor
with failure.Successfulterminationoccurswhentheactivezerotokenof thethreadhas
beenconsumed—amessageputR'��� F T hasbeenemittedand

stateR H T�� putR'��� F T�! commitR��f]s� lock �W�'����� lock �n� F � H T
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 T mayfail. This is modelledby a nondeterministicrule yielding
theinternalstatefailed RiT . (In real implementations,failuresaree.g.triggeredby time-



outsof thecommunicationwith aspecificotherparticipantorof thewholetransaction—
seetimedtransactions in BizTalk.) In thestatefailed RiT , any threadin thesametransac-
tion is informedaboutthefailure.

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,carryingvaluesR�������"'�'�;" "�� H � F T :
1. � records the setof threads to which the signalof successfulcompletion (i.e. the

analogousof theyesvote)muststill besent;
2. �*" storesthe synchronizationsetof the thread. The successfulcompletion signal

mustbesentto every itemof � " . Duringtheprotocol, thissetis augmentedwith the
synchronizationsetsof thethreadsparticipating to thesametransaction, until when
it is transitivelyclosed. Initially, �/" containsthepointersto thethreads with whom
therehasbeenadirectinteraction(afork or ajoin), togetherwith apointerto itself;

3. �*" " records theparticipantswho have alreadysentthesuccesssignalto the thread.
Initially, �/" " 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 �y\%�1�'� " �'� " " � F � H T�! commitR������ " �'� " " � F � H T�� l R�� " � lock � fail T O
Therequestmessagecarriesthesynchronizationsetof thethread,togetherwith the
namesfor signalingthesuccessfulor unsuccessfulcompletion.

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

commitR����'� " ��� " " � F � H T�� lock R�� " " " � l � f T ! commitR��¡\ � � " " " ]f� " �8��� " \¢� " " " ��� " " \p� l �W� F � H T 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 ��" is equal to the set �/" " 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:

commitR������*"'�'�;" "�� F � H T�� fail RST£! failed RiT��$^lV}_ V/`1a�VnR H T
failed RiT�� lock R���� l � f T¤! failed RiT�� f RiT



The proof of correctnessof the distributed2PC is split in two steps:(part 1) we
show that if all coordinators are readyto commit, then all frozen resourceswill be
released(assuming fairness);(part2) we strengthentheresultby dealingwith failures
of transactions.

In the following theoremslet σ i , i ¥�¦ , be therenaming that indexeswith i all the
definednamesin § . We write A RST , whenA is an emptysetor a singleton � a � : In the
formercaseit meansQ , in thelattercaseit representsa RST . Moreover, we let asymmetric
lock coveringbea finite family �/� i � i � I suchthat � i ¨ � lock j � j ¥ I � , with lock j ¥p� i if
andonly if locki ¥©� j for all i � j ¥ I .

Theorem1 (Corr ectnessof the distrib uted 2PC, part 1).LetP �ª� i � I commiti R�� i ��� i \� locki �W��� locki �W� Fi � Hi T , where �*� i � i � I is a symmetriclock covering, and let n be the
cardinality of I . TheprocessUWV;X¢« i � I § σi Y�Z P is stronglyconfluent,in thesensethat it
alwaysconvergesaftera finitenumberof stepsboundbyO � n2 � to theconfiguration

UWV;Xo¬
i � I

§ σi Y�Z®¯�
i � I

Fi RiT�° O
Thoughthenumber of stepsis O � n2 � , they areconcurrently executedby n threads,

thusthenumberof stepsfor eachthreadis linearin n. Moreprecisely, in theworstcase
whereall threadsparticipateto thesametransaction,eachthreadmust(asynchronously)
sendandreceive exactlyn messagesto commit.

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

Theorem2 (Corr ectnessof the distrib uted 2PC, part 2). Let �*� i � i � I bea symmetric
lock covering and let P �±� i � I Pi , such that Pi maybe oneof the followings: (1) Pi �
commiti R�� i �'� i \²� locki �n��� locki �n� Fi � Hi T ; or (2) Pi � statei R Hi T�� ei R puti �'� i T ; or (3) Pi �
failedi RST�� ei R puti ��� i T�� Hi RST . Let L ¨ I betheleastsetsuch that

1. if Pi � statei R Hi T�� ei R puti �'� i T theni ¥ L;
2. if Pi � failedi RiT�� ei R puti �'� i T�� Hi RiT theni ¥ L; and
3. L is transitivelyclosed,namelyif i ¥ L andlock j ¥³� i, thenalso j ¥ L.

TheprocessU}V*X « i � I § σi Y�Z P is stronglyconfluentandconvergesto

UWV;Xo¬
i � I

§ σi Y�Zª´µ�
i � I ¶ LFi RiT$·¸�W��

i � L
Hi RST$°�� G

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

ThesetG in Theorem2 collectstheactive zerotokensof threadsandfailedmes-
sagesof failedthreads.Thesemessagessurvive to thefailureandmaybeconsumedby
future transactions,making fail any of them.In a realimplementation,onemaydesign
anexplicit 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.

Theorem3 (Corr ectness).If S1 � T S2, thenUWV;Xs~ T �yY�Zq�8�S1 � �¹ ®º�UWV;Xs~ T �}� D Y�Zq�8�S2 � � ,
where thenamesdefinedin D appear neitherin ~ T � nor in �w�S2 � � .

Theorem3 handlesthecasewhere only successfulcomputationsareconsidered.
Whenfailuresoccur, it is still possibleto automatically normalizethereached state

into a correct configuration. To this aim we definethe normalizationof a solution » ,
notedas norm� »o� , as the solution yielded by executing rules of coordinators D un-
til termination, plus the ^�V�_ V<`1a�V operations. (It is easyto checkthat theseevaluations
terminate.) The normalizationprocessyields configurations which reflectstablecon-
figurations of ZS net.Theseareobtained by makingall the active transactions failed,
androlling backthe initial state(exceptfor transactionsthatarealreadycommitting).
In this normalizedconfiguration, every remaining messageon zerochannels mustbe
consideredgarbagesincethecorrespondingthreadis failed.

Theorem4 (Completeness).If U}V*X¢~ T �{Y�Z¼�w�S1 � �½ º P, then norm� P�¤�±UWV;X¢~ T �d�
D Y�Z£�w�S2 � �s� Q, for someS2 such thatS1 �®ºT S2 and: (1) D �¾� i � I § σi ; (2) Q is a parallel
composition of messagesof the form failedi RiT andeR puti ��� i T , such that eR puti ��� i Tq¥ Q
impliesfailedi RST¹¥ Q. (Roughly, Q keepstrack of all failedcoordinators andcontrols.)

It is worth noting that the encoding of Definition 1 characterizes threadsaccord-
ing to thesemanticinterpretationof zsnetsbasedon the individual tokenphilosophy.
Namely, threadsarecollectedin atransactionprovidedthey effectively interacttogether.

A running implementationof the reflexive encoding in Definition 1 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 .

4.3 Distrib uting placesand coordinators

Thejoin calculusprocessesencoding ZS netsin Definition 1 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.

In Figure 6 we illustratea ZS net modeling two transactions communicatingon a
transactional channel. Figure7 illustratesa join processfor thenet in Figure6 with a
possibledistribution of definitions.In particular, thesenderandthereceiver arein dif-
ferentlocations,called �n���}¿n�}��� and �n���2À���� , respectively, andnew threadsarecreated
assub-locations.



ÁBÂ�ÃSÄIÅ (*)�+/,�Æ<+/, : (;)�+/,1Ç�+ - Á BÈIÃ�É
eÂ�ÃÊÄIÅ eÈIÃ�É3 (/4/5}Æ<+/, : a 6 (27;,1Ç�+ -
e� Â�ÃÊÄIÅ e�ÈIÃ�É

EÂ�ÃSÄIÅ -<0 (29*+2Æ<+/, : -<0 (29/+/Ç�+ - EÈIÃ�É
Figure6. Net modelingof a distributedtransactions.

E2G�H 0 ( - Æ/+/, : : Ë BÂ�ÃSÄ|Å<B'Dd� E2GIH 9;Ì1Í�Î : Ë e � stateB h BÂ�ÃSÄIÅ/j*DnÏ2JLK eÂ�ÃSÄIÅ2B put�ih lock j;DM eÂ�ÃSÄIÅ2B p ��k Dd� E2G�H 9;Ì1Í}Ð : Ë e � stateB � D8ÏJLK e� Â�ÃSÄIÅ B p ��knmoh lock j;D @ a B put��knmoh lockj*DM e� Â�ÃSÄIÅ B p ��k Dd� p B k;�ih EÂ�ÃSÄIÅ/j*D �
BÂ�ÃSÄ|Å<B'DnÏM 0 ( - Ç2+ - : Ë BÈIÃ�É/B'Dd� E2GIH 9;Ì1Í�Ñ : Ë e � stateB h BÈIÃ�É;j;D8Ï�JLK eÈIÃ�É<B put�ih lock j;DM eÈIÃ�É<B p1 ��k 1 D @ a B p2 ��k 2 Dd� e�ÈIÃ�É B p1 ��k 1 mqk 2 D @ p2 B k 2 mqk 1 ��� DM e�ÈIÃ�É B p ��k Dd� p B k;�ih EÈIÃ�É;j;D �
BÈIÃ�É/B'DnÏJgK >

Figure7. Reflexive encoding of a distributedtransactions.

5 Compensationand nesting

Therearetwo issueswhich have beenexpresslyleft aside:programmable compensa-
tionsandnestedtransactions.

Regardingcompensation,thefactis thatZS-netsimplement standardcompensations
of databasetransactionsasdefinedin Table1, assumingthat tokenscanbefetchedor
produced,but not “updated.” If largedatabasesmustbemanagedor if sharedmemory
is taken into account, then it is often the casethat sometrade-off canbe negotiated
betweentheatomicityassumption andefficiency, sothatsuitablecompensationcode is
associatedto programsto avoid keeping trackof all memory modifications internal to
thetransaction(thatshouldberolled backin caseof failure). In our distributedencod-
ing, compensationcanbeeasilyaccomodatedreplacingthedefault continuationH for
failure (i.e. thestabletokensthat initiated the transaction) by theaddressof thecom-
pensationcode,which in general canbeany join calculusprocessthattheprogrammer
associateswith net transitions.Roughly, eachthreadcanexecute a suitablealgorithmÒ;Ó�Ô½Õ V�Z1aI`<Ö�V}R H T insteadof ^lV}_ V/`1a�VWR H T .

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 × 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,
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.

To conclude,let us remarkthat the modeling of failuresin our encoding refersto
theimpossibilityof completing atransactionin thecorrectway, not to thefailureof the
distributedjoin interpreter. Dealingwith failuresin this broader senseis anambitious
goalthatis outof thescopeof thepresentpaper andthatwe leave to future work.
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